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PREFACE

The present work comprises three previously published papers and three papers which
have been submitted and accepted for publication.

(1) Kjelaas, A G — Tropospheric structure deduced from elec-
tromagnetic and acoustic wave propagation
experiments. Submitted to Geophysica Nor-
wegica.

(2) Kjelaas, A G — Study of divergence in the boundary-layer
G R Ochs using optical propagation techniques,

J Appi Meteorol 13, 2, 242—8 (1974)

(3) Kjelaas, A G — Dispersion and spectra of gravity waves
E E Gossard probably generated by a convective storm ,
J M Young Teilus 27, 1 (1975). In press
W R Monrnger

(4) Kjelaas, A G — Observation of waves in the boundary-layer
D W Beran using an array of acoustic sounders, J At-
W H Hook mos Sci. In p r ess
B R Bean

(5) Gjessing, D T — Spectral measurements and atmospheric sta-
A G Kjelaas biity, J Atmos Sci 26, 3, 462—7 (1969)
J Nordc,

(6) Gjessing, D T — Small-scale atmospheric structure deduced
A G Kjelaas from measurements of temperature, humi-
E Golton dity and refractive index , Boundary-Layer

Meteorol 4, 475—92 (1973)

Paper 1 summarizes the potentials of different electromagnetic and acoustic wave
propagation experiments as diagnostic tools in the study of the refractive-index, tem-
perature, humidity and velocity fie lds in the troposphere.

Papers 2 and 3 discuss measurements of horizontal wind velocity using optical line-
of-sight propagation techniques. Paper 2 deals with measurements of horizontal diver-
gence while in Paper 3 the spectrum of the spatial wind together with the spectrum
of air-pressure are used to deduce the propagation speed and direction of progressive
gravity waves in the troposphere.

Paper 4 deals with the potentials of an array of vertically pointing acoustic echo j
sounders to study time-dependent structures, ecpecially waves, in the boundary layer.

In Paper 5 a forward scatter technique (beam-swinging) is used to deduce the vertical
spectra of refractive index and air velocity. The influence of atmosp heric stability on
these spectra is discussed. __.
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Paper 6 discusses the spatial structure of refractive index , tempera ture and humidity
in the lowest 2000 m of the troposphere as deduced from tethered balloon measure-

r mcnts. .~

With the exception of the work described in Papers 2, 3 and 4, the work has been
carried out at the Norwegian Defence Research Establishment.

The work which is the basis for Papers 2, 3 and 4 was carried out during a stay as a
visiting scientist at the Wave Propagation Laboratory , National Oceanic and Atmos
pheric Administration, Boulder, Colorado, and was sponsored by the Royal Nor-
wegian Council for Scientific and Industrial Research.
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GENERAL INTRODUCTION

l’he den sity both in time and space of our present meteorological observations arc
fairl y well matched to the synoptic scale weather pattern .

For the stud y of micro- and meso-scal e phenomena it is evident that we cannot rel y
upon wound-based in situ measurements and twice dail y radiosondes.

As it is n e i ther technolog ically nor economicall y feasible to achieve the desired reso-
IUt R ) iI  in time and space by conventional observation techni ques, further advances in
our knowled ge about the atmosphere at micro- and mcso-scales arc strongly depen-
dent on th~ development and app lication of new measuring techni ques.

This requirement for better and more reliable measurements has led to great activity
in the application of different remote sensing techni ques which arc based on the
interaction between electromagnetic or acoustic waves and refractive index fluctu-
ations in the troposphere.

The progress made by radio communication scientists in understand ing the influence
of atmosp heric refractive index inhomogeneities on the scattering of radiowaves , has
shown that radio tropospheric scatter techni ques can provide important information
about t he fine-scale structure of the troposphere.

F{ighly sensitive radars , mainl y developed for military purposes , have proved to be
extremel y valuable tools in the stud y of both atmospheric stratification and convec-

F tion. F
Based on the experience from line-of-si ght communication , a variety of optical and
microwave methods have been suggested for measuring winds and refractive index
structures in the boundary layer.

More recentl y it has also been demonstrated that acoustic echo sounding can be a
valuable tool both in the study of wind in the troposphere and for monitoring
temperature inversion structures and convection.

The present work describes different app lications of line-of-si ght optical and micro
wave propagation , Doppler radars , forward scatter , and acoustic echo sounding in the
study of the tropospheric refractive index , temperature, humidity ai~d velocity fields.

It is shown that carefull y designed experiments involving different kinds of electro-
magnetic and acoustic wave propagation can give reliable and very usefu l information
regarding the structure of the troposp here. 

-- ~~~~~~ -~~
. .-- -——— 
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TROPOSPHERIC STRUCTURE DEDUCED FROM ELECTROMAGNETIC AND
ACOUSTIC WAVE PROPA GATION EXPERIMENTS

SUM MARY

This paper reviews briefl y the potential s of the atmospheric remote sensing techniques
where the refractive index inhomogenities play the dominan t role in producing fluctu-
ations in the received signal . The techniques discussed are optical and microwave
line-of-sight propagation , acoustic echo sounding, and microwave back- and forward
scattering.

Methods for measurements of variability of wind , temperature and water vapour are
discussed and emp hasis is laid on methods which have been proven through field
experiments.

The theories of line-of-si ght propagation and scatter ing are also reviewed briefl y.

INTRODUCTION

Further advances in our knowledge about the atmosphere are strongly dependent on the
development and application of new measuring techniques. The shortcomings of point
measurements and radiosondes have become more and more evident.

For this reason there has been a rapid developmen t of a series of new techniques during
the last decade. The common feature of one group of these techniques is that they
transmit an electromagnetic or acoustic wave, which interacts with the atmosphere. A
portion of thi s energy is scattered and detected at the receiver. Information about the
atmosphere is then derived from the characteristics of the received signal. The advan-
tages of such a measuring technique are many (Little , 1973):

— The measuring system does not sign ificantly modif y (or interfere with) the medium
being measured

— The measurements are taken remotel y, i e no (in situ) instrumentation has to be
brought to the region of the atmosp here to be measured

— The relevant atmospheric parameters are measured in one, two or three dimensions,
mostly with excellent resolution in both time and space

Furt her, this type of measurement may provide the following information about the
atmospheric stru ctu re :
a) line integral the integrated value of a parameter along a line through the

atmosphere
F b) line average the average value of the parameter along some line of

known lengt h
c) line profile the distribution of the parameter along some line of known

length
d) 2-dimensional coverage the distribution of the parameter over a plane
e) 3-dimensional coverage the distribution of the parameter in space
f) spectru m the spatial power spectrum of a parameter
g) flux the rate at which mass , momentum or heat is transported

~~iczmtG ~~~

:~
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The success of the measurin g technique is dependent on the strength and type of the
interaction of the wave with the atmosp here. We may distinguish between:

a) a spectxoscopic interaction , in which the radiation reacts with the molecules, i e an
absorption and reradiation

b) a refractive index interaction , where the scattering of the incident wave is caused
by inhomogenities in the refractive index field , or , more specificall y, the three-
dimensional spec trum of refractive inde x fluctuations

For this short report we shall only consider measuring techniques in which refractive
index inhomogenities play the dominant role. The discussion is also narrowed to
“sensors” which are located on or near the ground.

The techniques discussed are line-of-sight optical and microwave propagation , acoustic
echo sounding, pulse Doppler and FM—CW radars, and forward scatter.

Scattering usually imp lies that no signal will be received in the absence of refractive
index inhomog enities , while in the case of line-of-si ght propagation the field at any
point will be the sum of the direct wave and the many scattered waves , scattered and
refracted by local variations in the refractive index field.

Each technique is discussed separately and emphasis is laid on capabilities which have
been demonstrated through field experiments.

2 THE THEORETICAL BACKGROUND

In this section we shall derive the necessary equations governing EM and acoustic wave
propagation in the atmosp here.

2.1 Refractivity and refractive index

The radio refractivity N for air is given in terms of refractive index n as

N = (n—1) -10 6 = U
1

6 (p +48lO ~ ) (2.1)

where

T — temperatu re in degrees Kelvin
p — total pressure in mb
e — partial water vapour pressure in mb

For acoustic waves the refractivity Na is given by

Na = (na—1)-106 ~ 106 1
T0 1 

— 0.14-~ — 
V cos~ j (2.2)

where

= 20.5 T0~”2 is a reference sound velocity at a reference temperature T0
— angle between the wave and wind vector

V — w i n d speed

— . ~~~~~~~~~~~~~ 
~~~
— .~~~~~ - . .

- 
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Ih c optit al refractive inde x n0 can be written as

(n 0— l ) lO’ 7() P (2 .S )

The influence of small changes in
MAGNITUDE CHANGES IN R E FRACT iVITY IN N-UN IT S the atmos p heri c parameters on the
CHANGES - - 

ACOUSTIC different refractive indexes is
— shown in labk .l .  tints, for

examp le, acoustic waves are more
~~T . I k  I 1 l.7 ,v

than three orders of magnitude
• I ~~~~ — — ~~ ‘ ~~ more sensitive to chan ges in tern-

.~~.- 1 mb 4 4.1S’~ i.* ii~ perature than either radio or opti .
cat waves. While acoustic ~vavrs
are sensitive to wind fluctuations ,

i’ulik 2. 1 Relat it e t~1u.s of C,1 for ucows tic radio the refr active index for ekt -t ro-
and optical waves magnetic, including optical , waves

is inde pendent of wind.

The re fr act ive inde x can be decomposed into .t mean n plut a fluctuatin g c omponent n 1
‘is

n ( )  = n~~~+n ~(~) (2.4)

Often it is ver y useful to represent the flut -tu ~iting component in term s of a covariance
function and its associated spectrum or in term s of a stochastic Four ier—- Stieltj es
integral.

The covarianc~ function is defined ,is

C(~) n ) n ~~~~4~~) (2.5)

and its associated spectru m as

= 
(‘)‘~

i fif C( )cxp( - -i~~~)d (2.6)

In terms of a stochastic Fourier - Stieltj es integral . n 1 (~) can be repre sented .is

ff 1 A(It) exp(i ~~~)diZ

and the spectru m •~(K ) can be obtained by evaluating A(l~)A” ()~),where the asterisk
denotes the complex conju gate.

2.2 Propagatton of rad io and optic al waves

We consider a medium where the re fractive index is expre ssed lw equation (2 .4~.

‘rhe propagation of an electromagnetic wave in this medium is governed niathemaiicallv
by Maxwell’s equations , which can be combined to give the vector wave equation

~~~~~~~~~~~~~~~ EtV(n(~)) a 0 (2.8 )

where it is assumed that the electric field l~ is sinusoidal , and k is the wavenumber.

__________ ______ ~~~~~~~~~~~~~~~~~~~~~~ 
.
~~~~
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th e last tern i in Fquatton (2 .  S\ ttes ~ i tbe ~ the polaniation ~‘I the held. I the si . i t tere i i
tfr poLrued field is ItiUt Ii smalkr t h.ui the  field in the origin a l t i l iect ion i t t  p olanz at ion .
Ft1~~.i t i i t i i  (2. S ( i t • t i i i t  i s  to  the’ s~ .iI.tt tt .i~~i e(l i t .i t I t l l I

v~ : + k~~ii~~ t )  F = o

l ) i f f - rcn t  approaches have bee-n used to oht .un an .t p p r t t x l m .t t e  501 ( 11 lO l l  of th is  et 1U.tt iui l
whe n the nwdiunt is weakly inhomoge-neous :

(h-oniet ru il om i .t~ opt It

~ikthott  of smal l pert urb at  ions or the t i m  st Born . ippr ox  1111.11 ii ‘Ii

Method of snion or slost Iv s.u s i i ig  pet I iurb .tt ions ( the  Rvt  os met  hod)

h r  details , the re-aster is re fe rred to St rnhbe h i i  ( I  ‘~t tS  (,

In the .tsr of large- pert H i h a t  i i l ls . tech mi i t p ues  h i , i  th ~ i i  t~ t he c’qU.Itit’It h av e  not vet been
sat  Is t a t  t t in I ~

• developed.

2. 2. I Scatterin g of r let t r t ima gmte t i e  u s e s

Consider a s ohi me element i I r ss i t  h u t  .i s t a t  icr i t l t u i n e  \~ filled ss i t h  .u ra n do imi m edium
wit h .u refr ac tiv e ind ex .o defined in Fqu. t t i i t i i  (2 .4 ) .  It  i l luminat ed 1w an lilt  iete nt field
I\) the element becomes polaniied . ~ms iii~ m i s c  Co  .u di pole moment ~j P n E 1d r \ i  .t
(h stanc e R the dipole illume -nt tt ’~(i IN i i i  .1 I)Ol.tr i 4 ’at ioi l  p otent i a l .  If R ‘> V t  .1 the
scattered field F.~, resu l t in g  from all the eIentent .n~ sc.tt t eniu g ekuwist s 1 ,01 he cx s i t  ‘ed
.15

F. ~- \~K~ (2 l~~‘

.~ .
where 

~~ 
and ~~., are the  in c ident  ,end s ,~t tered ss use  ~ t 0 t s . K k

t,~ K) is obtained from the  i m i s  em se t r . i us t o t i n  i t t  E t 1u . i t io i i  (2. ’) .
k = = k~I = 2 r X . where X is the  w .us eleng th .
R is the distance from the seat t eri ng volume to the ohise i s  . t t I t ’ i l  poi nt  a t whi ch  the field
is equal to F~ . Figure 2. 1 shoss s the ‘cat let  t u g  g e t t l l i c ’t i\

t h e  in.uguitutie oh C he st .ut  t el i i i ~
si- i tor I’ k k i5

°

K 2k ‘in ( 2 . 1 1)

dv where ~ IS the ang le between

t “ss,~~~ and k5, i e the sc.t t  t enim i g .til t ~Ie -

/ N I the sc at t e r in g  t ross sect ion 0
/ / sshich Is ~% UW.ISU tL’ oh the frac t ion

J r k s of the incident power scat ter e d ii i

a gis cmi direction, 1 .111 be obtainedS 
N b~’ evaluat ing E~~1’~~ (( j essing.

1962) . In term s of the refractive
index fluctuations the following

F,~ ire 2. 1 ,Sca tter ~rometr -i’ expression of the scatte ring
s e t t l o m i  can be gwen

ii



a = 2irk4 Sin 2 x4’~( K) (2.12)

where x -- polarization ang le

4~ (K) three-dimens ional power spectru m of the refractive index fluuu-
at ions  Ii

~

From Equation (2.12) we observ e that the intensity of the scattered wave for a given
geometry and a given wavelengt h is determined by one spectral component in the
t hree-dimensional re fractive index spectru m , corresponding to a scale ¼ of

¼ = = (2 . 13)
sin

2
which is Bragg’s condition for diffrac tion from a spatial structure.

For pure backscatter (0 1800
) the in tens i ty  of the scatteri ng is determined b~ the

refractive index inhomogenities of a scal e size t orresponding to X/2.

2 .2.2 Line-of-si ght propagation , radio and optical

The scalar wave equation can be solved by one of the techni ques listed in section 2.2 .
Instead of using one of these approaches , we will app ly a method described by Lee and
[tarp (1969). Thi s method , which is based on phase screens , leads to an easier physical
understanding of the problem than do the more mathematical approaches.

In line-of-si ght propagation it is useful to decompose the refractive index field n 1 into a
plane normal to the propagation direction z , expressed in terms of a two-dimensional
stochastic Fourier— Stieltjes integral , i e

n 1 (x ,% , z) 11 exp( ik .~ ) v(z ,i~)d2 K (2.14)

where ~ is a position vector in this plane, ~
‘
~~x,v) and iZri (K~ K~). v(z ,i~) is the Fourier

component in the same plane.

This Fourier component will cause a small phase change in the incident wave as it passes
through the plane. This phase perturbation produces perturbation in the phase of the
received field. The field in the receiver plane due to all the Fourier components of the
refractive index and all of the layers of thickness dz between transmitter and receiver is
t hen for a sp hn-ical wave (Lee and Harp, 1969)

E = 1—ik dz ff v (z ,i~) exp[i 
K2

~
(L_z) j cos (~~.~~!)d2 K (2.15)

where L is the length of the path.

Assuming E = A exp(iS) where A = 1+A 1 and S = kL+S 1 we can express the amp litude
and phase fluctuations in the receiving plan e in terms of spatial covariance functions as
defined in Equation (2.5).

The spatial covariance functions can also be derived by evaluating A 1 A 1 w and S1 S~(Tatarski , 1961).

Assuming that the refractive fluctuations arc statisticall y homogeneous, the two-dimen-
sion~l spectçp m F(z ,K) of the refractive index field can be obtained by evaluating
v(z ,K) vM (z ,K).

______ _________________
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Fur the t .uw t f sot ru t p ~ . the t sso dimen suoui .t l  spec t ru u l i  is  m elated to t h e  i t s  a ri . in t etun t t ion  .i.s

F(z ,K) 
2w f ( ( i ,p ) j 0(K p) p d p 2 16)

where J 0 is J Besse l font - ion i t t  zero ti nder.

Assuming isotropy, the spatial cos ariance function of amp litude and phase can then be-
expressed in terms of the three-dimensional refractive index spectrum as

4w 2 k 2 K$0( K) cusi I J 0( ”~~) dKdz ( 2 . 1 ; ’)

Ca (P) = 4~ 2 k 2 f f  K t~11(K )  ~in K 2 z~1 
~ I J~~~~P~ ) dKdz (2. 18)

If the refrac tive index f lu c t u a t io ns  are homogeneous i t s  ci the path , tile in te t ~1 , u t i i s n over
z may be calTied out.

t ndt ’r the assumption of F~ivl or ’s hyp othesis , the temporal power spectrum of the p hase
and am plitude fluctu ations t a n  be obtained by subst i tu t in g into ~~1ua tLons (2.1 7) and
( 2.18 ) P v~~T , where v~ is the cro ss -st u i it i  component , and taL in g  th~ Fourier transfo rm
of ( 5~v ,~r)  and Ca(v x T) . r ~ t he time.

2.3 Propagation of acoustic waves

Similar to the discussion of propagation of r.tdio and optical was es , WC consider a
turbulent medium where the refractive index is composed of a mean. h.~, p lus a
fluctuating component n .~

na = u1a~~t 1a i (2 .19 )

where the f luc tuat ing par t n.1 may be wri t ten as

= — - - ~ 
~~~~~ (2.20 )

when m a 1 <<~~a I

where c0 is the velocity of sound , corresponding to the average temperature T0. T~ is
the tempe rature fluctuation from this average value and H i ~S the perturbation velocity
of zero mean.

The propag ation of sound in this medium u s described by the equations of hvdr - ~. n.i-
mics, from which a perturbated U elmholtz equation analogous to Equation (2 .S~i
(Clifford and Brown , 1970; Monin , 1962) can be written as

&n .
V’

~Ps+k2Ps4 2k2 n P  - 2ikP0 ~~~~~~~ = 0 (2 . 21 )

where P~ — scattered acoustic field (ac oustic pressure)
po = A0e~~ incident field

The fourth term in Equation (2 .21 )  is ~inalo gotus to the polari zation term in F \ I
propagation.
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Whil e the polarization term was very small in the EM case , it has to be included in
acoustic propagation since the acoustic wave is essentiall y long itudinally polarized and
accordingly will be affected by wave motion parallel to gradients of refractivity.

2 .3. 1 Scattering of acoustic waves

The scattering of sound waves in a turbulent medium is analogous to scattering of
electromagnetic waves. The scattered acoustic field 

~~ 
can be expressed in term s of the

three-dimensional Fourier transform of the refractive index as

k2P . ~n ~~~~~~~~
= s o ~ ~, i a 1 I K .rA3+ 2 22s ~ ~~a i k r , — j~ -~~- — j e  u r

The scattering cross-section is found analogousl y to the EM case by evaluating ~~~~~~~~~~~~~ In
terms of the re fractive index fluctuations the following expression of the scattering
cross-section can be given (Tatarski , 1971)

a. = 
~~k~ cos~0 + 

cos~~~ ~~ (K) 
(2.23)a 2 r2 ir

0 0

with the same definition of a a~ in the EM case.

and 4~~(K) are the three-dimens ional power spectral densities of temperature and
wind fluctuation , respectivel y. The expression for K is similar to the EM case, i c, K =
2k sin 0/ ’~., where k is the wavenumber of the sound , and T0 is the temperature
corresponding to the sound velocity c0. From Equation (2.23) we see that the back-
scatter (0=180°) is produced by temperature inhomogenities since the factor cos2 0/2 is

• zero. For forward scatter we have contribut ions from both temperature fluctuations and
turbulence. That the velocity fluctuations do not contribute to the backscatter , but onl y
in the forward scatter case , is a direct consequence of the incompressibility of the
turbulent flow.

2.4 Doppler techniques

For both EM and acoustic wave propagation , Dopp ler techni ques can be used. With a
scatter geometry as shown in Figure 2.1 , the Doppler shift is given by

= 

~~ (~~— i~ ).’~ (2.24)

or (Ottersten et al , 1973)

sin cosI3V

if we neglect the difference in wavelength between the incident and scattered wave.

The angle 13 is the angle between the wind vector and dir ( i~—i~ ). In the case of
backscaucr (0/2 = 90), the I)opp ler shift is a measure of the radial velocity.

Since the obtained velocity is not observed at a point in space but over a volume , we will
observe a Dopp ler spread or a Dopp ler spectru m du~ to 1luctuations in the wind velocity
throug hout the volume and also from the fact that k0—k ~ varies through the volume (for
forward scatter). The fi rst moment of this  spectrum gives the average wind velocity,
while the variance of the wind velocity can he derived from the second moment.

By scanning a radar in azimuth . several radial components of the wind can be obtained.
This techni que , which is called VAD (Velocity—Azimuth l)isp lay) , was first proposed b~Lhermitte and Atlas (1961).  The geometry of the VAI) techni que is shown in
Figure 2.2.

_ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  
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AZIMUTH

VR V
h 

cos 8 cos ($-~ 0 ) + V
1 

sin 0

F igure 2 2  Geomeir of the L . l 1 )  techni que (fr om Lhermitte and .l tla s , 1961)

The mean wind direction and speed as obtained from the VAI) techni que can be written
as

• V R = V~ COS ( 13—13~) + Vfs in  0 (2.25)
where VR — radial velocity

VA -. horizontal wind
0 — elevation of the scan
Vf sin 0 --- DC component due to vertical wind

Browning and Wexlcr (1968) have shown that by expanding the radial velocity VR (a) as
• a function of azimuth in Fourier series

Vk(a) = A0+ ~2 (A k cos k a + B k sin ka) (2.26)
k = I

the Fourier coefficients are related to thc mean wind components i10, ~ • t~i the
horizontal divergence air/ax + ~ j ay, to tile stretching deformation au /ax ~v/a~ and
to the shearing deformation au/a y + av/ax as

V0 = A 1 /cos 0

U() = B 1 /cos 0

ay ~~~~~~~~~~~~~~~~~~ (2.27)

~~~~av .. 2A 2
ax ay R cos2O

&+~~~= 2B 2
ôy ax R cos2O

If we want to determine the threc .dimensional wind, three radars at different locations
observing the same volume of the air art’ ne-c led.

Lhcrmitte and Miller ( 1 9 7 1 )  have pr oposed a system where two I)opp ler radars are
scanned in such a way that the - two radar beams stay in the same plane during a given
time interval. this method , whit - h they t a i led COPLAN scannin g, gives the two-dimen-
sional wind in a hon i-zontal plane.
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2.5 Descri ption of the atmosp here in terms of EM and acoustic wave propagation para-
meters

The influence of the atmosphere enters into the equation for scatter- and line-of-sight
propagation of electromagnetic waves throug h the refractive index spectrum ~ n (K) and
the cross.path wind component v~ . For acoustic waves , the scattering is determined by
the temperature spectrum 4 .1.(K) and the turbulence spectrum ~~ (K).

Assuming isotropy and incompressible turbulence , t hese spectra are usually expressed
(Tatarski , 1961)

= (1.033 C 1. 2 K “3  (2.28a)

~~
( 
~

) = 0.033 C~
2 ~~ (2.28b)

4\~ K) = 0.061 C 2 K - l i  
~ (2 .28c)

where Gr
2, C~~ and C~, 2 arc the so-called structure constants for temperature , re frac-

tive index and wind , respectivel y.

I’he structure constants  are a measure of the intensi t y of the fluctuations and they are
define-cl t)~

2 = I’(x) -I-r) 
1

2 
(2 .29a)

1 (2.29b)it

and
2 = u(x ) u (x 4 r) 2 

(2 .29c)
* 

- 

r 1
~~

u is the wind speed and r is a distance measured along the x-axis. The x-axis may be
chosen in any arbitrary dire -tioii to suit the experiment. The stru cture constan t can also
be expresse d in terms of the energy dissipation as (Tatarski , 1961)

( ‘ 2  = a 2 ~~~h/ 3  (2.30)

where a is a cons tant .E quat ions (2.28a ,h,c) are valid within some range of K which is
called the inertial subrange. I he inertial subran ge is defined by an outer scale L0 and an
inner scale shown schematic-ally in Fi gure 2.3.

The inner scale l&~ which is where
INP UT the dissipation starts, is in the
RANG E INERT I AL SUBRANGE atmosphere assumed to bc of

order mm, while the outer scale
L0 which is the scale of energy

• 
~~~~~~~~~ 1 (k) ~ K ” -‘ input , is for isotropic turbulence

K • 2~ /L 
~~~~~

... A assumed to be comparab le with
- the hei ght above ground, but very

1 100 m 
~ RANGE l i t t le  info rmation exists on the

outer scale.
K m~~

21Tf
~o

~~mm If the magnitude of the wave-__________ — number vector lies it iside the m et-
K0 K (mS’) 

Km tial subrange, i e

- . . “ I - . 0 -~~~~~~~hqti~-e 2.3 • I xc -ht ’ma In diagram oI the inertia ! I , —~~ ~~ 2
.cul ’range 0
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then the expression for the d i f f e re n t  sped r .t g ive -u I~~i i ;i iuat iou 2 .2$) an he su bs tit u ted
m t he expressions tt es i ,hiiig the s( at  t e l  and linr - t i t  -si ght pr t ip . ig. lt ioi i .

— 3 THE ~~)TENTIA1.S OF WAVE J’ROPM;ATION EXPERIMENIS IN IW RIVINC
IN FORMA l ION ABOUT ILIE A FMOSPI (EkE

lit the previou s set t i o u t  we cl is ussctl b i i e t I~ the theoici i .ul lianiess ou k liii b oth  I-M .ind
~ ou i s tu  ssase prop agat loit . We uilts er v etl  th a t  t h e  .u t iu osp he r it SI i t i~ lut e s u itu ii enter t he

t htf cr cni propagation equat ions arc :

the r efractive inde x spe d - I i-u rn tI~~( K )
- - the tempe rature spec t runt ‘l~ ~ 

( l u ) ,  and
— the uirbukn~-e slx’ctrunt 4\. (M, in .ictdi t ion to

the cross beaiti component of inrait wind eloc i i s

lit this section we shall dist t i s s  (t ie  tli,u~ltt ts i u pol c,)~ i.uis of each ol the  te chniques
descr ibe d in the previou s st - i I i i  i i i  -

- 
r 

3. I L.ine— of.sight propaga t ion

We- have shown that line—of-sight prop,Igat ton is  .it k tetl h~ the i t  tss beant % % u i t d  clot i i  \
and b~- t he ref r ac t ive  u i t t le x sp ectrum. these lat I o u  * will  utoSs - lie il is t  usse l i i i  si t inc detail.

3. 1. 1 l) eterminati ou of the icfi.u t i re  index spet t r ti i i i

the observ(’dl flti( tuatit )uis u t  a iitp l i t t t t l t ’  and P tt~tsC of .i r ,icliti ss use oi i i i  opt  it al ss .i~~t
over a l ine-of-si ght p a th  are determined b~ t he ict i it t i s c u, i t le ~ sj n t I nun

the intensit y of the u- eti ,u t i re  inde x f lu ctua t ions , ~~ 
1 a~ei.ug ed t ’~ ci 11W tuansmis s i t n t

path can be obtained h~- measuring th e amp litude ot the received si gnal. this line
aver age of t

i) 
2 is a weighted ase r ig t ’ wei ghted hot It along the p ath  ~uul in the

wavenumber k. I he amp li tude tlu -t u . t t  ions are most sen s it i s I -  to scale si/ e s corres p ttui
ding to the first Fre-snel zone ~~ Xl — Phase l lu t t u i au  t t ) u i s .u ie sensitive to all scale su es.
But since most of the energy iii the spectrum is .tsstst u. lctl w ith  ss is t i t u i n h c i s
K 2w/L~1, phase flu ctuations are most ly  determin ed h~’ the outer ale

A spatial distribution of C~
2 along the patt i  may be taken i i l t t )  consideration u s

assuming a series of step functions along the p ath (h arp, Ii) ’ I ). Any n o n - u n i f o t i n i ty  iii
the form of the refractive index sp ectrum , however , will make the inte rpretat ion en
di fficult.

the form of $~(K)  average d over the p .tth can be obt .uined hi ~ solving the sp.u! iai
covariance funct ion in I qu a t i t t i t s  (2.  17)  ,uutil (2 I S) .  In some c.tses t h i s  i i i  t- .usiI~ hedone, but in most ,lses we have to usc utun t eric a l  techni ques h’c .iusc we t ittl u p  w i t h
non-linear integral equations. For tI c i.iils tin’ iea t leu  is u -vter ird to Sti -ohlsehu I t )  1 and
l~~e ( l 9 6 9 ) .

the influence on line-of-si ght propagation of 41~ ( K I  h i s  bee-u ex~uuiuted liv St rtsh L schuu
( 1970)  and Lee .nid I l~urp ( I  969). Fi gure 3. I . which is t aken front I .e-e- • uittl  I larp ( I  t) t ~~ )) ,
shows the inf luen -e of the form of t he spet t runt on the sp at ial •tnip l i tu d e  1 i’s .iu i nt l  e
function ,  they found th at  the amp li tude i’s ai I nt l  e l un t  t ion ss .ls I t . t s t iu ta l , l ~ scui si l is c I t
t he exponent it ( sp ec t rum slope) when the speetrtuiu %% is ss l i t  I t - i l

4t~ (K)

_
~ L_~



Fmiii uut it oi u iu t ~ along t In path of I h id rat l i s t  i t i t h  spec twuut scill again t ounp ik .tt
the  pIt tu i e  ,mul s~ ui _ i s  coin -hide th a t  li it e-oi-si gttt prtp agation is not spet i tic .ull s- well
su i t ed  t i n  de te r i nuu t i  ug the ic h i t  ( is - c i iuk~ specti-urn.
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SEPA R ATION , m

b agiire - / - I mf l h t u t l e  ( ( ‘ V I I P I I l P S I  C j u iu - t i t t~n f o r  d u ( f e ~ cii I ~pe Ira (I’( K) with experimental
data ( l _ ~ k in , k 716 ni ) ( 1’ ,ri / ~~ t ~in~/ ilaip , / 9~~ )
N t i i r  ih .u i u i i i - . t i i s it ts - euiiiuuit , t ’i-

1 1.2 l) et er miuiatioui t , t  s s -iui d speed t i - om it line t ’t -si gltt experiments

Colttrary to the case of det ermiut ing the ut - t r a ct  i re iitc lex spec t rum , line-of-si ght seems to
ix’ a s-cry useful sensor in ( l e te r i u iui i i i g  t he as-era ge cross path  wind speed.

I w o  diffe i cut  tin ’ t liods have beeit used:

.~) ihe slope ’ method t l isc ti sscd hiy  Sh eut ( I  97 0) , tuucl I ~uss-r eui ce et ~u h ( 1972) .
‘ I his method (uses the slope .u t t r i l l  lag of I he lagged toss c &ts’arLuwe funct ion of
the scintillation at two points iii a receiving plane itorntal to the p ath us a nteasure
of the wind speed t e l  05% th e p at ti .

it) The dela y method which uses the time lag correspoitding to the maxi i t tum of the
same c~ross-covarianc -e function .

I tte concept of these t e chut i ques is schematical ly showit in Fi gure 3.2. Fi gure 3.3 shows
a comparison between the triuiss- -i-sc ss intl obtained front the slope method aitd a simp le
average frc un seven prope ltor -ts pe aitentonieters spined along the p ath. lls- using three
such systems arra tged to torit u a t i-iau tg he , hori zont al diverge-nc-c It as been suc cessfully
measured (Kjelaas and Ochs, 197 -I) .  th e  same techni que hij s been used in a study of the
spatial horizontal wind in cdiutuuee -t ion w i t i t  gr a s - i t s  war e- induced wind f luctuat ions
(Kjelaas et al , 197 4l t )

0
~~

Fig ure ’ 3.2 DELAY

A schematic diagra m 01 the normal-
cOL ’ar -ian ce  fu U t t I o  it . showing

dela y to the peak and the s lop ~~~ 
SLOPE 

~~~~~

zero lag. 1$ hale the ’ f o r m e r  i t  Jra ’
quently need to in eg as ui~ pa tter n
drift nt’lQui(it s, the latt er i.~ more 

— - _________________________sui table’ in the op tu a! i i l i t  wher e th1 TIME DELAYpatter n de ’eav,s rapi dly (fro m I we
ri - p i t t  el a!. / 0 , _ )

_ _ _ _ _ _ _ _ _ _
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15 JUN 72 10 JUN 72

• 
Fibre . .  3 .1 comp aris on tij the at ’erage u ’uid sp eed ( ,)  me’a.eur ed op tu-a llv. with the

average oJ the ’ readin gs o f .s:.s- Gill anemometers ( l ’~) unsfo ri nh ’ sp aced alo ng
- 

- the opt ical p a th (from Kj elaas and Och.c. H)74)

Roth th ~ anemounci t ’r s .mtl t h~ opt ut - al syt t e-in iu ieasur c the component of wiiiel whit -h it
horizon tal anti at right autg lez to the path. I h e pa th is 30() m long, orie nte d north soui t h,
.tn t l 3 rn .iI~ t ir  the gr ound.

Mcasurentent of vertical wind profiles using sciutillation s of li ght from star s has becit
atte mpted , but t his te - chuti que is itc t suffic ientl y wel l developed to give detailed results.
It probably requires deIJ i le - ( l ittformat m i t  about the re fractis-e index spectrum as
function of height , which is cliffic -ult t o  obtain. Gossarc l (19 60) and Gjessing et al (1973)

‘~ have found that the form of the spec-t r i m varies itt a comp licated manner with hei ght.

3.2 Radau s

According to Equat icm (2. 1 2) the backs eat tered signal is determined by the refra c-t ive
index spectrum, i e by the spectral density at the wave numb er c-orresponding to one
hal f wavelength, K 4~ fX . The- direction of K is in the radar radial direction.

In the stud y of the bat-kac-att er front refractive index fluctuations , two different regimes
of atmosp heri c- turbulence are distinguished: the convection regime and the stable
regime.

3.2. 1 I)etection of clear air convection

In the case of conve -tion the - radar bat - k s - ut t te -r is pr~dtu c ed hs- re fractive i~’ :~ex fiu -tua-
(ions assoc-iat ed wi th  rising, warm , moi st air  produ ced by surfac-e heating. Positive
buo~ am- forces -oittrihute to the generation of small-st -ale turbulence.

~~~~~ ~~~~~~~~~~~~~~~~~ - --=- ‘ - —~~~~~~~~~~——— ~~~~~~~ — - - ~~.~~~~~- -~~~~~~~~-
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If the wavenumber K = 4 1r/X falls within the inertial subrange, the radar cross~section for
a region of refractive index fluctu ations will be proportional to Cn

2 averaged over a
volume determin ed by the beamwidth and the pulse length. As the structure constan t
~~~ is connected with dissipation of energy and re fractivity fluctuations throug h
Equation (2.30), radar measurements may provide a comp lete descri ption of the
microstructure in the inert ial subrange. For more details, the reader is referred to
Ottersten (1969).

Atlas and Hardy (1966) and Konrad (1970), among many others , have observed free
convection using highly sensitive radars.

Recentl y Noonkester et al (1973) have demonstrated that also FM—CW radars are
cap~bIe of detecting clear.ai r convective patterns.

- 
- 3.2.2 Radar detection of stable regimes

In stable air the turbulence and also the refractive index fluctuations are suppressed by
negative buoyancy forces. In this stable regime the scatter is caused by refractive index
fluctuations associated with turbulence generated by mechanical energy extracted from
the mean flow. Inside regions of large transfer of kinetic energy from windshear into
turbulent motion , the C.~’ can according to Ottersten (1969) be expressed in term s of
the potential refract ive index gradient dq /dz, the gradient of horizontal wind du/dz and
the flux Richardson number R f as

= a 2 e2P (
~~~~

)
2 

(~fu )~
2

[i -R f ]~ (3.1)

From Equation (3.1) we see that the pro files of refractive index and wind may create
conditions with large C~

2 and enhanced backscatter.

3.2.3 Measurement of wind field using radars

The wind field can be studied using Doppler radars , but mainly under precipitation
conditions using the precipitati on particles as tracers.

In clear, cloud-free air, a release of man-made targets is usually needed. Such targets
might be thin aluminium-coated fiberglass needles cut to one-half of the radar wave-
lengt h employed.

With one fixed radar only, the radial wind component can be obtained. From a VAD
scan both the horizontal wind and the mean profile can be calculated.

From information about the Dopp ler spectral var iance , information on the turbulent
• kinetic energy may be derived under restricted conditions. The varian~e a~,2 of the

Doppler spectrum can be written as

= 2 4. C F
2 + G B

2 + CT
2

where the individual terms are the variances of wind shear, as2 ; the fall speed , °F
2
~ 

the
finite beainwidth , a~

2 ; and the turbulent kinetic energy, CT
2 . To separate CT

2 from
this equation is not always a simp le problem. For details the reader is referred to
Lhermitte (1968) and Wilson (1970).

An examp le of an analysis of both the mean wind field and the turbulence field is shown
in Figure 3.4.
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Figt~re 3.4 Mea n wind f idd and turbulence field ei~ determined tro,a i ’ .-ll) D opp ler
infor mation in snow (fr o m l$ ilson. 19 70)
a) temperature sounding
b) mean wind profik z
c) turbulent kineth- energy profi les
d) met-hank-al production rate
rhe velocity retolution is better than O.2~ ms 1

To overcome the restrictive time stat ion a r itv and homogeneity assumptions which have
to be made in VAt), two or three radars can be used (COPI.AN scanning).

An examp le of the potential of the C()Pt.AN.scanuing it-i csbta iuing tsvo-di,uensional
wind is shown in Figure 3.5. This te -hn i que is powerful in examining the detailed
structure o f  the windficld in coitvective storms.

It can he concluded that l)opp ler radar is .i powerfu l tool in the studs- of .ttmosp hcric
motion.
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F igure 3. .3 iwo-dimensional N- t- tor eddy f l ow  fi eld obtained f r om the rad ia l velocity
f ields measured by two !) opp ler radars ope rated in the COPLAN scanning
mode
(Da ta taken h~ th e radar group at th e Wave- Propagation Labo ratot -v in Boulder.)

1

3.3 Beyond the horizon EM scatter

3.3. 1 Determination of the refractive inde x spectrum ~ n(K)

Of the techni ques discussed so far , forwar d scatter experiments are the onl y group
which has been successfully used to deduce the three-dimensional refractive index
spectrum.

Gje ssing (1969) has discussed the sensitivity of different forward scatter methods to the
form of the refractive index spectrum. h i s  results are shown in Figure 3.6, where he
co ndudes that two-frequenc y and vertical beamswing experiments are the most sensitive
to the form of the re f r a ct ive  ind ex spec-tr im.

lit a later paper (Gjt-ssiitg. I 9 3 )  he has trie d to interpret the variab ility in the form of
the measured re frac n’ e i i t t lc x spectra assuming atmospheric- stratifications. 11w steeper
spectra smiv be exp l.tint -d h~ this .i.ssutnpt ion. h i s  ~- ilc -ulat ions are based on the

______________________ 
___________________ _______________ -
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SLOPE n OF REFRA CTIVE INDEX SPECTRUM

F sq’u re 3.6 1 heore t n-a l r elationship b4 ’tOL ’ ( Tf l
measured qu ant ity and the slop e ~i
of the refra t-f io ’e- inde x spect rii m
(4 ~( K ) — K ” )
Lengt h of the arrows shows the effec t of
radiation on the n de-ductions (fro m ( j ~~ss
u’sg. 1969)

3.3.2 Measurements c)f w ind  by foiw. i r t l  c .0 Icr t ec lut iques

When discussing w i n d  nteasuremeitts using forward scatter l)opp ler , one must distingu isit
between •he post-detect ion in tensit y flotct u atic n specftrum S( F) . which is a m easure of
the Doppler spread , antI the pre -detectiott spectntnt 5( f) which includes the Dopp ler
shift (Atlas . 1969).

The Dopp ler spread is affected by .t c-ombinat ion of the cross-path component of the
wind and the spatial variation of th e wind wi th in  the s -at tering volume.

If we have .tcc-ess to the absolute Doppler frcquenc-v at the receiver, we c,ut obtai n
information about the cross-path wind. Dopp ler shift (i e the meamt cross-path wind) can
in princi ple be measured with rake delay techni ques (Birkemeier , 197 2) .

Recentl y Olsen and I .ammers (197 3) have clearly demonstrated the capability of
tr oposcatter systent for measurutg wind velocity. Some of their  results from a 500 km
long scatter link arc shown in Figure 3. 7-

For further det .iils regarding the use of l~\ I forward sc.ot ter .1% .o remote i~ensin~techni que the reader is referred to ( o x  ( I  964 1).
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hgl4 re 3. 7 ( o?np ari~on of -~ t a t te r  and r adsosonde measurements o f  cr oss-p at/i wind
speed at 6.9 and 12 km using rake techniq u e ( fr o m  Olsen ~zr t < 1  1.ssmmers . I 9 73
Sc.itter measurements at I t )  kin off t sath
0 windward si de. x leeward side . + radiosonde measurements

3.4 Probing the atmosp here with acoustic sounders

‘the backseattered acoustic signal is determined by the spectrum of the acoustic
refractive index . I e by the spectral density at the waveitumber corresponding to one half
acoustic wavelength. ‘I ’his is directly analogous wi th  the radar case.

For pure backsuatter. only temperature f luctuat ions  will  contr ibute , while itt the case of
forward sc j t t er  ( b t s t . t t i &  mode) botit  t h e  wind and temperature spectra will contribute
to the scattering.

Because of the strong influence on acoustic waves of -air temp-~ra tur e , acoustic soundin g
techn ique is a powerful tool for stud y ing atmosp heric stmc~ur e in which temperature
fluctuations can be used .ts tr acers.

:~5 in the case of radars , two di fferent regim es of atmosp heric turbulence are distin-
guished; the convection regime and the stable regime.

3.4. 1 Detection of clear air convection
4 1 11 TOiflhli 4t f l Ui l  H- I

Acoustic echo-sounding is special-
ly well suited for studies of ther-
mal activities in the t roposphere.
\s an examp le. a typical recording

I obtatned during unstable condi-
tions is shown in Figure 3.8. The
dark portions of this recording
correspond to therm al plumes.

- The different grey tones on the
- 

- facsimile recordings can be in-
- 

- - terpre ted as C.1- values, which

:~~~~~ ~t 
1AI~ IEIV

— . . -‘- been found between sounder
measurements of C.1. and C1. cat .
culated from measurements of

Figure .3.8 Facsimile recording of bac -k.c caf te r  temperature differences o~er a clis-
acoustic intensity f r om ct ’Ui ’ee tu ’e t.tnc -e equal to one-half acoustic
plumes (fro m Kj ela as and ()ehs , 1974)

_ _ _  — - -~ . - - w~i~~~~ - -
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was’elengt h nit .i ite.trh ~ meteorological tots ci (I  t all . l ’ 17 3)~~~~~ ust it  soumtdin g
let  hmt t c 1u e s are now at the stage s~~m ~ C an he nte.tsu r..-d .ts .t funct ion  of height and..~ onparisoit c an be iit.ule ss i t  ii cli I ler cut ( .v I  ci tu g  t beta ies for  ( OilS c- t ion.

3.4.2 Detec t 11)11 cii t emp era ture  I l l S  4 . !  c l i  ) i l c

I s tu  t \  pcs ~f ten tpc r .mtur e inversion ni ct .thl e la vc m -s nt~tv be detected by acoustic
soumtd ing techui qu c.  Ott le.tm ni gh t s . m hermna l r .idi .tt nut  front t Ite earl h ’s surface results in
a lowenmtg of the grouitcl  tc ’mnp er . tturc .  l urh i u l enc e  or molecular coitdu m ion causes a
Iteat loss to the earth .tmt ( I .1 layer of cold air formus just above t ite earth’ s sur face. As the
heat c-onduc t ion It Isci c l i t i  i c.ccc- dur ing the  ni ght , t itc clcp t h of this cold layer increases.
In a .tsc li kc thi s ste wcnild not ec.pcc i a random t hem-mal structure .mcl the acoustic
sounder would t a i l s  detect the ten t p cr at t t r c  grad ieitt  separating the cold air front the
warmer .tir . i i ic t t  c I l .tll , I 973) .  .\ sec ond t sp e  of temp eratctr c- imtve r s i ol t  Is caused by
subsidemtc e .

.-t tvp ic.tl facsimile disp lay i l l u st ra t i i t g  the pot ential  ot the techni que under stable
ct~~tdi t ic ins is showmt in hgui e 3 .~I . 11w clark p ort io it s  of the p icture are regions from
which echoes were received. In thi s figure differ emtt typ es  of atmosp heri c s t ructures  are
illustrated. the lowest citik portion cii the n-cords is the it octurn a l  inversiolt . A t  about
0600 hours this radiation i n se r t i on  c t _ I ris lifting antI f i m i a l l y  at about l00() hours free
c o i t v c c t i o i t  is more iii less tles t ’Itiped . Above tttis inversion we observ e a wj vv s t ructure
which is probably .cust-d by wind shear iitcluc ecl instabiliti es c)r Kelviit I Ielittholt-s
billows. 1 look ci .iI ( 1 9 7 2 )  have reported .ut excelleitt agreement between the observed
K— - il waves or gravity svascs , and the ..‘orrespomtcting pressure tiut-tu at ion observed on a
microbarograp h. Kj el .Lts ci .tI I ¶1 7- ta )  have deinon str •tt ed the capability of an array of
acoustic - sounders iii de t e r mi t t i m t g  phase s clocit let of gravit s w.cs cs

HA SW ( LL COL ORADO . 23 JULY iOU

~~ _ _ _  

_ _ _ _ _ _

0100 0000 1000
L O C A L  TIME

Figure 3. 9 Facsimile rt ’tord : ng of bac k~eat ter acou.sf  i t - intensity during t onds tio~ s ot
nocturnal imerston and breaki ng Hf ;  t i ~~ tIm e s u m  c ’

( I  ),t 1.1 t.t ken hs- the -\ ~ • tic i i i  ( r un p o I the W i s  c Pro p.ig.t i ‘on Laboratories , Ito uldc ’r. 1

Under stable c-on(lit ions the agreemeitt between the d erived from acoustic sounding
measurements and C-1. calculated frottt temper ature mn e~tsuremeitts is not as good as
when the atmosp here is conv e c t tvclv unstable , ibis may be due to reflection or
enhancement of the returned signal because of focusing effects .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  ~~~~__
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:i . t \Ic’a s t l r e i l l e l t t c  of ss itci sclot I t s  d ic i l i g  .uc i i ( l ’ ,~ ic s c i c t i id i i i g  echi i tn 1t te

i i i  t h t t ’  i icc - of I~ i1 ~l r t 1 }) . c g . t t t ( i m I , th e  l)~~)p Icr l i c c 1U ( ’ l l t  shift can he used to  d e t e r m ine
t h e  % s l i l d  ci. u i m l p c i t t c - l l t  .Ilong t h e  d i r . (  k 5 k~1 ), St h i t  Ii I s t i l e  b is ec  ( t i r  c i t  t In - ang le i t i r imi e d  h s
the  i i t c l d c ’ m l t  he . ttt m . tmit l  t i l e  t i  , u i t i r c t l  l ) e .titt.  I - o r  .n o t i s t i t  55 .t \ t ’ c , i t ’ t l , t t  t i t i l t  i i i  ( hc’ h)e~t mmi
Iil.(\ lit ’ .1 I ) r t ) i ) l ( ’ t l l  . t l l c l  I l l  Ic _ id to  m m t i s i i t t ( -r })r ct ~t t I t u r t s .  .~ m l . i ih I l ys is  of t h e  in f l u e n c e cii
he.wi hc m i t f i m i g  n ( h i c t c ’ l c i t e  uu p cu r t _ c i l t  lot  ever ’5 c’~ jtt’tt mneit t_ tI cu it fi gur .ctiout 1)1 j d ousl ii
sou i t d imi g s ( H e r _ u I  .11111 ( l i t i u r c l . I 9 72) . . \ i s  P I t a I  l h u pp hc r -t l t ’r iv •d s c r m i c _ t I s r l u c l t ~ - 1) _ t t -
(c r11 t o m .i ( i l t i c  u s e  p l n m i t c - i t  s i i i i t s m i  i i i  l” l t~t t rc ’ ~ . I ( I.  O m i t lte l e l t - h .n t c l  side ii i  tht - fi gure
is the  c c i m r e s p t i i i d i m t g  b,i ks .t t R ’ r I t l i t ’ l l t l i \  -

E R I E , C O L O R A D O . 9 OCTOBER 1970
- 

1 ~ 

- (
~ 
(~~~~

i5~e 540 542 538 540 54 2
(a ) LOCAL TIME ( b)

Fi~~ re 3. 10 - I t u ~ t i t  echut - .s ( I / f )  and I) opp le r  deni ed vertical veloc ity f i e ld  dunng
thermal p / u  l i l t ’ at • - ‘z ts ’  ( r O  itt Rerap i i t  a! . 19 7 / )
Contour t t i t e r s - ,iI is (1 .4 in~ regiii i l s  of s - e r t i - .tI t’eIoc - t t ~’ 

-

~~ t ) .8 mc .tre shaded; arrows
tnctic - .tte tu rn h u h  ol s er t R  .11 t i m p i l i l e n u .

Fi gure 3. 1 I s i’ t  1 5 %  s an ev . tn t p le cii the t o .tl ss-iitd sec t or det ern tine ct hs entp loving t htree
inclittecl ,Icot i si  it  echo soundc-r s . the . Ign -dn t eut  ss- it lt t In- r.tdicusonde derived wind
sei cic  t t ~ is t o l l s  Un  I T l t ~, t l t t ’  t e ch t m t ic 1uc  hi~is gre_ it }i s s h h i l l l t l c - s .ts .t st ’ im i c l sensor it t  the losser
t roposp here.

I -~~~~~~~

- 
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F igur e 3. 11 ( ‘ umpar lson be tween win(l profi le  measured with i-adiosonde and th e ’ t i t l e ’
derived f r om acoustic I) oppl er meas u rement (fro m Reran et a!, 1974)

3.4,4 Flux measurements

Using similarity theory, which seems to model free convection well , heat flux can be
related to CT

2 ; according ly heat flux can be gained from the backscattered acoustic
energy.

Using intersecting beams from three sounders , the wind vector can be measured. When
velocity changes from pulse to pulse are computed , thus vie f ri g u ’w ’ and v ’w ’. a
measure of the vertical momentum flux (Sr stress is derived (Hal l, private communic.s-
tion , 1973).

Further , the dissipation may be measured by analyzin g pulse to pulse velocity dif-
ferences , the second moment of the L)opp ter spectra . or alternatively from bistatic
scattering measurements , where Cv 

2 contr ibutes to the acoustic scatter.

3.5 Summary of experimenta l techni ques

Table 3. 1 summarizes the relative merits of the techni ques d iscussed in the previous
sections. Again we wan t to emp hasize that only the techni ques where the received signal
is determined by refractive index inhomogenities an’ disc-ussed. ‘ fl-i ns factors such as
absorption and molecular scatterin g where the si gmt al r e ac t s  svitht  individual m olecules
excluded.

From Table 3. L we sce that no sing le techn i que pm tsvtcles  information about all the listed
parameters for descr ibing the atmosp heric structure. If mnor e than otte techn i q u e  is used
simultaneousl y, we shal l hav e to remember that the various techniques nt~ v be sensi t ive

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

-. -~~~~~~~~~--— —- —--a ~~~~~~
_—

~~--—
. —

~~
-

~~~~



~ T H  ‘

d 
-

~~
—
.

0 ‘—- - - - - 
~~~~~~~~~

— I c- I’-’ —
- , -

~~~~~
- 

~~~~~~ d 0- 0,
— ~~ u s _  -~ ~~ 

-
~

~
-

~ L 
- - - _____

ii

-t =

• 
~~~

b.. 
— 

~~~~~~
z I_, ~,i — d

~~h i  — St

~ I — 0  ~~ I~~~~ e ‘. 
ho t.,

2 — ~~o~~ z

~~~~~~ a
-i — — — 5 ~ 9’> 0 O~~ C

— ~~~~~~~~~ -eii, ~~. ~~, I ~~ it. I-
C -.1
is r ... — ~‘ “2

I-
St

it. - 0
0 ~~ 

- - --—- —- --- - ---—--
~~~

- - - - - - — -- —--- -- -—----—--— --—--
i— = is

C a 0 , 0 ,in ~~ i -C  ..i -i
it. .s ij i-’ d
-i 0, -~2 0 0  —

_ _  

.
~~~~~ 

.‘.- ‘C 0
C is

C C
-t

~~~0 —
- - -—-—— —--— >~~~!9 .g

C ~ is

____ — -
~~ 

- - -
~~~~ 

~~~~~~~~~~~~~~ IC Q . - 0 0  St
0

_ _ _  —- - -
is

0
0--u

is

~ 
i-- ho L) 0 C

_ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  
C ~~~ is I..

‘-a I0.C 0 C

~~~~~~~~ in .9
0

‘a. -i -i

C Q . ~~~ 0,
e .,j~~~

~~~~~~~~~ .~~~ St

~~~~~ ~~~~~
~~~~~~~~~~~~~ S

~~~ C C - u
~ . 0 -.~~~• 0

ij fl it
~~~~~

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

I ~ I I ~ ~~ f ihi UVI ~g + 1 ~~~~ 
I-’

— -
- ~~~~~~~~~~ 

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

- .~ ~~~~~~~~~~~~~~~~~~~~~~~~



fl

to ch i i ’fer emi l i t  to l l s  oh ( l ie ’ m c i i . i t t i sc i iutcx ss ,is eii t t i i t t n’r  s t ied I t u t u , i e dt i i e r e i i t  s

cl/ c  cit t hu  retr.tc- t i s  ~ im ide x i t t i t c u t m t c ’ c ~c -i i i t i c c , s t /

rada r .ti id •u cl u s l i i  -
~~ I I t )  in (~ :2)

op ti c .tI l ine -n I  sig ht t c lii ( l u st I resiiel iour)
mit -row .t%- e lin e -oh sig ht .t less mu (I i i  51 Fr estuel , i m i w )
inru- _ ti t i  ci .it let I 20 m ( s i l l  ( 1 / 2)

Iii .uddit loll i i i  Iwi m ig s em i s i t  is e to chifi ’erc-iut si ale c l / e s , I he sat - ta bles ti t i - .tst&iet l mas
averaged ~ssci differ em it dis t a tu  es and v olumut es .

For I imte -o f - si gtt t thc ’ average voluntie is d e t e r m u m m i e d  liv the  lemig i ii of the 15.1111 and some
ss-eightimtg along the  pa th , •titd is~ (1w Iw.umnss-idt Ii.

lii the c ase of radar .tmt d .uc oust it - h i ack st  at t e r im lg desu cc . I lie s e~luIl n e css’ei which the
v.tri .ul)Ie is ;mver ,uged is deter m ined bs- the  h e ,umwmd t h  and by the len gths oh the Ii • u mi s
nt it ted pulse - .

For i’orward si .it ter I he volume is giv emt by the  heanu wici t  It , sc at te r in g  ang le amtd distanc e
betwee n tr am i smn It ter .ui id m et  ei~ em -

We shall nou- briefly discuss l’able 3. I -

3. ~~ . I Wimtd

From Fable 3. I we see tha t  ms t e.uit wm mt d ;utd svin cl fh met u at  ki m i 1-alt lie measured itt several
different way s , althoug h in the absence of r efra ct ive  index hluc’ tuai ions of sufin -icut
intensi ty a trac er such .us snt~ss • ma i m s tsr ch a f f  must be emp loyed iii the rad,ur li .uc - ksc’atter

- .use. ‘l’his has been the ease f ss~ Unppkr rad .u- st~mdies. witere a I wo-dimensioital coverage
of the wind field has heemi (s l it .iined. I’his is mus t I he c .use S% i t  Is forward u . u t  tel whem i the

— seitsitivi l y is (s i mt  ( 1/2) - ii ~ bet icr t i t an for b, tt kst .ut 1cm .

A lu te average of the tr amt svers e ss-mud . im t he t ’I i (  .iims ed fromu both m i t i c i  oss-avc and op tical
ti ne-of-si ght propagation. Fhe I wcs - dinue mt si tn t . i l  hori ,tsnl  .ul su - i t i e l l~.u s also been sun ess
fully measured ss- ith opt tt - .il l imu ’ -ot ’- si ght propaga t mo lt ntet  hods. 11w s e m t  it al proti le of’ the
thre e -dim en siomm.u l wind t .umi he iu l i t  .11151- i! usin g .u~ oust ic s i i u ut dmmtg l)opp lem- tec-ltitiqu es.
Fro m acoustic sounding some knowled ge .dsout ( \- 

~

‘ 
. the tu rb u l en t - i- s t ru t ture  co n st a mu t

can be gaimteil . As .U isuu s t  ii te hmti qt i e  .IISO give s I lt(’ three ilmn ~i’m~s ii ’m ~.il ss litil ,  n t om emst u m
flux can also 1w derived. Profiles oh ’ I r .u m i s sem se wind  calm .iIco be measured from i’M
f )rw•lr (l sc - .u t I er t ec’hniq ues. p mu is mci i  m ig .iI is t di i i  e I )cpp ler c_ in lie nteasureul .

From cipti c - al li ne-of-si gh t pr esp .ugat ion let hum i i q umec . hor i.’o ui t . uI  diveu-geitc-e has beemt
successfull y derived.

3. ~‘i . 2 ‘I ’emperat ure

Because of the s t rong depeit ilence of Im m st idi lv ratt ler I ii.uu cit t eilt p el .u t nrc on I he iadio
rr fra t-t ms-c index , available te chn i qu es for temper~mt t ire probing . tme l imited to opt ic-al and
ac-oust ic was -es. A line average ot~ the me,m te n t p enm tur e .us well .us of the in te n si t ~ - of the
temperature f lu etu .u t i om i , ( . c ’ • imt be derived fromt t op t i c  .ul l ine of si ght prop .tgat iom s
measurements.  In some eases also imtftirni,uI mon .ihout the  sii.u iw of the  temupera t nrc
slw ct f lmflt  can be obtained,

mc sou nd imig te -hu ti qu es .un , i lS t s give .t h u e  profile ci t lie ~ i .u seraged d yer souse
s-olumtte (pulse volume). During . ii im , th s .it i c i t u i i d i t i o i t s  the s’ertic al he .ut f l it s  ~. umi be derived
from t he C- 1- 2 .mnd the s-en ieal wi mni  ye ks -i i s- .

____ _ _ _  _ _ _ _  _ _ _ _  _ _ _  _ _ _  _________ -~~~



3.5.3 Humidity

Measurements of humidity arc difficult to perform because the optical and acoustic
— re fract ive indexes are insensitive to humidity and the microwaves are influenced both by

temperature and humidity. By assuming the temperature more or less constan t over a
path , microwave line.of-sight techni que has been used to measure a line average of the
water vapour pressure .

3.5.4 Refractive index

As discussed in section 2. 1, the refractive indexes for optical , micro , and acoustic waves
are mostl y dependent on temperature , humidity and temperature , and temperature and
wind velocity, respectivel y. Microwav e line-of-si ght will give a line average of both the
mean and the fluctuations Cn2 of the ra dio refractive index , and in some cases
information about the form of the refr active index spectrum.

For backseatter , both microwave and acoustic , the intensity of the refractive index
fluctuations Cn2 can be measured as a function of hei ght. Microwave forward scatter has
been used to derive the three-dimensional refractive index spectrum.

As noted earlier , different techni ques are sensitive to different scale sizes , averaging
distances and volumes and in most cases are suitable for only limited regions of the
atmosphere. In i’able 3.2 we have divided the atmosphere into three regions and listed
the techn iques which may be used within each region;

Line-of ’sight — mainl y suitable for measurements within a few meters above the ground ,
al though paths from sea-level to mountain-top have been used , and earth—satellite
measurements are becoming available.
Radars — di fferent radars have been used from a few meters above ground to man y
kilometers , both vertical and slant.

Acoustic sounding — greatest potentials from a few meters up to a few kilometers.
Forward scatter — since general ly beyond horizon , usable region from a few kilometers
above ground to man y kilometers .

10km A) FORM OF THE THREE-DIMENSIONAL REFRACTIVE INDEX
SPECTRUM tI) (K)

FORWARD SCATTER B) MEAN WIND VELOCITY WITHIN THE SCATTERING VOLUME
C) TURBULENCE INTENSITY
0) LINE PRO FILE OF TRANSVERSE WINO

PULSE AND A) INTENSITY OF REFRACTIVE INDEX FLUCTUATION . C,1
DOPPLER RADARS B) RADIAL VELOCITIES

“- 1000—2000 m A) WIND PROFILE TRANSVERSE AND LONGITUDINAL
COMPONENTS

ACOUSTIC SOUNDERS B) INTENSITY OF TEMPERATURE FLUCTUATIONS , CT~C) VERTICAL TRANSPORT OF MOMENTUM AND HEAT
0) VO RTICITY

PULSE AND A) TWO-DIMENSIONAL WIND (USING CHAFF )
FM—CW RADARS B) INTENSITY OF REFRACTIVE INDEX FLUCTUATION . C,~

1Dm A) LINE AVERAGE TRANSVERSE WIND
B) INTENSITY OF TEMPERATURE FLUCTUATIONS , Cy~.

REFRACTIVE INDEX , ~~C) FORM OF THE TEMPERATURE SPECTRUM ,
LINE -OF-SIGHT R E F R A C T I V E  I N D E X  SPECTRUM

0) CONVERGENCE /DIVERGENCE lid HORIZONTAL WI NZ~
E) LINE AVERAGE OF WATER VAPOUR

Table 3.2 I/ eight intervals over which diff erent remote se,msin~ techniques may (~r used
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4 CONCL USION

It c- alt Lw c’omt c luded Il t al c .cmct u l I ~ designed ss .,se pr op agatuo m i and s alter experimulents
cams provide im sfc rnt ati oms abciut the a t itt osp heri - st ruc ture otherwise not readily obt.u ii
able. Some of the techni qu es discussed im t t h i s  paper .t m e itt a tcurnt.itive rather I han .u
productive stage . I ’hi s is  parti t -ul ar ls - I he c •use w i t h  t t i m  ss . utd al t er .ut id liiu’ of-si ght
expen in lemsls , a lt ito t ug h op tmc al l ine- of-si ght see mt u ~ to be .i ~~~~~~~ us e fu l  retflo t c’ W i nd  %( ‘ i t S c l t  -

Acoustic sounc limtg techniques are u t  .i st.ige of rap id des -el opmm t ei i i amid it  I i .t c been
demonstrated t hat this  techni que li.ts s-cry gie.t( p o t e t u t i _ t l s  il l semis i m l g  h io th  ss i t u d •i mt d the
thermal s t ructure  of the at m osp here. I li git resolution radar s , suc h .ts the FM ( W r .nlam ,
have revealed the existence of th in .uisdulating I.i~-eis ausct ss- .cs-es in the atmosp here wh i t  I,
have not beems kno wmi be fore. ‘l’hese ss-~ts -s (K Ii  w.is-es) m a y  lie of umup or t a i tc e fo r  .i

fur ther  uitders t an(iimlg of t he transport of mnot t l e mt t u mm l iii the b ou iud ais  I .ivct -

‘L’he It ig it power pulse -radars co n t r u ln ute  to the uul der st  _ u i d l l l g  of c he a t  •ui i (‘l ilt) (( ~- ‘s I .u uci
the stud y oh’ gravity sv .ts es, Nt u l t i s t a t i om t  pulse L)opp k m mat i .u s . Inmi t n g  I l l  .1
( C()PLAN) •ire used to s t t m c l ~- the itor izom it al wim i d field w i t h i n  th umidet ’ sto rm iu s . si utss%
st Om’mt t s and _ dso in t ite t I e _ tm air when emp loyin g chaf f  (at  t i m  r.d t i _ u  er) . I Ite M e spc-i I
nt ents add new and u sefu l i n for mu at m om i  to the  kitowled ge •ibotml t h e  ‘I l c t r u c t t i l e  c i t  sin Ii
storms.

Ac kmlow kdgr itten Is

rhe ’ a uthor wants to tha nk l) r s 1) 1 (~~~~‘ s c u lg  cu t ! K S .th -( ‘or n l t t  k f o P  unan s- h e lpf u l ,
clarify ing and s t imulat ing th’tu cc, tms . l’he p ap er :~ pu / ’ls c ii. -d wi th  the / u err ~i , s c i c u u i  o f  the
Director 0/ the ,\‘ori4 ’e ’~ ’njp u l) efr n t - t ’ Re.cear c ’h R.sta bkchment,
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Study of Divergence in the Boundary Layer Using Optical Propagation Techniques’

A. C. KJE LAAS
\ ‘rn-eguis Defence Rest ’j,ch Eslublislimeni, KjeIle,-

C. R. Ocims
! ‘nvj , t ’npp tenlizl Reseu,t -~ Lab,’r a-t, ’r ies , .\O.-1 .4 , Boulder , Co!, . .0 (

(~ lanu s tr i pt reteived 25 July 1973 , in revised lorn i 27 N ,,vt ’n ibe r t ’)73~

A8S [’RACT
A wind-measuring s steni using three separate optical systems, each consisting of a 3 nsW H e-Ne laser

and two photo diode receivers , forming an equilatera l triangle 300 in on a side , has su -eessful ly measured
t he diverg ence over the area of the triang le , and the space-ave raged horizontal wind ye, b r .  Good correla-
t ion was found between the f l ow into th e triang le and occurr ence s of thermal p lumes seen by an ad ja cnt
acoustic sounder , The flow into th e triang le was proport ionsi 1 to th e verti cal velocits - . I t u r i n g  large con-
V ect ive activit y , th ere was a ertai n periodicity in the ,,t -

~ urr erice of I~ u111es.

1. Introduction divergence for a small enclosed area. Lawrence ci at.
( 1Q 72) have described an optical wind sensor that usesReliable measurements of the divergence of the the naturall y occurring densi ty fluctuations to obtainhorizontal wind are di tl l cult  to achieve. Many attempts a spatiall y averaged wind. By using a correlationhave been marie to develop method s based on iloin s techni que at the receiver , they- are able to extract anteasurements of wind. On the synoptic scales , path-averaged transverse wind speed.Bellamy (19.19) developed a techni que that used a ‘h ’}tj paper discusses field measurements of divergencetriang le of wind reports to cak-ulate the divergenc e for and wind vel ocity based out an extension of the opticalthe enclosed area ; Endlich and Clark (1%3’ ca lculate d teci ini que. i’s lie Ne laser triang le path (300 m on adivergence by- linear iflterj x ) lat ion between wind coin- sidc’) was set up near a 150 rn tower. The results areponents at thc’ vertices of the triang le of observation , compared with wind velocity measured at five levelsEddy (1964) improved Bellam y ’s triang le t echni qite t i l t  the lower aitd with the occurrence of plumes as seenby using a computer model, lie also app lied a correla- by an acoustic sounder located inside the triang le.tion technique to establish the space correlation and -

time persistence. 2. The optical measuring equipmentOn smaller scales (i.e., those scales comparable with
plumes and on up to a few hu ndred meters) , no reliable The optical techni que used for wind rteasurement is
technique’s for measuring the horizontal d ivergence described fully in Lawrence ci a!. (19~2); however, a
e~ t s t .  Man y laborator y- experiments have’ formed the bri ef discussion is included here for completeness, since
basis for di tTt - r ent theories ftr entrainment into plumes. it is a recent des-elopnient. The technique may be used
Morton el at. (1956) have described a niodel assumning over ranges from 3(X) m to more than 15 km , so that it
that the rate of entramument into the plumes is propor- is particu larly useful for obtaining spatiall y averaged
tiesn al to the verti cal velocit y ’ inside the plume. Telfo rd wind nteasurements . In addition , it is effective for
(1966 ) has developed a model assuming that  the entrain- measuring low mean wind flow in the presence of large
tflt ’n t should Ocit be related to the nsean velocity but to fluctuating components.
the local leve l of turbulence. The techni que uses the drifting scintillation pattern

I)ue to lack of suitable wim id-ut e a suring techni ques arising front wind-transported refractive-indea irregu-
these theories have been ditlicult to check in the atmo- larit ies in the atmosphere. This drifting scintillation
sphere. Recent lv , remote sensing of space -avera ged pattern is the cause of the twinkling, or scintillation, of
wind has progressed, making it possible to calcu late the starli ght. With a very’ small , bri ght light source, such

— as a laser shin ing through the atmosphere , the moving
‘The paper wa s prepared wh ile the senior author was a visiting scintilla tion pattern can be seen clearl y on a screen atscienUst at the National Oceanic and Atmosp heric Ad in ini stra-

tion, Environmental Research Laboratorie s, Boulder , under night. The sizes of the irregular patches of light in the
ponsorship of the Royal Norwegian Council for Scienti fi c and pattern are determined by the diffraction of the incident

industr ial Research. beam ; they’ result front refractive-ind ex irregulari ties
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(alittost entir e ly the result ol tt’itijit’r~tt t mre’ dill d’ri’flc e’S’t

~~~~
at v a n t  us posit iom is a lotig the I cro~)agat iomt p ath.  .‘t
eac h i ~ ‘~ Ic ‘II  - t he d i ffr ac t ion I t t  ;, ess selects t h ost
t Il e- c l i v e  s ci ,’ of irregu lan it~- , or eehlv , w hose size iS

suthecent ( c i  .cuse a half wavelength ditTer etwe in pa t lu SIOD.-
length to t h e ’ re’e’e ’ivc r  for two e’~ tn ’tut ’  r .cvs passing
hroug h i t s  edges. ‘l’ltt ’ dit ir act ion etlects of I I ti s h .Ir -

t i cu l,er edd y dom n in at e ov er  thioit ~ of othe r eddie ’s at the _ _~~~~~~ ~~~~~~~~~ — -  - - — - ___________________

s.c in’ cc .t t i c  itt - Tim. O.lo~
If a ch iv e ’rg ing l aser be’amit is et lee tive ly ’ it poitit sic ur c i’,

geomnet tiC nt agnitic-ation increases the silt’ of the received
eddy iIhh.cge’  by the factor I. :, where is the position I - ti 2 A sch emat i c  eliag rani of the normalited c’ovaniaj irea long a beam of letugth 1,, ‘l’he iuii age drif t  rate at the function , showing the delay to th e jw~~ an d the slope at zero
receiver caused by- the ’ lot-al eddy’ drif t  velocit y , d c -  t im e lag. While th ~ former is f requentl y used to nirasure pattern
pending on the wind at l~ csitio tt s, is also increased by dr i f t  veloc itj e~, the latter  is mote suitable in the optical case
th e same fa ct om - rherefeire , the received optic al elistur - w hete the ucat tern decays rapidly .

bance is larg e’r and moves faster thamt the ’ eddy t h at
produtced it ,  Since differ ent portions of the path measure m ent reported here , ~~~~~~ 1’h(s separation ,
con t r ibu te  to the  t o t .c l sc tn t  t l la t io n pattern , that pa ttern and the use of apertures 6 mm in dianteter , gave a
will be continuously evolvimig bet-amuse of the re la tive nearl y ’ symmetrical weigh t ing func tion around the
spt’eds of the ditlerent st,t’t l features it c cc m t t a i l i s .  center of the path.

l’o nicasure the average coniptctn ’nt of th e ’ wind ‘l’here are several limitations to the present optical
ac ross an cqc t t c a l  p ath , we’ look at t luc m t i . ct ions in li ght  iO st t ’in , hut we no not believe that they ’ affected ! the
intensit y in two small aperture’ s spaced along the dirt - c- wind ntea sureun ents reported here. The wind weighting
tion of movement ci t  the pat t er t t , as shown in l”i g. I - function is s t r ic t l y  correct only’ when the wind measure -
A function like that  shown in Fig. 2 resetlts if the nor- ment is averaged over enough time so that C,’ is
malized d-ovaniance of the logarithms of these signals  is statist ic -ally’ uniform over the path. This can be satisfied
contputed . For the conditions of a unifor m i m wine ! at for a horizontal pa t it , but if , for examp le, a slant path
ri ght ang le’s to the optic -al path anti para lle’l to the is used C~’ will tend to be hi gher at the lower end of the
separation of the elet e’e tor s , and for umt if cc r m refractive- path , and the wind in this portion will be weighted
index structure constant ((

‘
,~~ along the path , some more heavily’. Random variations of ( ‘,,t will distort the

measure of the time scale of the function , e,g. , the time measured ave-rage wind speed only if they’ are correlated
delay- to th e peak or the slope ci f the funct ion ~tt zero with the va riations in wine ! speed . A reasonable sup-
t ic-l a y - , could be used to derive wind speed. For the real lx)sit ion is that  turbu lence is strongest at locations of
case, wi th  winds of arbitrar y - d irection and speed along nt~tx imuni  wind shear , no t at locations of maximum
the path , and with a non-u t t ifor m eli str ibut on of c ’,~ wind speed . If so , the turbu lence tends to be uncorre—
along the path , this function cttanges not only in time lateci with the wind , and the average obtained by the
scale , but also in shape. It can he shown (Lawrence et a!.,
1972), for uniform C,,’ along the path , that the slope of
the fun ction at zero delay has a known relationshi p to
the average hor izontal wind across the path , even ..

though the wine ! along the path is non-uniform in N ~~~~~~~~~ —“—~ — _~~~~~~~ - — s’o~direction and speed . Thus, we nteasure the slope at zero -
~~~~~ ~~~~ 

—

B’O t
delay to determine the average wind. The weighting __— \ - - -

~~~~~~~
‘- /

‘~‘-1- ~separations is shown in Fi g. 3 as a function of
~ — p ( X L )  , where p is t he detector spacing, \ the laser ~wavelength , and I. the path length. For the divergence ~

function of the wind measurentent for various receiver “

fo e)  
________ __________________

—_---,---j ’ ~~~~iL ~~~
’ 1.0

* IND c; Z / L

l - i ~ . 3. The re lati ve weight s of the dif fer ent port ions of the
pat h in determining the optic-ally me’asutecl wind. The para nwtee

Fun . I .  The general arrangement used to measure ih~ average ~I — p ( \ L t I is the separati on of th e sensors . ‘Fhese curves are
component of the wind , across a la.er beam, parallel to the calculated (or point sensors ; the fi~itt ar ea cci a real sensor will
(usually horis ontat) spading of two detectors , tend to remove the negative weights near the ueeeiver.

________________________ ____________________ 
_______I4~ ~~~ ~~~~~
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6/15/72 6/16/72
Fin. 4, A comparison of the aver age wind speed (I’ ,) measured optic -ally, with the average

of the readings of six Gill pro pellor anemometer s (t ’.~ un iform ly spaced along the optical
pa th . Both the anemom eters and the op tical system nccasurr the component of wind that is
horizontal and at rig ht angles to the path. The p~th is 300 in long, oriented north - south , and

— 3 m above the ground.

optical system is unbiased. A second source of error compared the average wind speed reading of one of the
may occur when there is a combination of hi gh three optical systems, over t he same height and path
refractive-index fluctuations and long path . Under these length that was later used, with the average of the
conditions, a so-called saturation effec t occurs, in which readings of six Gill propellor anemometers uniformly
the optical scintillation no longer increases with ~~~~~~ spaced along the optical pa th. The anemometers were
When this condition occurs, the spherical propagation oriented to read the component of wind that was
equa tions upon which the optical wind nteasurement is horizontal and at right angles to the optical pat h. The
based are no longer correc t. The result is that the optical result for a 24-hr period is shown in Fig. 4 and appears
measurement will underestimate the true wind , and in to offer full proof of satisfactory performance.
severe satura tion this may be by a fac tor of 2 or more.
Saturation may be easily detected by the optical system 3. M easurement and data reduction
and did not occur on the 300 ni paths used in our
divergence experiment The measurements were made at Haxwell , Cob .,

Before undertaking 
‘
the divergence experiment , we dur ing a two-week period in the beginning of August

1972. The Haswell area has a typical high-plain
meteorological regime with strong radiative cooling

- - - - - - - - -~~ ~oo m during the night and strong solar heating and convective
activity during the day’.

IC 3OUNO ~5 Three separate optical systems, each consisting of a
3-mW He-Ne laser, two photodiode receivers, and a
small specialized computer providing a real-time read-
out of average wind speed , were used in the experiment.
The optical paths fo rmed an equilateral triang le, 3(k) m

(5*15 ISIANSt I on a side and 2.3 m above the ground. Fig. 5 shows the
location of the laser triangle relative to the meteoro-

N logical tower and the acoustic sounder. The terrain near
the triangle is flat and free from any obstacles for a

~tOwts mini mum of 3 km in any direction. The area is covered
with clumps of buffalo grass (—1 5 cm in height). Since
each optical path was arranged to read an out.flowing
wind as positive, the sum of the readings of all thr ee
paths represents the average horizontal wind speed out
of the triang le. The individual ‘cind readings for each

Fm. S. The layout of the laier triangle, ISO m meteorological optical path , sunoothed with a I~ ice running avt’ra~e.
tower , and the acoustic sounder. as well as the scaler sum of all th ree, were recorded
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Fun . 6. rrn- ~~~ nd average divergence record ings for typical afternoon and night periods.

simultaneously ’ on stri p chart recorders and on a digital Using the other pairs of the t ri an gle , similar expressi ons
tape recorder, are obtained ,
The horizonta l wind diver gence is given by The meteorological tower was instrumented to inca-

sure vector wind by’ the use of bivanes at five fixed
c~~ ~~

‘ - —- - levt-l~: 31 , 62 , ‘33, 124 and 149 m. The acoustic sounder
4 inside the triang le was pointing vertical ly, and its

records were compared with the measured inflow intowhere s0, s’~~ , i~~~~ ar e the wind components tran sverse the trian gle . All data , except the acoustic sounder data ,to the east -west , 30° - 2 10 ° and 150° ~330° triangle sides,
respectively ; L is the side of the triang le; and .1 the 

were sampled once per second and recorded on digital
area of the triangle, tapes. The acoustic sounder data were recorded (both)

Typical recordings of diver gence during period s of 
on facsimile and analog tapes.

large convective activi ty - and stable conditions are
shown in Fig. 6. Convergence of 10’ sec~ over periods 4. Results
of minutes is common during daytime. l)uring the a. CosNpari son of diwrgessce and the acoustic sosindernigh t , values of 5X10~ sec~ are norm a l. Fhis value
may be considered the upper limit of the noise level of Considerable evidence now exists that plume-like
the divergence measurement. In the comparison ~~ 

structure can be seen by’ an acoustic sounder (McAllister
t ween divergence and vertical velocity , a 100-sec run- d a!., 1969 ; Beran , 1971). Fig. 7 shows an acoustic
fling average was used . The space-time average wind sounder record and a divergence for predominately
velocity was computed by using the wind components large convective act ivity. The dark portions on the
measur ed over two of the trian gle sides . This, of course , sounder record corresp ond to thermal plumes and their
gives a redundant estim ate of the velocIty as we have height indica tes the height of the plumes, while the
t hree pairs of legs on a t riangle. ‘ white °gaps” are interpreted as area between plumes.

Using, for example , t he east-west and 30° 210° pair , The solid line is the divergence measured by the optical
the horizontal space average wind speed 1’. can be system. Convergence is upward on the figure.
expressed in tenus of t he two components r~ and r~ as The correspondence between the measured conver-

gence and the plumes as seen by the acoustic sound er is
mostly good, although some discrepancies can be seen[C~

0) 
+ O]~~ 

especially ~ ter t4~ ) local time. Note that while the
and the direction s from which the wind is blowing ~ 

divergence is measured at a height of about 2 m above
ground , the lowest height seen by the acoustic sounder

a’~ tan ’( - - is about 50 in , making an absolute comparison between- 

the two systems di~ cult .

t 
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Fifl . 7. (~unIpar1son heuwern the plumes seen l.y the acoustic sounder and the h o w  into
the t riangle. Large plumes are associated wiLh lar ge ~unve r gence. The solid lin e is the diver-
gence measured by the optical system.

b. Correlation of  divergence and vertical wind shifted in time corresponding to the travel time between
the tower and the center of the triangle. For the caseThe vertical velocity is related to the divergence field chosen the wind direction was along a line between thethroug h the equation of continuity as center of the triangle and the tower. The negative lag
means that the divergence is lagged behind the vertical

v5. V= ——- , wind on the tower.
-
‘ ôi One of the interesting features in Fig. 8 is the differ-

ence in correlation between ~~~~
. %‘ and — 8w/ os , and

Fig. 8 shows a typical set of cross-correlation curves between V5 - V and w. From these curves, we see that in
between the divergence and the vertical wind and the case of plumes , the convergence into the plumes is
gradient on the tower during Strong convective activity, more determined by the vertical wind than by the

Because the tower is outside the tr iangle, the peak in grad ient of the same. These results seem to agree with
the cross correlations does not occur at zero lag but is Morton et a!. (1956), who assumed that the entrainment

into plumes was proportional to the upward velocity.
1.0 It might be argued that this picture might have been

HASWELL . COLORADO , AUGUST 10, 1972 different if we had had a measurement of the vertical
08 12l0-’1310 Local Time wind at the same height as the divergence measure-

~ 06 
,
/.150m 

l2O 3O~~~~~~~~~~~
’ ment. Due to the 100-sec running average, however,- 120m

/90m1~
we are looking at a large population of plumes which

0.4 
~~~~~~ Om ‘~\~f’~’ ~~~ should not differ much from 5 to 30 m, so we believe

that our results give a reasonably correct picture.
Another interesting feature of these curves is theC ‘_~~~*~ — Fo relat ive time shift between the peaks in the cross0 —”

correlations for the vertical wind at the different levels

02 

indicating that the plumes or convective currents are-0.2 -

U tilted . The tilt is in the downwind direction, This corre-
~ -0.4 - 

i~o-~o sponds to what Kaimal and Businger (1970) have

0

reported for a single plume. The plumes are passing the~ -06 - 

30m four upper levels on the tower at about the same time-08 -

but some 20—30 sec earlier than the lowest level (30 m).
-10 In all the cases we have analyzed, the plumes were—250 0 250

tilted in the lowest 60 m, whereas from 60 to 150 mLog in Seconds
almost no tilting was observed .

FiG. 8. Cross-correlation curves between divergence and vertical The third feature that should be observed in Fig. 8 is
wind , and divergence and vertical wind gradient for the different
levela on the tower, Solid lines are divergence vs vertical velocity the periodicity in the cross-correlation curves indicating
and dotted lines divergence vi vertical wind gradient. that there is a periodicity in the development of con-

_ _ _ _ _ _ _ _ _ _  
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vective currents in the boundary layer. The time SO’
between the two cross-correlation maxima, which might iso
be interpreted as the period between a set of plumes, l!0
is 360 sec.

Panofsky (1973) has recently shown that the plumes
seem to move with a speed døse to the local wind. In
this case the wind was about 1.5 n’ sec-’ at the height 30

of the triangle, giving us a separation in space of about 1000 1100 1200 1300 400 500 1600 1700
540 m between every major set o~ plumes. This scale ________________________S -

size seems to agree with what Ac~cerman (1967) has
reported for convective douds. She found scale sizes
of 400-900 m. This periodicity was only found during 3
large convective activity. During the morning and the 2evening hours correlation curves like curve B shown in

-aFig. 9 are typical . The magnitude of the correlation
between ~

‘
~~

- V and to seems to change very little during 0 -

i~~ 1000 1100 1200 (300 400 1500 (600 (700the day, but the plumes are released more randomly
with no outstanding size contributing to the cross Local tim.

correlation during the morning and evening hours. Fio. 10. A comparison of the three values of the wind vector
determined Iront the luer triangle. Wind direction ~nd speed ire

c. Dai ly variat ion of f lu e divergenc e shown in the upper and lower part s of the figure , respectively.
A 20-mm running average has been applied to the data to smooth

As shown in Fig. 6, a great difference exists between Ou t the effect of convective activi ty.
the divergence during day and night. In the morning
and evening, we found that the flow was out of the bining two components as shown in Eqs. (2) and (3),
triangle about 60% of the time. During heavier con- we get the total horizontal wind vector. Since three
vective activity in the middle of the day , the flow was components are available , these can be combined to

into the triangle 60% of the time. In the middle of the give th ree values of the wind vector. By applying a
day peak values in convergence (10-’ sec ’) were found 20-mm running average to the data to smooth out
over periods of 1-2 m m .  The standard deviation was convective activity and comparing these three values,
normally in the order of 4X io~ sec ’. we have a measure of the ability of the system to obtain

the space-time averaged horizontal wind vector.
d. Space average of wind velocity Fig. 10 shows plots of the three values of the wind

As shown in Fig. 4, this technique measures the vector for nearly 6 hr , with direction and speed shown

transverse space-averaged wihd component. By corn- in the upper and lower parts of the figure, respectively.
For a wind speed higher than about 2 m sec~~, we see
that it makes little difference which two of the three
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components are used to calculate the horizontal wind

- vector. When the wind speed drops below about
2 m sec~ the differences increase, very likely from

-

~~ 0.6 - several causes. Due to slight differences in the terrain

(~4 - A 
along the triangle legs, irregular wind patterns can

light wind conditions. In addition, instrumental errors

- - - which was 10 m sec ’ for the case shown. Recent modi-

,
~
\\I/ 

persist over the triangle and be more pronounced during

I~ ..~: 
appear as a fraction of the full-scale wind setting chosen,

flcatio’ts to the instrumentation have reduced this
source of error.

- Figs. 11 and 12 compare the wind speed and direction
calculated from the component measurement and the

~ “46 - 
- ~tme quantities measured at the 30-ni level on the

-08 - tower. All recordings are 10-sec averages. The wind
recordings at the tower are shifted 40 s~c in time to

—10 £ I I I I I I

-250 0 250 
compensate for the travel time from the triangle to the
tower. The differences in the wind speed magnitude

Log in Seconds are expected because of the difference in heigh t above
Fio. 9. Cross-correlation curves between divergence and vertical ground. Using the logarithmic wind profile to calculate

wind. The solid line is for high convective activity, and the the wind speed at the 30 m level from the wind speed
dotted line for low convective activi ty, measured with the optical techni que , we obtain the
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-- r -r - -  5. Conclusion

It h~s bet-n shown that a wind measuring s~ ~.tt’1 u
using three separate optical systems . each consisting

3 mW l i e -Ne .tsc r and two phot&xliode retrivers,
forming a equilateral tri ang le , is 5tlt ’cf~~fJ in measuring

6 the divergence ov -r small enclost’d art-a. liv using t w o
- 

3 
‘
~ , 

- - I. -~ “ of the optical s~ ~.tt -n15 , we c.tn get a ~pace-avr ragr -d
ç ~, 

- - 
- 

~- 
horiLontal wind ~- r - t t o r .  l’he therm a l plumes as seen by

i • - • the acoust Ic sounder ~t ntl the convergence colnp_ rr w~ i I -
- ~f - 

-
‘ 

l’he correlation between th e divergence and the vertic.tI- \l ..
~~ ~ wind t1lt -asu rt~l on the tower shows that  the entr ainmr ’tit

\ k /  /\ .
~~
.- , int o plumes is proportional to the vertica l velocit .

/ j  Dur ing peritxts ~ ith large convt -~tive ~t ¼t i v t t v  a

_____________________ ___ - ~~~~~~ 
certain per iodicity in the developmen t of plu m es is

0 ‘ I ___

(400 500 -

Local t ime 
I i k P k ~~l~1i~~~cntS. lh e  senior auth or e~preases his

ho. II .  Compar ison of wind speed measured at the 30 in level sincere gratitud e to Dr. C, ~ tirdon Little . Direc tor o~•sn the towet ~dotted tine) with the wind st’eed t-ak uiated h u m  t he \\ ave l’ropagat ion l. .iborator~- , for pr oviding hin tthe t riangle measurement (solid line) . fh~ dashed line me the - . - - 
-

calculated logs.rithnui. wind prohle using a roughness parameter ~t mt h  the opp ort uni ty  and makt ng lht- t.u - t I t i t t - ~ availabl e
of -4 - m , and a t r i l l io n  velocity ~. of 20 cm sec ‘. to m a ke this stud~ whi le on k-a v~’ IrIlin the N orw egian

Defence I~.ese~trch Establishment. Fhe authors also
~lashed line curve shown in Fig. 1 1 .  A roughness parain- th ank Mr. R. S. l.awrence , who initi ated this s tud y .
, - t e r  So and a frk tinn velocity ii. of 4cm and 20 cm sec ‘ Finally , the senior author ~ an t s  to thank the man y
resj~eet ivelv , were used. These valu es ar e reganieti as m’members ol the \Vave l’ r~p amzatiou Laboratory who not
reasonable for the t ype of ground c ’ve r and wind speed - - 

- 
- -- unIv contr ibuted w i th  hel pfu l dts~tts~-uin ~ amisi  ~u~zmz~-w~ encountered. - 

- 
- - - - -

‘Fhe correlation between the two types of %ut ’a’~ur t luns , but a1~ i l r t . t t e t l  a ~t ntm u l a t i m t m ~ ettv mro flt tteii t  .tti ~1
muents is very good . The larger variance o( the wind .ti.~ ept etl hun as one cit their own.

measured at the tower is expected because this is a
point measurement , while the optical wind measure- 1 Ri \C1 S
ment is an average both in time and space. ~skern 4n Bernice , L~0 ’ : t he nat ur e  • •t the meteoroIugi~ai
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I)I SPE RS ION AND SPECTRA OF GRAVITY WAVES PROBABLY
GENERATED BY A CONVECTIVE STORM

By

A G KjeLaas , E 1’ Gossard , J NI Young and W R Moninge r

ABSTRACT

In tius paper we descr ibe a s .msc study of pro gres sive gr avity waves in the troposp here. We deduce their
propagation speed and direc tion . an(1 their dispersive chara c t er i s t ics . from surface spectra of wind and
pressure. We compare the results with direc t measurements of the waves made over .mmi array of spaced
pre ssure sensors using c ross spectru m techni ques -ant i an al gorithm developed by one of us (Young).
The ageeement is very satisfactory and dem onstrates the fea sibility of monitoring atmosp heri c wav e
conditions in almost real time using onl y sensor s (hi gh quality) in use at  standard weather observation
stations.

The waves in the case we describe were hi ghly dispersive and apparentl y were generated by a violent
thunderstorm some 100 km west of the site of observation.

INTRODUCTION

Atmosp heric gravity waves and convective activity are importan t contributors to the
atmosp heric pressure spectru m in the band of periods from about 1 minute to 1 hour
(Cossard, 1960). The form of the spectrum of displacement of the density surfaces (or
isentropes), and the dispersion characteristics of propagating disturbances reveal much
about the mechanism of their generation (Gossard , 1974). In this paper we measure the
spectru m and the dispersion of gravity waves apparentl y generated by a severe convec-
tive storm on 8 August 1972 in southeastern Colorado. ‘l’he wave spectra and the

- 
I dispersion of the waves we will discuss arc dramatically different from the spectra and

t dispersion of waves analyzed by Gossard and Sweezy (1974) which they concluded were
generat ed by dynamic instability associated with shear in the middle troposphere .

A method devised by Gossard and Sweezy (1974) will be used for determinin~g the
dispersive characteristics of the observed waves , and we will compare it with direct
measurements of the speed and direction of wave components across an array of spaced
pressure sensors. For the latter anal ysis we use the digital techni ques and computer
algorithm devised by one of us ( Young) to carry out a cross spectral analysis between
spaced sensors in such a manner that the “beam” of the array is effectivel y steered , or
swept , continuousl y throug h 360 deg of azimuth.

In addition to the usual temporal filterin g commonl y used to extract mesofrequ ency
information , we have used sensors capable of spatially filtering the atmosp heric spect-
rum , and in this paper we will discuss the merits of such spatial filtering for sorting out
t he contribution of atmosp heric waves for analysis. We will show that by use of such a
spatial averag ing of the wind field , the large mesoscaic features in the wind spectru m can
be effectivel y extracted from the turbulence “noise”. 

-

2 ANALYTICAL I ’ECHNI QUES

In the method of Gossar d and Sweezy ( 1 974) ,  the spectra of surface pressure and wind
are combined to obtai n the “spect ru m” of intrinsi c phase velocit y of waves in the
mid- frequency hand of the spectra of atmos p heric pr operties. Within the constraints of

~ 
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the lineari zed th eory and the Boussinesq approximation , they point out that (e g, see
Gossard and Hooke , 1974)

P 
~~~5 (~~~~~ ? ~~~~ and = ( l a ,b)

In these equations

= tp 0( z) / p 5 I~~u,,~ and P = Ip~ (z)/p 5 t 1/2p
where u , p, and ‘i are, respectivel y, wave perturbations of the horizontal wind , pressure
and isentro p ic surfaces; P~ (z) is the unperturbed density and p5 is the density at some
reference level such as the earth’s surface. The wave frequency relative to an observer
moving with the mean flow is w (the intrinsic frequency) and the wavenumber k 2~ /X
where X is wavelength. Then the disp lacement spectru m at height II within a surfac e
layer of constan t Väisä lä Brunt fre quency N and constant wind is related to the pressure
spectru m at the surface by

2 
2 B2 Ep (f) (2)

k
where B is sin n 1 I-I/n 1 H or sin h ~ H/7~ H depending on whether N 1 1w is greater than
or less than uni ty. The dispersion equation for waves of infinitesimal amp litude relatin g
n to the wave frequency w and wavenumber k throu gh the Vä isalä-Bru nt fre quenc y
N =~~(g/ O) dO/dz (where 0 is th e potential temperature) is essentiall y (see Gossard and
Hooke , 1974)

- - n = i~r = k j ( ~~)
2
- 111/2

for waves whose vertical wavelen gth is small compared with the at mosp heric scale
height.

Also, the relation

I~~(f )J 2 
= p0~

2 
~~~~~~~~~~ 

(4)

provides a measure of the wave dispersion when the spectra contain an important wave
contribution. The wind component U must be extracted vectorial ly from fluctuations of
the total wind as illustrated in Fi gure 1. i’his is accomp lished by choosing a suitable
numerical low-pass filter to app ly to wind speed and direction , thus separating the mean
wind from the tot al wind. The sat-n e low-pass filter is app lied to the pressure record.
However, our pressure sensing system had its own hi gh-pass filter , with a time constan t
of 50 sec, whose effect had to be removed from the fi nal spe ct ru m. A low-pass
numerical filter was chosen such that a perturbation of 1 5 mm period would have its

Pressure Minimum

. / ~~
‘Wave Direction

Pressure Maximum

Figure 1 I ector diagra m f o r  extracting the u tud c-omp (; ?u ’Pst I along the t ime f r om
f luctuations of the total wind

_ _ _ _ _- -  -_ _ _ _ _



amplitude reduced to one-th ird the true value. ‘l’he time series of wind and pre ssure were
sampled every second and then averag ed over 20 sec i nte rvals.

Young ’s met hod of pr ocessing data from spaced sensors is to azimutha ll y steer the array
beam in either the time or frequency domains. It differs fro m other al gorithms such as
that of Mach and Smart ( 19 72)  primaril y in having greater flexibilit y in choice of
bandwidth when signal velocity is approximatel y inde pendent of frequency as in the
c aSe of acoustic waves. ‘l’his is accomp lished by processing in term s of the wave
“slowness ” (defined as the inverse of velocity) rather than processing in frequency-wave-
numbe r space. Varying the fr equenc y bandwidth has little influence on the average
wit hin the band when “slowness” is relativel y constan t over the ban d , so t he algorithm
is adaptive in choosing an optimum trade -off between confidence and spectral resolu-
tion. Whe n app lied to gravity waves , the assum ption of little dispersion is no longe r
necessaril y valid as we shall see when results are discussed.

3 OBSERVATIONAL TECHNI QUE S

The pr essure sensors used in this study were essential ly like that described by Bedard
( 197 1 ). except that the filter amplifiers producing the variou s bandpasses shown in his
fi gure 3 were not emp loyed. l’her efor e the high fre quen cy response was practical ly
unlimited (as far as gravity waves are concerned) and the hi gh-pass charac teristic can be
described by the sing le time constant of 50 set- . Each pr esssure sensor had 30 in of hose
attac hed , into which hypodermi c needles , used as orifices , were inserted at intervals of
1.5 m. The hose serves to spatiall y filter out small scale turbulent inhomogeneities in the
pressure field. ‘l’he total pressure array consisted of a smal l array within .i larger array as
shown in Figure 2. The small array was designed primaril y to look at relativel y small

M4

2 

\~~~300 m

250m ‘ OMI / M5

/

0

l 760m

300m

LASER TRIANGLE 2055 m

• N

I I
U

Figure 2 l.ay out of the exp erimental conf sgu r a tion
The solid triang le is the laser tri angle . Points m,irk c I M l .  M2 , MS are the small
mu-rnhmrogTap h array, wh ilr M4 , M~~, M t . M7 tb -note the Ito gcr •ir r.o , M 7 i s ?0 in from
the tower base.

~~~~~~~~~~~ 
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scale features within the boundary layer, and the large array was desigu d  to observe
larger scale features such as infrasound or long waves hi gher in the atmos p he re. In the
present stud y, additional spatial filtering of the pressure field was achieved by avera ging
pressure over the small array of sensors to obtain the spectru m of pressure fot- use in Eqs
(2) and (4).

The anemometers used in the present study were bivanes with a hi gh frequency response
limited to app roximatel y one liz. However , our primary source of wind data was a
uni que system designed and buil t by G Ochs and more comp letel y described by
Lawrence et a! ( 1972)  and Kje laas and Ochs (1974).  The system uses a laser path to
measure the avera ge wind (somewhat weighted toward the center of the path) tran sverse
to the path by measuring the velocity of the scintillation pattern at the receiver end.
Clearly, onl y two such paths ai-e needed to obta in a value of the total horizontal wind.
Ho wever , the system was used in a triangu lar confi guration so that horizontal mass
convergence and diver gence could be measured (Kj elaas and Ochs , 1974). Thi s is a lso a
suitable confi guration for obtaining wind spatiall y aver aged over the area of the trian gle.
The laser triangle is shown in Fi gure 2.

The results of the analysis, using the spatia l ly aver aged pressure and winds as descri bed
above, were compared with results using point sensors. l’he advan t age of using the laser
winds was especially evident , and values of U obtained from biv anc and from the laser
triangle are shown for comparison in Fi gure 4. Apparentl y the removal of small scale
turbulence “noise ” by the spati al filtering, accomp lished by laser path avera ging of the
wind field, significantly improves the wave signal-t o-ncsise.

4 EXPER IMENTAL RESULTS

The case chosen for anal ysis was an event which occurred in the early morning hours
(0100—0230 MDT) on 8 August 1972 at llaswell , Co lorado. Recor ds of the waves of
this event have been analyzed using an acou st ic sounder t riangle and the results
publishe d by Kje laas et a! (1974)  fron t whose pap er the acoustic sounder record s in
Figure 3, showing most of the time inters-al we analyzed, have been extracte d. It is the
purpose of our pap er to anal yze the di spers ion and spectral characteristics using the
observational techni ques described above and try to deduce the mechanism of wave
generation.

The pressure record and the unfilt ered and low-pa ss filtered wind speed from th e laser
triangle are shown in Fi gure 4. The results of carry ing out the vector subtraction
indicated in Figure 1 are shown in Fi gures 5 and 6. Figure 5 shows the time series of the
component U from the laser winds alon g with the corres ponding quantity fro m the
bivane at 30 m elevation on a nearb y tower. The fluctuatin g component due to the
waves is much more evident in the laser wind measurements. We have chosen U as
positive for clockwise rotation of the wind vector. There fore , U and P are positively
correlated when the waves come from the 180 deg sector to the left of the mean wind,
but they are negativel y correlated when they come from the ri ght-hand 180 deg sector
(as is the ease for the princi pal peak in the direction al distribution shown in Figure 6).
Some phase shift results from the hi gh-pass filte rin g of the pressur e fluctuations by the
pressure instrument. Fi gure 6 shows the directional distribution of the waves foun d by
the method of Gossard and Sweezy ( I  974). The arrows superim posed on the direction
histo~~am sho w the directions obtained using Youn g’s algonthm and the spaced array
da ta. The arrow from 270 deg app lies to the ban d from 21 mm to 80 mm , and that from
225 deg app lies to the entire ban d from 4 to 80 mit-i .

Figure 7 shows the dispersion plot of phase velocity vs fre quen cy by the method of
Gossard and Sweezy, together with the results of Young ’s ana lysis from spaced array
data shown for frequency bands indicated by the bars. l’he spacing of elements in the
array produces a hi gh-frequency ut-off in the array spectra. The excellent agreement

_ _ _ _ _ _



HASWELL, COLORADO
August 8, 1972

1360—

Ant. 2 
_  _

O 

_ _ _ _ _ _ _ _

0200 0100 0000

Local Time

Figure 3 Acoustic so, ’nder record of part of the event anal yzed in this pape r
LI’ is Mountain Day li ght Ti me. To convert to UT add 6 hours to LT. (From Kjelaas et a!
(1974) ) .
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Figure 4 Pressure recording together with F igure 5 Wind component 1’ along
the low-pass f iltered and unf iltered the wave directio n
laser wind Upper curve is obtained usü~gNo scale is included for pressure since the the laser trian gle, while lower
instrument ’s filter characteris ti c - has not (thi~~~ is from the bivane at
been removed. 30 m on a nearby tower. Power

density of frequencies greater
than — ‘2xI0 ’

~ Hz is about two
orders of magnitude down
from the peak in the power
spectrum. so such  points pro-
bably have no significan t -c.
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Figure 6 Directional distributio n of the waves

is a very convincing ar gument for the validity of both techni ques. At a fre quen cy of
2 a 1O~ Hz, the power in the spectrum (see Fi gure 10) has diminished by two orders
of magnitude from the peak power. Thus we do not consider the velocities in Fi-
gure 7 to be significant at frequencies hi gher than about 2 l0~ liz . During this
wave event , the ave rag e surface winds were ver y li ght (about 1 rn s~~) and were mostl y
between north and east in opposition to the wave direction. We have attempted to
obtain C, the true wave velocity relative to the ground, by subtracting 1 ms ’ from

— u/k. This actuall y lessened the agreement in the results of the two techni ques .

I I I I I I ~ I I I T I I I ~ I
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f(Hz)

Figure 7 Phas e velocity vs frequency
The horizontal bars are the p hase velocities for different frequency hands found 1w
apply ing Young’s t t-c -hni cluc to the lar ge microbarograph array.
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Figure 8 shows the plot of ~ vs k. On thi s plot the slope of the line from the origin to
any point on the curve represents the intrin sic phase velocity, and the slope of the
tangent to the curve is the grou p velocity given by d~~/d k.

Experi nentol Points
oio — - — Fundamental Mode Of Model NO I -

t -———— Modes Of Model No Z
CA)

(21THZ)

Measured Dispersion Curve

0_os -

0 

~~ ndamentoI Modes

0.01 0.02 0.03 0.04

k (2irm~)

Figure 8 Intrinsic f r equency as afu nct io n of the wavenumber
- - 

- 
Only the fundamental mode is shown for model no. 1.

Figure 9a,b,c shows the RAWINSONDE data obtained at 0457 MDT (the sounding
nearest in time to the wave event). Unfortunatel y, the sounding does not well represent
the lowest layers at the time of the waves , because a hi gh surface wind sprang up at
about 0400 MDT apparentl y due to outflow from the cool downdraft of a thunde r-
shower occurring locally at about that time . The hi gh wind at the surface mixed the air
within the radiation inversion and elevated it. We have used the surfac e wind and
temperature data at the time of the wave event and the temperature and wind data at
the top of a nearb y 151 m tower ( see Fi gure 2) to attempt to correct the sounding data

C I ’ T ’ ~~~~~~’ i  
~~~ 1 I~~ 

1 T ’  ‘ ‘ 1 ’ ’ ’  1

o 
~ 0 

- 

40 80 l2~ ~~~~~ iQ 20 3d 20 30 40

Wind Dfrectlon (degree) Wind Speed (m i ’) Temp (‘C)

hgure 9 Radiosonde at 0457 MOT
the c irc les sho wn are the wind and temperature data from the tower at the time of the
wave event. The various atmospheric models discussed are shown as dashed curves.
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I T  T I  T I l T  ~‘ back to the time of the event. I he
S ••,,~~ values are shown as circles , and

two atmosp her ic models we ana-
7 lyze in the next section are shown

as dashed and dash-dot curves in
Fi gure 9c.

Figure 10 shows the spectrum of
Dtsplocemenf Spectrum j layer displace ment at a height of

- 
At 200rn Height 200 m calculated from equati on

(2). Both the spectrum in Fi gure
E (f) I 10 and the dispersion in Figure 8
t differ sign ificantly from the cor-

responding quantities found by
‘Hz ’ I Gossard and Sweezy from the data

taken at San Diego, Calif , under
conditions of wind shear and
instability aloft. The spectrum in

\ Fi gure 10 imp lies an rms ampli-
tude of 38 m for the waves at a
height of 200 m.

I 1 1 1 1 1  I I I l i i i

lO~
f(HZ)

Figure 10 Spectrum of layer displacement at a
height of 200 m

5 COMPARISON WITH MODELS

The light winds aloft shown in Figure 9 and the relatively low surface and tower winds
at the time of the event (compared with the wave velocity of about 10 ms~ at the
spectru m maximum) imply that shear is not the generating mechanism for these waves.
Furthermore, the waves are propagating against the back ground winds. Therefore it
seems reasonable to compare the predictions of a shea r less model with the observed
dispersion.

We adopted a shear less model consisting of three layers rather than more realistic models
with many layers because a t hree -layer model can be studied analyticall y whereas
models with four or more layers are more effectivel y studied using numerical methods
on high speed computers. We used a normal mode approac h leading to an eigenvalue
equation whose derivation is given by Gossar d et a! (1970).  They find that

n 2 2 —n 1 7~ cot n 1 1-l
n 3 cot 2n 2 i~II (5)

n 1 cot n 1 H + 7 3

where the subscri pts app ly to the th ree layers of a model shown schematicall y in
Figure 12. Equation (5) was app lied to th e two models shown by the dashed and
dash-dot curves in Fi gure 9c (see caption of Fi gure 12). In model no. I the thickness
2AH of the midde l layer is zero so it is a two-layer mode l for which equation (5)
becomes (see Gossard and Ilooke , 1974)

~- .  -
- - 

~~~~
-

~~~~
- --

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

~~~~~
— - - - -

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

— -



_ _  -~~~~ 
—-

~~~~
—-

~~~~~~
---—--- —

~~~~
-_ - -.-

I I

/ 2 \
tan (ku ‘171—!) _ i) = _______ (6)

The resulting dispersion curves for the two models are shown p lotted on Fi gure 8 for
comparison with the observ ed values. To avoid confusion from too man y curv es on the
plot, only the fundamental mode of model no. I has been plotted , but the second and
third modes are shown for the three-la yer model.

Model no.1 provides the best fit to the gross features of the observed dispersion curve ,
but model no. 2 fits the low frequency portion of the curv e (~~ < 0.02) almost exactl y.
In actual fac t , if the waves have propagated some 100 km from the storm area, the path
was undoubtedl y variable , representing combinations of the various models here con-
sidered. For frequencies ~ < N -i , real roots to equation (5) do not exist. This means
that such waves “leak” energy upward .tw.tv from the stable layers.

The important fact to note is that the observed waves are strongly dispersive as would be
expected from the shear less models. If the waves had been generated by dynamic
instability at a shear layer , the unstable irregularities would all travel with the m”an
wind speed at the center of the shear layer if the model is symmetrical with infin ite
upper and lower layers. if we consider a three-layer mode l in which the lower layer is
not of infinite depth, those wave lengths long compared with its depth will no longer
travel with exactly the speed of the mean wind (see Gossard , 1974), but the effect is
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sm all for the wave numb er range
we consider here. The waves stu-
died by Gossard and Sweezy
(1974) disp layed the non-disper-

I N sive character to be expected of
3 wave generation by shear. The) —j

~~~~ highly dispersive nature of the
N2 / 2AH waves we have studied in this

~~~~~ 
- 

~~~~~ paper imp lies a di fferent met ha-
_______ - I  

~~~~~~~
—---- - nism of generation. In addition ,

I Fi gure 9 shows that the small
shear that mi ght exist during the
period of the event would lead to

Fsgia re 12 The three-lay er model waves propagating fro m the north-
Modcl no. ! (dash-dot curve in Fi gure 8t ) is easterl y direction. They were
N ~ = O O 3 ’ 4 4  N 3 = 0 0 1  1~~ T~’1 ~~~~~~~~~~~ actua lly propagating from the
In model no 2 (dashed ~~~~~~~~ ~~ F i~~~~ 

west t hrough south-west sector (as
N 1 = 0.050. N 2 = 0.0202, N 1 = 0.0111 , seen in Figure 6) with a group
II 100 m, 2 ~~H 600 m. velocit~- of about 6 ms~ at fre-

quencies corresponding with the
maximum in ener gy of the spec-

tru m shown in Figure 10. If we look 100 km to the west of Haswell on the radar
weat her map shown in Figure 11 taken at 2135 MST (2235 MDT) obtained by the NWS
using the WSR 57 rada r at Limon , Colorado , we find a violent thunderstorm near
Pueblo, Colorado, extending above 39 000 ft (11 .9  km). By 2337 MDI the tops
exceeded 41 000 ft (12.5 km). It seems very like ly that the waves discussed in thi s paper
were generated by the storm . The prec ise mechanism is uncertain. It seems possible that
the storm may act like a slow exp losion in the atmosp here effectivel y generating the low
frequency gravity waves in our examp le. In that case the analysis of Ra mm and Warren
(1963) of gravity wave generation by an impulsive source may be relevant. Note that
Figure 10 shows most of t he energy to be cen tered at a wave period of about 14 m m .
On the other hand, it is very possible that the cool gust front associated with the strong
downdraft of the storm generated the waves in the manner of a t ravelling disturbance.

6 CONCLUSION

We conclude that the methods described in this paper and that of Gossard and Sweezy
(1974) provide a useful technique for observing the properties of waves in the atznos-
phere and of diagnosting the probable mechanism of wave generation. The method
requires only single station measurements of pressure and wind. However , comparison in
Figure 5 of the wind spatiall y averag ed over the laser triang le with measurements
obtained with a poin t sensor emphasizes the great value of spatial filtering in the
extrac tion of large (or meso) scale features from the turbulence dominated total wind
field spectrum.
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WAVES OBSERV ED IN IH E PLANETARY BOUNDARY LAYER
USING AN ARRAY OF ACOUSTIC SOUNDERS

.-\ G Kjelaas
D W Beran , W H Hooke , and B R Bean

ABSTRACT

Three acoustic sounders, with antenna - having vertical l y-pointed beam s located at the vertices of a
trian gle about 300 m on a side , have been used successfully to calculate horizontal phase velocities
of gravity waves in the lowest 1000 m of the atmosp here. The wave parameters obtained were
compared with those obtaine d by an array of microb ar ogr aphs. The results from the two indepen-
dent techni ques agreed well in all cases where the waves wer e detect ed by both method s. However ,
the acoustic-sounder array was also able to detect gravity waves propagating in an inversion ovcr-
lying the convective boundary layer that were undete ct ed h- the microb ar ogr ap h array because of
wave attenuation in the convec tive region.

Wave-associated vertical-velocity flu ctuat ions inside the  u n d u l a t i n g  structur e were measured using
Doppler techni ques to an accuracy o about ± 0. 1 m sec 1 

- Vert i al-velocity fluctuations of about
±0.5 m sec 1 were meas ured insid e one wave with disp lacement amp litude of 120 m and wavelen gth
of 5.5 km. From wave-associated ver ti cal -velocity fluctuations , disp lacement amp litude , and wave
period, we could calculate the wind-speed component along t~se wave propagation direction. This
calculated wind-s peed component agreed reasonabl y well w i t h  the value derived independentl y from
radiosonde measurements.

1. Introduction

• Duting the summeT of 1972 , the staff of NOA~\ ’s Wave Propagation Laboratory
• (WPL) mounted an experimental program at the Hasweil field site in Colorado lasting

several weeks. During the observing period , this area was characterized by a typical
High Plains meteorological regime: strong radiative cooling at nigh t and strong heating
and convective activit y during the day The program had the dual objectives of ( 1)
checkin g the operation of a variet y of remote sensing systems and calibrating them
against data gathered from a 150- rn instrumented meteorological tower , and (2)
stu dying the Haswell atmosp heric boundar y layer.

Included among the remote-sensing systems ai~d meteorological instruments were
three acoustic echo soun ders and an array of microbarographs. The accustic echo
sounders operate like sonars; they transmit acoustic pulses and detect the echoes
resulting from boundary-layer turbulent wind and temperature fluctuations (Tatarski ,
1961; Month, 1962). In this way, these sounders can measure boundary-layer turbu-
lence intensity (e g Littl e, 1969; Bean , 1971; Emmanuel et al , 1972; Beran et a!,
1973; McAllister, 1968) as a function of height and time, as well as the three compo-
nents of the boundary-layer wind, which can be determined fro m the Dopp ler shift of
the acoustic echoes when two of the three antenn a beams are directed at angles off
the vertical (Beran et a!, 1971 , 1973; Beran and Clifford , 1972). The microbarograp hs
supported the remote-sensing studies of boundary-layer gravity waves, by measuring
wave-associated pressure fluctuations at the earth’s surface. From these records we
determined wave parameters such as wave period , horizontal wavelength , phase velo-
city and azimuth of propagation (for illustrations of previous studies see , e g, Hooke
et a!, 1972 , Bera ri et a!, 1973). - - 

-

During most of the observin g peri od , t he acoustic echo sounder data were gathered
primarily to evaluate the relative merits of various antenna configurations in Doppler
wind measurements. However, we were also interested to see whether we could ope-
rate the sound ,s  in a mode analo gous to that of the microbaro graph array in order
to stud y boundar y-layer wave motions. To test this possibilit y, we operated the
sounders for short intervals several hundred meters apart with all beams directed

L - --- —- — - - - -_ -- - : _- -~=..- --~~ 7----- - _ 1  ~~~~~ ---—~ ~~~—- — --- -
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vertically. t hen to determine horizontal wavelengths , wave phase speeds , and propaga-
tion directions , we used the (-ross-cor relation between corresponding features of the
acoustic echo return s recorded by the three sounders (I e, the cross-correlation be.
twcen the height—- time echo intensit y patterns), and the time lags requ ired to maxi-
mize thi s cross correlation. i’hese values were compared with those obtained from the
rn icroba rogra~ h cross -correlation anal ysis as well as with those obtained by using the
so-called impedance relation (Cossar d and Munk , 1954) ,  which gives the wave phase
speed and direction from an analysis of the wave- associated pressure and velocity
fluctuations measured at a single point.

in this paper . we summarize the results of using an array of three vertically-pointing
acoustic echo sounders in calculatin g phase velocit y, period , and , hence also horizon-
tal wavelength of gr avity waves. The results Illustrate the advant ages and limitations
of this app lication of acoustic echo soundi ng. In addition , we show that from sounder
measur ements of ( 1)  wave period , (2) wave- as sociated ver ti ca l.velocity perturbations
(as revealed by [)opp ler shifts of the acoustic echo returns), (3) vertical parcel-
displacement perturbations (as revealed by fluctuations in hei ght of the strata of
strong echo returns), and (4) horizontal wavelength (calculated from measurements of
wave period and phase velocity), we t an determine the mean wind speed component
in the direction of wave propagation . We can , therefore , check the data still further
for consistency by comparing the value of th e mean wind speed calculated in this
manner with that measured (Iirectl y fro m a radiosonde and on the tower. Thus we
have demonstrated in princi ple that acoustic echo sounders can use bound ar-y.layer
gravity waves as tracers in wind profiling.

2. The Experiment

The experimental configuration is shown in Fi g 1. The points marked A, B , and C arc
the positions of the three acoustic echo sounders , which form a ri ght trian gle with
legs roug hly 30() in in length. The points marked MI , M2 , and M3 denote the posi.
tions of the three microb ar ograp hs and T the location of the 1 50 m meteorolo gical
tower. This size and configuration was adequate for the gr avity-wave studies here ;
however, to stu dy larg er-scale waves with hi gher phase velocities , we would have
needed a larger triang le.

M~ 
~() in - —- -

~~~
-
~~~ M I

300 in

300 iii 

N

I 

O~~T

C o

Figure 1 The layout of the experimental corij igvra twn. Po ints marked .4 , B, c. show
the positions oJ the three acoustic echo sounder s , and Ml . M2 . M3 the
micro harograph.c.

_________ ~~
- -- --- --
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PEAK POWE R 10W (AC OU ST 1 Q The thre e sounders , A, B, and C,
were operated at center fre quencies

PULSE WIDTH 100 m ssc of 2750 Hz , 1750 Hz , and 2250 Hz ,
PULSE REPETITION res pective ly , in order to avoid cross
FREQUENCY 0.IZI suc ’ talk. The other sounder parameters
MAXIMUM RANGE 131C m are given in Table I .  Both the inten-

sity of the backscattered energy andCARRIER FRE Q UENCY VARIABLE FROM the Doppler frequency shift for each
17IO—27bO II~ sounder were recorded on an alog-

- 

- 

ANTENNA DIAMETER 162 cm tapes and digitized at a sampling rate
ANTENNA SEAMWIDTH ~~~ O TO 3dB POINTS of 62.5 sec~~. In addition , facsimile

recordings were made of the acoustic
BEAM DIRECTION VERTICAL echo returns as functions of boun-
RECEIVER BANDWIDTH 100 Hz dary-layer height and time. The

tower was instrumented to measure
L wind and temperature at 30 m,

Table 1 Acoustic Echo Sounder Pa rameter s 60 m , 90 m, 120 m, and 150 m; and
to measure wave-associated pressure
fluctuations at 90 m and 150 m.
Radiosonde wind and temperature
profiles were also obtained.

3. Theor y of Wind Speed Determination from Gravi ty-Wave Observations

-
. For any fluid motion the ver tical parcel vekx-ity w is instantaneo usl y related to the

vertical parcel displacement ~

w = ~~~ (1)

whe re D/Dt denotes the time derivative following the parcel motion. That is ,

(2)

~~ that for a sinusoidal wave of frequet1cy w (as measured by an observer fixed with
respect to the ground) and wave vector k , and of perturbation amplitude ,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (3)

The frequency 52 is the so-called “intrinsic” wave frequency, i e, the wave frequency
that would be measur ed by an observer moving, relativ e to the ground , with th e
back ground wind velocity U0. In general U0” U0(z) and ~l £1(z) where z is the
height. Thu s, at any height z , we have the relation

w”(z) = a(z) r (z) (4)

where the asterisk s denote amplitudes of the wave-associated fluctuations. We have
then that

U (~~) & _ —~~--~~
-)ok k kC( z)

= ~~( l — - ~Y~--) (5)k we
This value of U0k can then be compared with the one obtained from radios onde .

—~~~~ - - —~~~— - — —-
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4. Analysis

Three periods — 0 100----Ol4Ol.T August 8, 1972 (Case I); 02l5--0235L T , J ul y 23 ,
1972 (Case II) ;  and 0820—08501.T , Ju l.,- 23 . 1972 (Case H I )  - were selected for

detailed analysis. The facsimile
records from each of the three

u~~~i i i  (OI OKADO sounders for each of the three
Augu st ~ I9~~! cases are shown in Figs 2, 3,

and 4. To determine the hori-
zontal wave phase speed and
direction of propagation of the
waves revealed by the undula-
ting strata of strong echo re-

-S turns shown in Figs 2, 3, and 4,
0 

~~~~~~~~ a simple time-lagged cross-corre-

~ 

- 1360 — — — lation analysis between the in-
~~~~~~~~~~~~~~~~~ tensity pattern s of the strong

echo return above the nocturnal
ARt. 

~ -~~ - - - inversion for the three sounders
- - - - - -  - was performed. In general , the

peak in the cross correlations— lli_ _ 

—  

I does not occur at zero time lag .S
1360 but is shifted in time. These

___________________ 
shifts corres pond to the travel
time of a wave from one soun-

A ni. 3 
- -, 

der to another. Fro m this travel
I 

~~~~~~~ time both phase speed and di-
0 _______________ 

recti on of propagation can be
0200 0(00 ((000 derived (Bri ggs et al , 1950).

b est Tini~ The accurac y in the derived
phase velocity depends on the
accurac y with which the diffe-

Figure 2 Facsimile records from eaeh of the rent travel times can be estima-
sounders f o r  0000—0200L 1 .-l ugust 8. ted. Since the pulse repetition
1972: Gase I. fre quen cy, which can be inter-

preted as the sampling frequen -
cy, is 0.125 Hz in our case , the

position in time of the peak of the cross correlation cannot be estimated more
accurately than ±4 sec. This should give an accuracy in the calculated phase speed of
the order of ± 1 m sec~ and approximatel y ± 10 ° on directi on for a wave travelling
with a speed of 10 m sec~ over the array. An increase in phase speed will increase
the estimated errors. For Case I , Dopp ler data were used to estimate the wave-
associated vertical-velocity fluctuations. For this purpose the echo returns from five
vertical height intervals totalling about I I  m were time-averaged over 10 consecutive
pulses (80 sec.). l’he vertical velocity resolution , assumin g that the signal must be
observed for 0.0588 sec. and that one-quarter of the period is needed to track the
Doppler, was found to be ±0. 1 m sec~~.

Care 1: 0100 01401. T August 8. /972. In Case ! (Fi g. 2) we have an apparentl y stable
undulating stratum of strong echo returns well separated from the nocturnal surface
boundary-layer inversion below. The wave motion appears to be nearl y sinusoidal , and
the wave parameters for this  t ime interval calculated from both the acoustic-echo-
sound er array data and the microhar t -gr aph array data arc shown in Table 2. Table 2
also gives the horizontal wave phase speed w/k and propagation direction computed
from tower data on the amp litude of the wave-associated pressure fluctuations p ’ and
horizontal velocity flut -t u. it ions t

’
, (where prime denotes the wave-associated depar-

— 
~~~~~~

_ _  - -  ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ - - —



WAVE PARAMETERS ACOUSTIC MICROBAROGRAPH 1MPEOANCE
SOUNDER ARRAY RELATION

PERIOD llS s ec 717s. c
HORIZONTAL PHASE S P E E D  7.Sms.c ’ 8 0  m sic ’ 7.lms.c 2

HORIZONTAL WAVELENGTH 5.4 km 5.1km

DIRECTION OF A R R I V A L  245~ 220°

A V E R A G E  H E I G H T  OF THE
WAVE 400 m

AMPLITUDE OF THE WAVE 120 m

IabI~~
- 2 Ruz’ , J ’a r app , , t, - p - , f o r the  1 : e, it.s of  ( ,i.n /

tur - from the bj t kground value
I I  1 1) 1 lI~ - ( ( ( I  k) , using the impedance rela-

tiOn ” (Gossar d and Munk ,
‘
~~ 

i p - ‘r 
_________ 

.p~i 
19~ 4)

‘‘ ‘ 
- “

~ ‘
~~. ~ ~

. 
~~~~ 

= 

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

1- o ~ (’-) ~(6) 

-
~~~~~~~~~~~~ ~~~~~~ ~~~~ ~~~~_. .. ‘ No signil ucan t ditferein ci.

p(~(I l ict u-ecu t he rt- sults obtain-
- . ed t ron i  the in icrobarograp h ar-

t~~ 
~ 

.
~~ 

- S ra y .tnd the acoustic echo soun-
~~~~~~~ 

‘~~ 
, __________ 

1 1 dci arr ay as far as w.ivr period
41, 1 ~ 

~~~~~~~~ , 4_  . -- ‘ and hor izoitt a l phase speed are

- - -• -
. - concerned; both give .i p -riod

____________________ ~~ -.~~~~- s
- . of .tbout 71 !~ seconds and a

- — - - —- - phase speed of about 8 in sec

- . The (l ifk -rt-nc e in the observed

Anl i ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~.!‘!‘.P. th tvd~~ g t h i~~m order of
- 

- - magnitude greater than the
- dimensions of the array ,  the

(I dirt -ct it ) t~ deter in int’ d is subject
11 1111 ii - 11 190 to uncer ta in t i e s  larger than

I s  .d ( m r  ± I ()

I’he l)opp lcr-dcr ived ~‘ert ical
l’~~t4 rf m i  - /~ / m  ‘ ‘ ‘ /  i Ii I the velocities for Case I are

~~Ui P l c / i ! / , ( ) ‘( ) ( )  i i  ~~)~~ / 1 ~~~ _‘. .  in Fi g. 5. The hued portio ns in-
1 07 _’ ( ii - II dicatc hei ght t inn’ intervals of

p osit ive (i e. upward) ver t ica l
v e k n i t ~ . while the dot ted por-

tions c c i I - sp o in l  to ,nr . I s  n i O i  u i c - ~~. i t i ~~,- ~i e, t lown~vard) ~t - Iot - i t \  - the ht -a~-~- l ine is the
,.erc’ ~ ri t i ~ il ~t l c ’c I t \  I ’ c i i i n tL iv ~ t f i t -  + (I . I (liii + ( ) ~~~ ~~ contours  .iir also shown.
F or thu  i t  v - th e l ci indaru -s ol I he s t i  I t  i i in ol strong ec ho re turn  (dot ted I i i i es ~ alT
also s l~ ,~~ii.

Ihe 1 )opp kr k’rived ~ i i t  it - i l  ~u I it i t  ( ‘ s t  t lie (Ies( - cn( l i i lg port ion of the  ~s-~i~-e bet u-ecu
01 09 and 0 1 1  ~‘ l I n is  found t o  .oci .ige 0~25 in se 1 w i th  a m ax imum .ttu e of

0.35 in sec - i  
- Be tuect ,  I l l  ~ and 0 1 291.1 . t lw  l )opp lei method g ave .ihc ’ii t

(1.35 111 set % % I t l l  .1 i l 1 . l X t l 1 I t i t ( i  of 0. I S i i i  - I h i s  .I~~ie e t~ie t i  is ~c r v  goc ccl .  I he
low si gn al - to-ut ’isc - r at io  pr e clutk d t in t -  t k r i v i t i g  the  ver t i ca l  veloc it~ for t h a t  par t of

- . k .  1I~~~T _~~~~~__ ii__ ___ *_  ~~~ - -- - --~
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ItAs5~~i i  t O t OI t A DO the atmosp here between the
j u l, ~~ i ’ i . - stratum of stron g echo returns

and the nocturn al inversion be-
low; therefore , we were unable;~ I —

to determine whether this partA ni I
of the atmos phere was oscilla-
ting in phase with the wave mo-
tion above. Howevey , by exami-0
ning the vertical velocity fluctu-

• ations at the top of the noctur-
- nal inversion , as shown at the

vertical velocities corres pond to

bottom of Fi g 5, we see thatAnt
periods with significant upward

IL

the peri ods of upwar d vertical0
velocity inside the stratum ofi:iA0
stron g echo returns. The facsi-
mile record in Fig 2 also gives
evidence that the height of the
nocturnal inversion is oscillating
in phase with the wave motion.

0
(15(111 I~ ((‘10(1 Using the wave parameters

I - ,  u hi ” . shown in Table 2 to~~ther with
Eq (5), we obtained a wind
compone nt of 6 m sec ’ along

Figure 4 Facsim ile records fro m each of the the propag ation direction of the
sounders for  0800- O900L T J uly 23. wave. The radiosonde gave a
1972: Case III. component of about 5.5 m

sec t 
- Unfortunatel y, the radio-

sonde we used was released
about two hours before the wave event. Durin g th e time between the radiosonde and
the wave event , no significan t chan ges in wind speed or direction were observed on
the nearby tower. This may indicate that the radiosonde data were representative of
values pr evailing at the time of the event , at least in the first few hundred meters.
Takin g into account the difference in time between the radiosonde and the wave
event , the agreement between the wind component measured by the radiosonde and
the one calculated from acoustic sounder da ta is quite good. This appears to confirm
the potential of acoustic echo sounder observ ations of boundary-layer gravity waves
for measuring boundar y-layer wind speeds.

Case 11: 0200 -- 0230L T J uly 23, 1972. In Case II (Fi g 3) the wave is clearl y within the
nocturnal inversion. The wave parameters calculated both from the acoustic sounder
and the microbarogra ph array are shown in Table 3

WAVE PARAMETERS ACOUSTIC SOUND E R A R R A Y  MI CROBA RO G RA PH AR RAY

PERIOD 3 68sc  36 5 s c

PHASE SPEED t lmssc ’ lOm ssc ’
WAVELENGTH 3.5km 3.6 km
DIRECTION OF A R R I V A L  330° 322°

AMPLIT U DE _ lOO m

Table 3 Wave Parameters fo r  the Et ’ents in Gase~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ 
.~~~~~~~
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HA SWELL COLORADO As we see , an excellent agr eement

t his case the wavelength is much
shorter , onl y about 3.5 km, which
gives us better accuracy. In addi-
t ion , even at onl y 250 m above

AUGUST 8. 1972 exists between the two systems. In

41.51 ground the wave has a relativel y
large amplitude , giving us a good

- 

. 

I. signal-to-noise ratio in the pressure
- 

. fluctuat ions observed on thew

IOu 
. ground.

Gas~- II!: 0820 - 0845!. T J ul y 23,
1972. Case Ill (Fi g 4) is a corn-

C,

~~ooj mon morn ing situation in which
I the nocturn al inversion is elimina -

ted when a convective layer deve-
lops with the onset of solar heat-I.- ing. The rising plumes within this
convective layer appear to induce
a wave structure at its top. There

- 1  -is some evidence of vertical wav e- i  —~~~ . - -- I - u  0 1 0  0140 phase variation , indicating a wave-
LOCAL TIME associated vertical energy and

momentum transport within the
Figu re 5 Dopp ler - de’rived iiert ica l vclocit it’s J ~ r over lay ing inversion. These wave

th e case shown in Fü~ur t ’ 2. parameters are shown in Table 4.
The darker line-shaded portions uiid ic ;ite upwar d vertical For this event , we were onl y able
velocity, wh ile lighter dot-shaded portions correspond (Ii ~~ calculate the wave parameters
areas with downward ve r t i t -j I ve l oci ty .  Th e heavy ILUC ts LhC from the acoustic sounder array;zero verti cal veL ~i~ ity con(ciur ~ the ± 0. 1 .cnd ± 0.3 in sec~

1 
the wave was not detected by thecontours ir e also shown.

The dotted lines are th e houndaries iii the str ~i l t t t s i  i i i  s rong microbarograph array. The reason
ec ho re t u rn , for this can be seen from the gra-

vity-wave dispersion equation
which, in the Boussinesq and WK L3
approximations -an he wr itten as

______________________ ___________ 

(e g. Uooke et a], 1973)

WAV E PARAMETER S SOUND E R 
= k~(-N~

2 
- 1 ) ( 7 )

PERIOD 205 s.c where we have assumed that the
HORIZONTAL PHASE SPEED 52 m suc~ wave-associated v e loci t y  and pres-
HO RIZONTAL WAVELENGTH 1.1 km sure perturbations var y as

DIRECTION OF ARRIVAL 27$ exp i(Lb kx us)
AMPLIT UDE OF TH E WAVE -

~~ 5Gm
and where N 2

~~gd(I n O)/dz is the
square of the I runt—Va isàlä fre-

Table 4 Wave Parameters f ~ir th + ’ ~.t ’ent.c of quency N. Since for the most par t
case ii, the tem pera ture structure wi th in

the convective plafletar)? boundary
l.i~-- r is .tdiabatit- . N = 0. whit-h
implies from F~q (7) that ti = ± 1k.

Thus we find that the wave amp litude at ground level is on ly a iew per cent of what
it is in the overlay ing inversion; this causes it to be undetectable in the presence of
the large pressure fluctuations assot-iated wi th the therm al p lumes.

. i— -. 
_ _ z-~ -- -~
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5. Conclusion

We have shown that three vertical ly-pointing acoustic sounders arr ange d in a trian gle
about 300 m on a side can be successful ly used to calculate horizontal wavelengths,
phase velocitie s, and direction of arr ival of gravity waves in the lower 1000 m of the
atmosp here . The gr avity waves analyzed had horizontal wavelen gths rang ing fro m
about 1 km to almost 6 km with hor izontal phase velocities from 5 to 10 m sec ’.
Comparing these resul ts with a collocated array of microbarogra phs gave a good
agreement.

Using estimates of the wave-associated vertical-veloci ty fluctuations and vertic al
displacements together with the wave period and horizontal wavelength, we were able
to determine the mean wind speed component along the wave propagation direction.
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Spectral Measurements and Atmospheric Stability
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1)t- .-,:, v R.- .c,-a,, I . /-~ i,,Wg~ k .,ie’, i. Ajt-U.~
A Nt ) 1. N t o ~-s

r~L ,~~i i ~ i tI, ,,~~’I i, ~ü / ‘. ‘ iiii.t._

~ ~%I anusc r ir si re-t -ei~-etI 14 Ju nt I 00$ . t i ,  i ,~ -ad for iti ~ I- ,’hruar ~ 1009

\Ik ~ I K ~,(’ I~
The influence of StnRssp her it - ~t abiI ~t ~- ,,it the  cr 1 it -al spectra ti ‘ i O f t t i V C  iii iI ~~ an-i t air %t ’ I OOtV I s

studied
Spectra of refract ive ii,de~ and a ir ~-etoc i ao- tieduct -i l Ir on , t t-ar ii swing ing esp er intent s in the a rea

~~twe~n ~3 way and De,,,nark where a heig ht mie r s  a) trout ~t I n I c  4t~ ) in to some I.! k in is involved These
~ .ectrs aie compared with t h i-  r~su It dat a o i l  a ines i tro u t radiosoutdt-~.

1. Introduction scattering ability ~spet-tr al density ’) var ies with posi.
- . l ion ( v . v , z) in spa& - t- , and ~( K ’) the refractive index spec-During the last decade a number of c\pt -r l iue’nts have t r u n t ,  The ~-et -tor K is measured in the plane in whichbeen performed from which dehn itt ’ conclusions h ,uve t he scattering takes place such that K bisects the anglebeen drawn regarding the shape of the refra ct iv e tnt1e~ between the  incident and the scattered wave hav ingfluctuation spectrum. Man of these rc sul ts .urc in \ t ’r ’, wavenunth er s  k 1 and k ,, respectively . Accordingly , Kpoor agreement with t he snup le turbulence theo r~ based 

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

. -

on the Kolmogorov inertial subrange k ‘ law - :~I - 
- 

~
‘ -

though i t is probabl y fair to say that  some of the earlier K = k 1 —- k , and K 2k sin(6 2 ’) ,
experiments had too few degrees of freedom to it’ld
experimental results having a signiticaut contideuce w here t~ is the  st at tering angle, k 2~ ~~. and -\ the radio
level , others do have a confidence level sufficient to wavelei igt h . I-or details st-c’ ( j essing (1062),
justify a more detailed examination of the findings. I t  \Vhereas the first basic equation relates the time-
is the purpose of this contribution to compare h it - re a~-er a~ ed received lx)~~cr and the spatial distribution of
stilts from simp le strai ghtfor ward radio e\per iment s refract ive index , the second rel ates the frequency of
with results from conventional (lirect at mospher it - the st -at I eret i rad io waves and the at niospheric pa ttern
soundin gs in the hope of finding a common denominator , of motion. ~gain ref erring to t jess ing (1Q62~ for details ,

Specifically , we deduce the shape of the refractive we have
index wavenumber and air ~eIoc it~ spectra from radio
experiments and we compare these wi th  data obtained al- ’ — [I siii ~ - f —ôl - 

~ 
‘I s i u i ) ~1 ‘)]. (2 ’)

by the use of conventiona l radiosondes .

2. The radio experime nt ~h tre -iS!-’ is the width  of the  received frequency - spec -
I rum ~speed of fading ’) . I th e mean cross path compo-

The radio data wt-r t - obtained in a hi st at ic beam- nc-n t ot t h e  wind velocit y , ~ the  radio beant width , SI -
swinging scatter experimen t making use of one powerful th i ’ tltic t ua t in g  component in the direction -y ~~ is
transmitter and two sensitive ’ receivers located far be - essent ia 1l~ the direction of K relative to the vertical
vond the horizon relative to  the  t r ansni i t  Icr . ‘l’he e~ t h r ee-I ion) , and 11 the  st a t  I ering angle’.
periment was performed in the geographic-al area he’ The object ive of th e  curr ent  experimental investiga-
tween southern Norw ay ( K r i s t i a i t s u n t P  anti I ) enT n , t rL Hon is to determin e ~ ( K ’) for vertical  K from i, 1) and
(Spodshjerg near (‘openha~eti ) prob ing the at tnosphet-e to  determine the vert ic.eI component of the tiuct uating
in the height range front ~ (~~

) ii) t o  I i  k in .  vel oci ty  I S I ’ , front ~~~ This is achieved 1w two beam-
Heam-swinging experiments are based on two theo - swinging experi ment ’. ~se’e , ;iessing and Borresen ,

reticallv obtained equations , the t ir st of which is 1Q6 7 ’ ) .

P 1 ~~ ~
- -~~~~ K ’) ( I  in Experiment .-

~ the transmitter and receiver beams
- ar , elevated s~ itchr onou s lv in the i , great circle plane ,

where I’,~ is the r eceived se-at tered power , u . ( t  v Z ~ t he t i t u s  kt ’ei-ii t i t ~ the direct ion of K constant and vertical ,
homogeneity function relating the degree to  which th ~ w hereas K vari e s since t~ varies (z is the vertical

_ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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coordinate whereas u is ine- .L’eure-d along h it- i~t t Ii ’) . Fite’ st in - t i  t h e ’  .t~ ’.u i l l 1)t io i i  ~ t u ta de tha t  we are ’ tIeal i ii ~’ wi th
recei% t1 I~ u~~t-r and t it t width of the l)opp ler spt~ t r u tu  I he i n e r t  i ,il su lu r . t i i g t -  Isir t ion of th e spectruni . In our
~f .t tui ng slM ’ctr uln l) ar t - n t t ’asure’d . I- r tu tn  t itn  t- x I w r inu t -nI expe ri m ent ~ K ~ w i —  var ied front 2tr I .5 i t t  to 2tr (I  ~
we obtain •i~ ~ K ~ ) front (1 ‘) b r  K v ert i c al  wi th  t h e -  e t l e c t  t i ’ . i i t~~ th e  u t i t u s t  distant ret c~~er (S~sodsbj e’r~ ~ ai t t i  f rom
of the hounoge nt’it ~ I t inc t uo i t  v ( :)  su~n -r iiii posed ~: in - i t i g  2w -~~- I i i i  to 2tr ( I .~ ni using t he ( t r i l l )  receiver. l- ’i g. 1
the vert ica l t oor din et e ) . I i i  r t  h rn lu ,r e , fro nt ( 2 ~ , s’,e  a1 - i ~ shtue -~ t ii~~t in t he hei ght ra il ,., c front 22 (X ~— I I ,(XkI
obtain the ntean c-roSs path win ch ~-eles it~ I ~ .utel th t  i i i , t he ‘-_ ltupt ’ “ Is t j u i i  t- vari ab l e wh e-r c.i ’. i his vari abil i t  v
fluctuating conhixnlcii t of wind ve ’ksii v IS I along the  is far Ic’.’. p r onoul i l t - t’tl in I he hei ght i n t t - r y . - i l  front 6( X )—
vertical direction since- K is v e r t i c a l .  4~(k ) i i i .

In F~xite r iiil ent H the he,iii, s are also s w u t i g  sy i t  I-’r uu i iu  itiete- orolog ical coii~-id er a t ioiis one would t’xpet’t
chronousl y in the a ,~ platte ’, hu t in this  ease ’ itt suc h a the ilt ’grc-c t o wh ic h h it’ ttniosphere is ut ixexi  t o be
ut an n er  t hat the cle’vat ion atig ie’ of one of t he an t e n iu a s  l,trg cr in t he low er hei ght  in t erval  where ground fr i ct ion
increases it~ t he saute aili out et that the ek-vati tut ang le shoutid lu ,tf import ance-. it is reasonable , therefore , to
of the oth er d ecreases . lit-nec , t ht- scattering ang lt - . and expe cl the rt ’stilt ’. fron t the spet-t r a l nleasu re men t s to be’
thus ~ K ~ are t e)flSt~iil t .  Not e ’ th a t the tu ir t’ e t i tu i t  of K i’. in t lo - i~r ,i t ord wi th  the  elassi al — - I I 3 law in this
changed t hr ough t he — u tah ang le ~~~~~ ts,,,~,, (sonic ~~ ‘ he ig h t in te rv a l  t b i t t  would t he rt -sults fron t hi gher ele-
only , w hereas I he iXIsit 100 of I he’ -~ at t ering volu tt~ e t’ .  va  t ions ~u in’re’ .u ~I~ r t i t i t -ait t  ~‘ert ~t al t ot al st ab i l i t
lowered intl shifted t() t s-ar (I I he receiver ~ a h t ’tt t he ~zt ’ne’r,t ll s 

~ 
t~ , tul ’ . .

elevation , ingle ’ of the rece iv er  hr .tni is incr e ,t ~’iiig ). l o r  l’o li-iiion ’~t r ate ’ t his pr tupe ’rt~ - a t t u r re’Iation anai\sis
all practical pur~~~st- s, t h e r e f , t n  - dir K and K - cai~ he a u - s  I t e r f t u r u ed Spe- -i it~~tll~ - t h e ’  slope n was correlate-ti
t~-snsidered constant while i and - .ire tried , I t  i-s we’ll w i t h  var i o u s  a tn iosp h e-ric p~ir.Lint’t e’r s such as the
knt ,wn tha t  the nit-an r e f r a c t i v e  in dex varies with Ri ch ard son nu i i i l t e r  Ri , t he’ ~ aisaL Brunt  frequency i’2

height, while th e properties art- gener ally inure const ant  which i’~ th e  i l t inle  itor of Ri . ,tnd t he Showalte ’r index
in a horizontal plane. If the- variation in [E q. (1)] is w hic h -s th e duf T e-r s in t in pot ential tempera ture  between
negligible when .v s aries as in Exp e ’rin i ent  B , t he r e ’ s t i l t - s  th e 5(X ) an t i  th c SS( t  tub sur f ,tc c’s. i’hese’ atmosp heric
of this experiment can be used to t - tui t p en~at  t’ for the ’ p a r t i i ie ’t t -r s were oh - it  aittee l fron t  th e convention al radio-
effect of atmospheric nonhon ioge’neit v on Experiment  “otide el ,u t , t , t he rad iosonde he’it ig release-t i -so as to pass
A. By performing Experiment B in such a wa~ tha t  the throug h the ’ - s c at ter i ng volume of the 2 (Xi-nti K tis t i -

scattering volume is sls ifte t i  to e i ther  side of the mid - . insanti Spotlsitierg p at h ge’nera llv at - or - lose to , t h e’
path position , ie . ,  a is varied front + ,.X.v t o  - .~a- , whi le  t im e’ w hen h i t ’ he-a nt swing ing expe ’ri iii ent s were per-

is varied twice l)ctwee’tl :, to  Z~~, one obtain s a measure form ed. Since t,l~ ’ radiusont’tt ’ ~convention at U - S.
of the influence ’ of .r on u tro ut 5’) mnt etry cons ider ation-S . Weathe ’r Bureau t~ pe) measures the pertinent param-

Thus , fron t the two he ant -swit iging experiments , we e’ters at discrete height levels , all data obtained at eat h
obtain information on ~( K~ for K vertical as well , s  on hei ght were (eel into .t di g ital computer ~~~~~~ )(~

‘ M *X) )
the vertic a’l component of the ’ t i t i c tu at ing  air veIocit~ for fur ther  processing. It was found tha t  the Richard-
SV,. son numb er , in general , was qui te variable , dr astic

Before we proceed to consider the experi m ental rc changes being general ly observed front one height in-
sults , the details of which are given in Gjessing tmi terval to the next .ts a result of \ e r~ small but ~.tri able
BØ rrese n ( 1067) , let tis bric ’tl~- dk -it s~ the- radiosume le ’ ve ’rt ica i wind shears Iv iz which appear in the denonti-
experimen t. nator of the ’  expression for Ri , i. e. ,

3. The radiosonde experiment
Convetu tional radiosondes were used in cOtlne(-t iOil  T\ <Is c~

with the beam-swing ing experiments over a height in 7terval front 500 iii to sonic I t  km to obtain the mean
vertical profiles of temperature , h u n t id i t v , win ch speed \dz
and wind direction ,

‘ i-Iere g is t he gravi ta t ional  coilsi an t , 1’ the mean tent -

4. Experimental results per~itt1 re ~for the p ert in e -nt  hei ght interval ’)  and , the
. . . 

specific he ,u t  at c ons tant  pressure- .
As shown earlier, the two experiments  g i c e ’ ~ ( K ’) for Flit’ h e ’an t-sw it ig i t i g e’\ per i i i i ent  measure’s the average

K vertical and the vertical e’omponent of the ’  t lue -t oat ing value of t h e ’ ~( K f u n c t i o n  in the ’ height interval fron t
air velocity Si ’ ,. Fig. I shows t h e ’ var i abi l i t y  of t h e ’ 22t N )  11 (XX ) iii ( in the  ~ase of the Spodsbj erg resuits~ -

spectrum slope n which is the exponent in t h e  law I’hus , we ge - I one a\ er age va le te ’ ot th e exponent si for

~(K) ~ K~~. Note ’ tha t  the tne’dian value of n for th e’ I his hei ght j u t  e -rva l . ~s a result - in order to correlate •:
total ensemble is very close to I I  -~ in accordance ’ wit ii wi t it appropriate ’ at iti os phe .ric St .u h ih i t  paranle’te ’r s, the ’
what would be exDectvd front Iheoretit - al arguments ave rage value of e tch such parameter ti t t i s t  be cont

- - _~~~~~: - -~~~ - - —  -~~ -~~~~=
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Fi n 1. Histogram of t ta’ Ii~ir i lu i ‘ . the  <‘.~t l o i i e i I t  in  +1 ru ’lanon o A K ‘, as
obt atitcd at i s - , r,-et- <s n ,z t t t t , , n~ soInt ttXi ,un ,i 51 ~~i • rI n’ci~ t , - i t  - tr, ’r,l it , ,  t t . t1 I ~~, , I t t  i c r .
the  he-avv t ine  is i t , , ~ -

~~~‘,‘li,i,j(e-,t - - su i t ,  (r u t  t’,,th

puted for each balloon s o t i t i duz i g .  Sit tce Ri — x as The at tal s -sis thus  involved the new paranteter
< it- <Is 0 and since a large nuntb er of r . td t o -<t tnd e 

ii-soundings showed height intervals where Iv w,u ~ 
g 

- 
~~ g 

~~ ~~~ ~virtually hero , Richardson ’s number , as applied , can not 1’ \ ~ 
-

be expec ted to be .i convenient p .tr .t i i ie ’t er for the  corr e- 
- -- - te- h er e ’ -i~~2 I S .1 u toc i t l ue ’,1 t- e’i- ’. ioi t  of the ‘< a i c i l ,u Brunt (re-la tion an a ly s t s . , 

-
- 

- . - - - t t t t c ’il < < , 1’ the ’  ave -r , t ge t enipe r atur e in the pertinentB) using a moditied version of Ru , iowes- e-r , where h e i g h t  interv al (fr on t  2 2 11 km (ta r the  Spoeisbjer g rethe intluence of ‘) I: 1: on R i ~~ ~er~- ntucht re-due-ed . s u I t s  , I I ’  I s the ~ a rt  e-~~su t t h i i t g  aver age - t et itper at tire ’the dynamic term <It <is did cont r i b t i te  to the correl a t i on 
~r t l  e t t i  - ant i T~ , the ’ te -n ip er _ et ur e- a t the S X I  in ’) ’between ,t and the modulie ’d s t , < h u h t r v  p _ t r .uine -t e ’r , but ,t s - s r  f t ,  e

it was almos t neg li gible it was omitted for the s.uke ‘i h~~ 2 sh uws the ’ re ’~t ul t  of the  corre- la ti ot i u t ta i t
sintp hic i t y  (rui n the tuna !  in u lt  plc regressioti t i ,  al t  s - s  bet wee-it — and i- ’ - N ti  t h. t t he ’ correlat luor  < - <aet h

hi t— — — — - — - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -~~-
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I-ic. 2 . Result of a correlation anal ysis between the spectrum slope -— $ as deduced from the

beam-swinging experiments and the static s ta te li ty  t ’f the atmosphere,

cleat is 0.83% for 37 ensemble pairs. Note also that  all hei ght dependence of <IT , ,Iz made it diL,~ult to obtain
the data obtai n ed at the Spodsbjerg station are in- a representative average protile.
cluded except for cases where severe radio d u uctin g In this brief presentatio n of the results , the dynamical
saturated the radio receiver , m aking a beam-swing ing aspects related to the experimental findings will not be
experiment meaningless. discussed , We now consider another correlation analysis

Checking the signiticance of the os,; correlation based on the beam-swing ing dat e and ott the modified
coefficient using the “student ’s S t est ,” one finds that Väisälá-Brunt frequency stability parameter I i i .
the probability of obtaining a correlation coefficient of From Eq. (2) we see that the slope of the .V (speed of
0.83 from a sample of 37 b~- pure chance is I in 10~ fading S F)  vs 0 c urv e re -suiting from measurement of the
(i= 9.79). Our 0.83 correlation coefficient is thus con- Doppler spectru m width SF as the scattering angle 8 is
sidered as highly significant , varied in such a way (Experiment A) as to keep the

The correlation anal~sis was repeated on the basis direction of K vertical (i .e, ,) =0) , g ives us infonru ation
of the Utrup results (hei ght interval front O.6—4 7 kn i) . about the quant i t y  SI ’ ,, the vertical component of the
For this ensemble of experimental results, however , n-i f luctuating air velocity . However , since SU , can be deter-
significan t correlation ~ as observ ed. There are two tin ned ut n i quely front this experiment alone onl y when
obvious practical reasons for this, From an inspection H , is independent of hei ght , we select t he cases w here
of the histogram s of l-’ig. 1, we first see that the v ari ,u- Experiment B ind icates a homogeneous atmosphere
bil ity (width of histogram ) of the spectrum slope ~z is front the point of view of wind motion . i.e,, where the
much smaller for the I~t reip re-s u Its as e’ontpared wi th speed of fading SI- ’ is co i stant  with height .  (See Figs.
those front Spodsbjerg . This has a direct intl euenc e- on 5 and ~ of ( ;jessing and Børresen .) 

-

the correlation coefficient ; indeed , a ver) small \ - ar j .e-  The ensemble of bea itt-switt ging results thus oh-btli tv of one of the parameters involved in a two-pa- - . -- 
- . - obtained was used u s the basis for the correlationrameter correlation analysis mak es such an analy sis .

meaning less. Secondls- , in measuring the vertical pro- anal r sis hetn ~ e’e’Tt the X,\ ~~~~ , which is proportion al to
file of temperature throu g h the scattering volume it was S I anti t h e  s t ab i l i t y  parameter i -~~ , the re-stilts being
observed that in the lower part of the hei ght interval given in Fi g. 3. We see that  the correlation coefficient
involved in the Utrup experiment s the  temperature is 0.01 and that large values of the vertical f luctuatin g air
gradient 1T <Is varied substantiall y with hei ght .  Since velocity 51 ’. are associa ted with st ru all values of sta-
we require a mean value of this grad ient , this strong bil i t y ,  and conversely , tha t  small values of SI ’ , are

j  - -  - - -  - - - -  
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~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ 
the spectrum slope n. If the refractive index spectrum
can be wri tten in the form ~(K) ~ K ” , the received
power for a given scattering angle relative to the maxi-
mum value obtained when both the transmitting and

R s O I 1

by
P

• 
~~

=(1+—)
80

where ~ is the elevation ang le of the antennas referred

N ’ ,

~~~~~~ 

the receiving antenn as are directed horizontall y is given

to the earth tangent pidnes and Oo the ar~le between• •
• the tangent planes. If there are no vertical mean re-

fractive index gradients causing refracti on , then 8~= d/
R, where R is the radius of the earth and d the path
Leng th.

— When determining the exponent 7: from the experi-
60 6-IS 6 ~~5 6-60 675 .j 2 mental received power P vs elevation angle a curv es,

MOOIFIED VAISA LÀ-BRUNT FR EQ(XNCY ~ 2~~z the value 80 = d/R was used for all the experime~its.
However , 6~ is expect ed to vary since the refractive

Fm. 3. Result of a correlation analysis between the sprea d m index gradient d, V/ dz is expect ed to vary ; specificall y,
vert ical air velocity as deduced from two beam-swinging experi-
ments and the static stability of the atmosphere . if the gradient dX / dz decreases, Oo increases . Conse-

quently, by using the value d/R instead of 9~ when de
associated with large val ties of y~1~ This, indeed , is to ducing the exponent — a , we are deducing a value of
be expected . — n which is too lar ge. The question now is whether

this can account for the encountered variability in — a
and also for the correlation established in Fig. 2.5. Discussion

- 
- Comp leting our line of argumen t , we see that if

Having presented the experimental results and having dN/dz decreases dT/dz must also decrease for a
discussed some of the importan t experimental (engi- given constant humidity, although the humidity term
neering) limitation and sources of error , we now con- is not included in the regress ion anal ysis shown in Fig . 2.
sider the manner in which the experimental results are Finally , bearing in mind that the Väisklä .Brunt fre-
related to the dynamics of the atmosphe re. quency s’s is proportional to the diff erence in gradient

Referring to Fig. 1, we observe a large variability of between the adiabatic profile and the measured tern —
the refractive index spectrum slope in the height in- perature profil e, we see that if J d T / dz ~ decreases in the
terv al from 2200—11,000 m. Bearing in mind that the stable range , s’s must increase. Consequently, on the
~(K) spectrum is probed in the wavenumber region basis of the above argument , refraction effects are cx-
from 2ir/1.5 m to 2r/0.5 m where the inertial sub- pected to give the same general relationship between
range K ’°3 law is expected to prevail , this variabilit y i’s and a as that observed in the correlation anal ysis of
is somewhat unex pected. However , if we compare Fig, 2. As a result of these conclusions , addi tionalthe current results with those obtained using an entirely’
different technique (Ekiund ci al. 1968 ; Bolgiano, 1960) analyses were made. The first involves the correlation
we find striking agreennent insofar as the variability of between the gradient d.V/ dz as obtained from the radio-
the spectrum slope is concerned. Nevertheless , in spite sonde and the exponent a as deduced from beam .
of this experimental support , a critical evaluation of swing ing experiments ; no significant correlation coeffi-
our experimental findings appears to be in order. In cient resulted.
particular , it is of interest to know whether the static Secondly- , the nt inimum scattering angle 9~ was calcu-
stabil ity of the atmosphere really does have an effect lated from theknown value of d. V/ dz for each set of beam-
on the refractive index spectru m (turbu lence spectrum ) swinging experin uen ts. Using this value of Oo and the
in what is considered as being the high wavenumber end experimen tal power vs elevation angle rela tionshi p, the
of the spectrum, or if the observed correlation (Fi g. 2)  exponent a was obtained . Finally- , a was correlatedis merely a resul t of the manner in which the shape of the against s-~

2 as in Fig. 2. The results of this analysis canrefractive index spectrum is deduced. 
be summarized as follows :We have alread y observed that the influence of the

change in position of the scattering volume has been 1) The correlation coefficient was essentiall y the sant e
taken into consideration. %, ;at remains to be discussed as that obtained previously.
is the theoretical expression with which the experimen- 2) Points in Fig. 2 corresp onding to high values of
tal curves are compared in order to obtain a measure of i — n  were shifted slightl y’ down the — a axis whereas

- —~~~~ _________ 

--  
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paints corresponding to low valu es of j —es~ remained and in relation to height above the gi~ und. These con-
essentially fixed. tribution s, however , dO not appea r to have any hearing
In conclusion , therefore , it is highl y’ probable that the Ofl the high wavenuniher end of the spect rum st it - h as

slope *i of re(ra ~-tis - e index spcctrun~ is affec t ed b~ the W C arc current l y  investigating at large tli stiinces above

static stabi lit y parameter ,.~‘. 
t he ground. Hased on a tuul ti - fr ci 1t ietu -~- radio experi-

I f we floW inspect the particular form of the current ment , however , llolg iaim (lQ60~ has observed a varia-

~tab iity parameter v i’, we see that the temperature at h i l i t y  of the a exponent (from - 6 -3  to - 18 3) ‘cry

the 8(X)-mb surface is involved. Exehiding this front ssimil:u to th4 tt  encountered in the ( urren t eXLx ’rins rt st.

th e correlation analysis, the correlation coefficient drops l-’urthermore , in d-orrdati ng the exponent a with a dv ’
front o.s..; to 0.68 ; we thus see that this parameter is of ~~~~~ stabilit~ lwtra!lscter (Richardson ’s n t inth er ), he

- ~ considerable importance. The question which now arises nistains ,i correlation coeflicient of 1) 84) Irons a 20 Po)i!i t

is whether this 1’~~ term constitutes a weighting of nq~~ and concludes that there seem s to he a strong —

the density term g/T sat -h that the stabi lity parameter connection between the viscous s-ulo ff so-al e and the

should be osf the form dynamic stabilit y- ~f the attuosp here.
In this contribution we shall refrain fr~mi offering an

g lilT t explanation ~wrtain ing to the rdatioiash ip establish ed

ds .) the hope that this . in d u e  i -nurse , will be given.T—4-- t - i•’50~’¼ ~ 
be tween sP’.~’trki ni  slolw silt1 atniospheri s - st ahil it v ; it is‘i5 --

where C IS a weighting constant , or if T~oo is, in fact , a ~ Conclusions
weighting term on the restoring force (: iT/ ds +g/ c ,) .
This problem is in the process of being investigated. These concitisions can be sunmsari7 .ed as follows.

We now consider the correlation analysis, the results Expressing the static stabil ity of the atmosp here by a
of which are presented in Fig. 3. We see that when the iti OdiliCd \ ersiots of the familiar \‘ffisit I it-R runt frequency
contribution to fading of the vertical fluctuating (‘OilS- ‘ ‘ ~ ~ fot ind that  both the slojw of the rcfrsu-t iv e indes
ponen t of the air velocity is plotted against i- ~‘, a s-or - 

sj s~’~’t rt im :01(1 t he ~‘clocit v spread of t he irr egulsi ri t ics
relation coefficient of 0.91 results. In this context it (scsttterers) causing ss’atteri ng of radio waves are

should be born in mind that oV~, as deduced from the strong l y influenced h~- the s t a t i c  s tabi l i t y .  ‘l’he fi~~t that
beam-swinging experiments , measures the variabilit y the width of the velocity distr ibution (as determined
in the ~‘ert ical speed of the scattering elements at esscii - 

front a radio experiment ) is so well correlated with our
tia llv one given instant. What Fig. .3 tells us , therefore , stability parameter (correlation t -octlicieiit 0.Q l )  is

is that the velocity distribution of the scattering cli’- comfort ing. As has been shown , we have laboriot islv
ments becomes narrower as the static stabilit y pstram- examined a variet y of phenomena that  t’onceivitbl

— eter increases (Gjessing, 196 2) .  could influence our j i lterpr etatio n of the exp crinwutai
This indeed is to be expec t ed ; if the stabil i ty ~ 

results. On the basis of these examinations the con-
sufficiently hi gh one would expect the st -at tering cli’- elusion can be drawn that  the stabi lit v is indeed proha -

ments in a limited spatial region to oscillate verticall y li ly influencing the shape of the refra ctive index sp s--

in unison , the frequency of oscillation being the v~i~ f.li t- Irma , and hence the  tur b t i lc n t -e field. It is unl ikel y ,
Ertint frequency v~. Under such conditions one would th at  the v ai - iabili t  of the spectrum slope is determined
expect öl ’~ to approach zero as the spatial region re- l~ ’ refraction effects. ‘l’hc confidence in this s ta tem ent
sponsible for the scattering is limited , is vt’cv much üwresuoetl liv the (act th at  tlsert- is a strong

The fact that we are indeed obtaining a clear correla- correlation between stabil i t y,  as defined , and the  degree
tion between the moditied Väis~lit-l3 runt frequenc~- 

~~ 
of irregularity of the air motion.

and 8V, adds st ib stant iallv to the confidence level of Wh at remains then is to introdm-e arguments based
the —- a vs v1’ correlation analysis of Fig. 2. Our confi- on tut -l-nikrn -e theor y wi th  the aim of exp lain ing the
dent -c in s’~~ as a stabi lits- parameter , and not nscre lv as ~ 

relat ionships established in th i s  paper th i s , howeve r ,
refraction parameter , is improved . will be the top ic of fu tu r e  work.

Accepting then , on the basis of the above arguments , - I ~-kaoswIeJgm esi.c. The authors are very much in -

that we have established a close relationshi p between debted to Mr. N. K l in t  h ansen and his colleagues at
the spectrum slope and the atmospheric stabi l i ty , the t he  l)anish Defence Research Hoard for thei r  capable
question which arises is how it is possible for the stat ic running of the experimental st a t  ions in 1 )enmsl l - With  -

stabil i t y to affect the spectrum slope in a wavent i iisbe r out their very valuable assistant -c , the  curr ent hi - t i n  -

reg ion which is expec t ed to fal l within the inertial swing ing exp~ri nsei i t al  progr ssin i - m ild not have liecis
subrange. undertaken.

Several author s (Bea n vi a!., Ka imal and Haugen , They would also like to acknowl edge the  invalu able
1Q67 ; Pa nof sk y and Mm -Corni ick , 1960 ; P an of sk y , services rendered liv t h e Rmss sil Danish \irform c at
1Q68) have discussed the shape of the low was-enumber Alborg .-~ir base, Isv the  Danish .-~rmv at N~ n-e St ind iss
end of the spet-t run s in relation to II mospheric stabil i t y -  and liv the Roy al Norweg ian Airforc e a t M#vik

h 
--— - - . - —

~~~~~~~~~~~~~~~~~~ . ,  —--- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

--



- - -- -
~~~~ 

-- ----— --- --  —
~~~

,--—----

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

—

~~~~~~~

--

~~~

--—-- ‘

~~~T 
~~~~~

468 J O U R N A L  OF T H E  A T M O S P H E R I C  S C I E N C E S  VoLuw a 26

The beara-awinging experiments reported in this Eklund , l’olke, and Sture Wickerta , 1968 : Wavelength dependence
paper were made possible through the sponsorshi p of the ~~ow& e ~~~~~~~~ far beyond the radio horizon.
NATO Research Grants Prograns tinder NATO Re- Gj~~.ing, 0., 1962 l)etermination of permittivity variations Insearch Gran t No. 200, and also throug h the U. S. the troposphere by scatter-propagation methods. Proc . h ug .
Office of Aerospace Research under contract AFo I (052)- EJec . Aisge:. (Los dos), C109, 447-456.
900, , and J. A. BØrresen , 1967: Beansuwlnging and supplemen tary

experIments. Proc. NA TO Ad,. Sh#4y lnsSii.mk, Wales, 1 -35.
REFEREN CES Kaim.J, J . C., and D. A. Haugen , 1967: CharacterIstics of vertical

velocity fluct uations observed on a 430 m tower . Qu art. J .
Bean, B. R. , C. B. Emmanuel and R. \V. K r inks , 196 7 Sonic Roy. Mei.oe. Soc., 93, 303—317.

spectral characteristics of the radio refractivity in the surfa ce Pan ofsk y, I-I. A ., 1968: The structure constant of the index of
layer of the atmosphere Radio Sc,., 2, 50.3—310. refraction in relation to the gradient of index of refraction in

Bolgisno, Ralph, Jr., 1960 : A theory of wavelength dependence in the surface layer. .1. Geof ’hys. R.s., 73, 6047—6049.
ultrahigh frequency transhorizon propagation baaed on —, and R. A. McCormick , 1960 : Spectra of wind velocity near
meteorological consideration,. J ,  Res. NBS, 64!), 231-237. the ground. Quart. ) .  Ray. M.kov. Soc., 86, 495—303.

- - - - -----.--- - -~~~~~~~~~~~~~~~~~~~~~ - -—-- —~~~ - - —~~~~~~~~~~~~ - -~~~~ - --~~ -~~ - - - --—~~~~ ~ -- - --~~~~~~~~ - --~~ - -



— - - - -- - ---- - —---- -
~~~

-----
~~~~
--

~
-- w - ~~

--— ---~~ -- — - .-- ~~~---

SMALL-SCALE ATMOSPHERIC STRUCTURE DEDUCED
FROM MEASUREMENTS OF TEMPERATURE ,

HUMIDITY AND REFRACTIVE INDEX

D. T.GJESS ING , A. G. K J E L A A S
Norwegian Defence Research Establishment, Kjeller , Norway

and

E. GOLTON
Radio and Space Research Station, Ditton Park, Slough, England

(Received 15 August , 197 2)

Abstract. Measurements have been made with fast-response multi-channel temperature , humidity
and refractive index sensors flown to 2000 m on a tethered balloon to investigate small-scale fluctu-
ations important irs radio—wave scattering, their relation to atmospheric parameters , and their spatial
variation in both one and three dimensions. Data from the three types of sensors at one point were
consistent for frequencies up to about 8 Hz. Power spectra of data at various heights were computed
over 0 . lto  10 Hz and generally showed slopes (on a log-log plot) close to — 5/ 3  above I Hz but ranged
from — 1.5 to — 3.5 at lower frequencies; in this range ( f c  I Hz) slopes were close to — 5/3 for
negative Richardson number (R i), provided temper~ture gradients were steeper than - 1.1° C 100 rn ’
and wind shears > 1.4 x 10~~ s ’ approx. Steeper slopes were generally associated with stable atmo-
spheric conditions but no precise relation to the above parameters was found, Spectral density was a
maximum for Ri —’ —0.75.

Cross-correlations of 05  were frequ ently observed between sensors I m apart in orthogonal
directions; in the vertical, examples of negative correlation of vapour pressure were occasionally
found over this spacing. Using four sensors spaced in line over 9 m, cross-spectrum phase calcu-
lations of dri ft speeds were found to be consistent with measured wind speeds. The ratio of iden-
tification distance ’ (coherence =0.6) to scale size of irregularities ranged from 0.25 t~~ 0.5 with no
apparent relation to height or meteorological parameters .

1. Introduction

This paper describes measurements of temperature , humidity and refractive indes
fluctuations in the troposphere , using fast-response instruments flown on a tethered
balloon , which have been made with the object of stud y ing small-scale structure which
affects radiowave propagation. The scattering of radio waves in the troposphere
depends on the variation , in space and time, of the radio refractive index; the presence
of small-scale variations of refractive index , important in this scattering process ,
results from small-scale fluctuations of temperature and humidity.

Radio scattering experiments designed to measure the three-dimensional spatial
spectrum of refractive index variations in the troposphere show that the spectrum
varies substantiall y with the dynamic stability of the troposphere (Gjessing et a!.,
1969). It is found that whereas the classical Obukhov-Kolmogorov theory predicts a
wave-number power spectrum in the inert ial  subrange of the form E(k)..k 5 with
n=5 / 3 , radio experiments , and indeed direct measurements in the troposphere, show

Boundary-Layer Meteorology 4 (1973) 475—492. All Rights Reserved
Copyright c~ 1973 by D. Reidel Publishing Company, Dordrecht - Holland

-- 

- - —i-
~-~- I

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _

~~~~~~~~

— - -



4Th 0 i .  ~,ji ~ SiN ~ . I I Si

that  p, may vary from I to about 3. Moreover , it is sti l l  not clear to what ext ent  the
fluctuation characteristics (scale s u e , spectral slope) of ’ one parameter - for esample ,
humid i ty  - can be predi cted from measurements ol’ another parameter. A knowledge
of the i, tslantant ’ou.c small—scale spat ia l  s t ru cture  is also impor t an t .  To study these
features , a spaced—pr obe array consi s t ing of a mul t i—chann e l  ref ’ra ct on iet er wi th
temperature and humidity sensors attached was  flowis on a tether ed balloon at heig hts
up to 2(k~3 rn. l’he spatial arrang ement of the sensors could be ~aried. and di fferent
patterns were used to suit p ar t ic t i la r  objecti ves . these ~scre pr imar i ly  to inve s t i ga t e
the relati on between refract ive  indet , humid i t y  and temperature f luc t ua t ions  at one
point: to measure spatial sar i a t i on s  in three dimensions , and to measure the cor-
relati on between sensors spaced in one hori ,ontal l ine .  l’he m ea surements were made
during Jul y and Augu st 19ts9 in au1ic~ clonic condi t ion s . gi s tug stable and near-
neutral  lapse rates and low wind speeds. I utter the se condit ions , f luc tua t ion s  were
often small and in t e rmi t t en t .  In the f~lloss ing sections . s lgni f i c . in t  and unusual  r esults
from an anahs is  of the ‘lar i ous data are described.

2. ExperImental Procedure

The experiments were carried out usin g the tether ed h. illoon t . i e , l i t ~ i t  t .urd u n g tsi n .
Hedfordshir e . U. K. ~s here it nas  possible to fly in st rumen t ’ .  .it hei ghts  up to ‘i~~ t us
The equi pment consisted ot’ an X-hand rn icr o~ ase r efr a~ t~’mnc t et - t ine- ~ i re the ,  no ’
meters , fast—response humidit y sensors , a ct ip al lelno n seter  .und .i t .ido’ teknwtr ~
system. The refractometer had four open s_ i n ip l ing t . i ’l  i t ie ’ .  and a doscd rrk - ~s’Iit ’5~

L cavity in the swept — t ’requency H t r n h a u r n  ‘.s stem H i r nhaum , I ~~~~ .un d is ,ies el~’ped
from an earlier model described by I— ow-kr ~‘: a! ( I  ~t’~ 1 I i  h.i~ -, I i  cqtie.w s re~ poisst-

of I) to 20 Hi (3—d R point ) .  l’he t emp er at nr c ‘.eul ’. ’i ss et c  made ( t o n i  I ( l-~ r i - I  mum
wire and were used in a restsi , in ce-th ern iomcte r cti ~-uit .  gis in g  .i rrs~-~ ’iIsc t ,~ SI) I i i
The h u m i d i t s  sensors were of the co,ited quar t /— t m ‘ . t . i l  is pe ~-ap .i He of gis  in g  f . i s t
response , to 25 II .’ appr oxu match - R ot h the tempera t n t  .i nd hi t  m u d i t s  ‘.~-i isor s h.i se
been described in detail by Gj c ’. sun g  - t a/ ( l ~4(sS)

One each of the thermomet ers and hun s id i t ~ sci ssors ss .1’. pLise d close ~~ a re-
t’ractometcr cas st y so that consist ent Ilu ctuat ion mea surements iss ight be e~ j-~~-trd t ip
to some 20 II , at normal ss m d  speed’. lhr ee different ar r . t isg enien ’. ,‘t the ‘.cn’.ot
groups were used: these were , f i rs t l y , an orthogon. il .trr ,i ~ w i t h  one group of ‘.ens~’t ’ .
at the ortgin and one on each asi s at equal distances of I in , sccondl~ , t he scissor
groups were placed in lin e on a ‘)-m boom . flow ii so as to be in l in e w i t h  th e mean
wind as determ ined by a wind sock attached to the end of the bootis ihe  ‘.p.icuiigs
were in order 1. 5, 4 .4 , .1 .2 iii , which gase sis dit !~rcist spacings between pa i rs  for
spa tial correlation measuret nents . The third arrangem ent had scurs ot - ’. placed on a
4.5-rn boom cross-wind , with spacings of 0.75, 2 .3 and I S m .

The data were tekmetcred to the ground using a standard lR l ( i  mul t ip les FM
subearrier system modulating a I 5(X~—M h i  h -M t ransmit ter .  The multi ples w a s
recorded on magnetic tape and analog signal s were recorded on paper ch ,u r t ’ .

_ _ _ _ _ _  — ---- -
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The data were analysed by s tandard di git al computer techni ques : selected data
were digitis ed at 41) samples per secotid after the si gnals had been filtered to the
required handss udth : using the methods of Blackman am id Tuk t’ (1958) the auto - and
cross- correlations of ’ the signals were calculated , together wi th  power spectra S( I
and cross-spectral propert ies. l’hese included co-spectra (P~ and quadrature spectra
(Qi  ~). coherence ~‘o11~ 2 = (P j i

2 - + ( • )  S1 S. , i .e ., the nornialised t is agn itude squared
ot the cro ss ’sp ectru m between channels I and 2, and the associated phase shif t

= tan ‘Q~ . Prewhitening and reco louring processes were r i sctl in con aputi ng
spectra. I ) ig ital l i t t ering techniques were also used to remove dc and low- t’rcquemi cv
coisapti nct ats which can give rise to errors in anal y sis , and to e l iminate  hi gh frequencies
and redticc the numbe r of data points when s tud y ing  low—frequency components.

3. Sensor Performance

lhe  first point of ’ interest is to compare the fluctuati ot t s measured simultaneously
by each type ot ’ sensor at one location and to see if ’ they art’ consistent. Fi gure I show-s
such f luc tua t ions  at each of four locations and i l lustrates  the mutua l  t’onsistet sc\ of
the recorded data. These were recorded at I5tX~—rn hei ght with the 9-rn in- l ine array
and show small f luctuations and occasional large changes , inte rt asi t tenc v typical  ot’
stable condi t ions ;  the cross-correlations between sensors of ’ the same type exceeded
0.95 for all chant sels .

In 1-igure 2a small—scale measured ref ’r acti ve— index f luctuat ions t y p ical of ’ more
uniform turbulence near the grout ad are compared with  those calculated f’rorn the
h u m i d u t ~ and temperature f luctuat ions;  the agreement is clear and the cross—cot—
relation is 0.92 over a 2—m m sample. The correlation is thought to be limited mainl y
by no , a-lm neari t y of the humidi t y  sensors part icularl y at large relative humidi ty
(Gjessing t ’t a!., 1968). The calculated values were obtained usin g the equation

a~St ’ + J I ~S1’ , ( I )

where ~ ‘(mh) is the f luctuation in water vapour pressure and 1S T ( ( ’) the f luctuat ion
in temp erature. This equation is obtained by ditl’ere n tu at ion of the Dehye equation
in the reduced form

77. 6 4 8l0e
S - 

, (~~~ 

+ 
~ )‘ 

(2)

where ‘s is one million titn es the amount by which the radio r efract use index cscecds
uni t y .  P(mh) is the total pressure, 1’ (K) is the temperature and e(rnh ) u s the water
vapour pressure (e.g.. Bean and Dutton,  1966). Typical ly a 4.5 rnh and fi — 1 .2  C .

Figure 2h show- s the power spectra to be sit is ilar to at least 6 I i i .  The root coherence ,
representing the cross-correlation in cat-h frequency hand of the spectrum , is shown
in I- ’i gure 2e and us greater than 0. 7 up to some o H,. l’he di p at 7 Hz is thought to



478 0. 1. OJESSING ET AL.

~~~~~~~~~~~
.. 
~
_..__r_____._.:.::.~

_.______ .__
~
_Y_.:...H1_.

~~ .e -
~
- —

~~ 
- 

~~

— 

——
‘ -s,.,_r -. ’-.-J ‘f’

~~~~~~~~ ~
_‘J 

_

~~

_

~
]
~

-~
_J_ -

“~~
_
~~

-
~~~~

_ -— ___ —i”

Fig. I . Examples of refractivity N , relative humidity II and temperature T fluctuation , 9-n-s in-tine
array, l SOO m, 1969 July 3O ai 1448.

be caused by a weak 7-Hz noise component present in the refractometer output.
Above this frequency, the decrease in coherence may be due to fluctuations in wind
direction , and to finite sensor spacings of about 20 cm. However , the general agree-
ment between sensor measurements is considered acceptable.

4. Sing le-PoInt Measurements

Before considering the results from spaced-array measurements , much information
can be deduced from the observations at one point in relation to atmospheric structure.
Samples of atmospheric fluctuations were over periods of 5 to 10 mm at hei ghts up
to 2000 m, often at 150-rn intervals , and from these we have sought answers to our
particular questions:

_ _ _ _ _ _ _  _ _ _
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Fig. 2. (a) Comparison between measured refractivity fluctuation and that calculated from tem-
perature and humidity fluctuations at one point. Test data 2 n u above ground, — (h) Corresponding

• power spectra. - (c) Coherence between measured and calculated fluctuations,

(a) To what extent do the spectra S ( f )  of the N , Tand e fluctuations , as measured
directly, vary witâi time and position?

(h) To what extent do the slopes is (on a log-log plot) of spectra S(f)a f~~’ vary
in unison?

(c) To what extent do the standard deviations a,, a1-, a5 correlate?
(d) To what extent do a and a c~-srre late with conventional parameters describing

the stability of the atmosphere , such as the Richardson number Ri , temperature
gradient d T/ dz , and wind shear d f I d : ?

4.1. VARIATION OF SPECI’R A IN SPACE ANt ) TIME
• Typica l e and T power spectra (e.g.. Fi gure 8) show that the high-freq uency end of

the spectrum from I to 10 Hz nearly always follows a — 5/3 power law irrespective
of the position in space at which the measurements are made. This also applies to
the N spectra since the fluctuations are linearl y related , However , the N, e, Tspectrum
slopes are found to vary considerably for frequencies below some I Hz, usually being
steeper than — 5/ 3 , and the frequency at which the spectrum slope changes varies
with time and position in space, Wh en reduced o scale si ze using t he mea n wi nd
speed, this point varies over I to 10 m. The spectrum slopes are also found to vary

__________  — .  ___________  
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considerabl y with time amid position in space. This is probabl y a consequence of
conditions prevailing during most of the experiments , namel y fine weather often
associated with strong convection , low wi nd speed and some degree of layering as
shown by radiosonde ascents. In these conditions , i ntermitten cy was frequentl y a
marked feature of the data.

4 2. VARIATION OF SPECTRAL SLOPES

In answer to question (b), Figure 3 shows the slopes of measured humidity and re-
fractive index spectra plotted against temperature spectrum slopes for frequencies
in the range 0.1 to I Hz. The slopes vary over a wide range , but the plotted points
tend to lie along a 45 line indicating that on many occasions the spectrum slopes are
well represented by that of the correspond ing temp erature spectrum alone, There is
no systematic hei ght dependence of the data in Figure 3.

. / I

-
. t 0’

-• “S t-3 • 0

/3
SLOPE OP TIMPERATURE SPECTRUM SLOPE OP TE MP ERAI UR E SPECTRUM

Fig. 3. Slopes of measured humidity and refractive index spectra against temperature spectrum
slope in the ran ge 0.1 to 1.0 Hz, Heights: 0 to 1500 m.

4.3. CORRELATION OF STANDARD DEVIATIONS

There was some evidence of a weak correlation between the standard deviations
a1, a0 but instrumental shortcomings prevented more positive conclusions from
being reached. This arises as follows. The contribution to a is larg ely from the low
frequency end of the spectrum where the spectral densi ty is larg e. Therefore in order
to get an accurate estimate of a0, one must know the calibration curve for the humidity
sensor very accurately over the whole range of humidities. Since this curve is non-
linea r, with the slope increasing substantially with relative humidity (Giessing et a!.,
1968), small variations in the calibration during an experiment will have a large effect
on the a,— a 1 correlation.

It is also of interest to examine the standard deviations of the three measu red

_ _ _ _ _  — ~~~~~~~~~~ 
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parameters under conditions when the temp erature and humidi ty  contributions to
refracti ve index f luctuat ions are of similar magnitude. On many occasions , partic-
ul at Iy on the large scale , the humid i ty  f luctuat ions dominate hut sonic examp les were
obtained where the small-scale fluctuations , equivalent to frequencies greater than
0. 1 Hi . fult illed the former requirement. While these are related l inear l y (Equat ion ( I ) )
their ins tantaneous relative magnitudes depend upo n physical processes causing the
fluctuations , l I t he  parameters are considered as indepe r’dent and passive, carried in
the turbulent field , then a , and a, contribute rando ml y to a., : but if the fluctuations
are related, the variances are correlated , a nd from Equation ( I )  we derive

= s2a~ + fl 2
a~ + 2z f ~(’,. 1- . (3)

where C,,- is the coxar iance : similarly in der iv ing spectra , the cospectrum must be
included as has been done by (‘tossard (1960). Of the samples studied . gen erally ot
2- to 5-mtn duration , in no case did T and e fluctuate in such a way as to cancel or
greatl y reduce their combined contribution to the variance of N . However this pos-
sibility in atmospheric data is not ruled out and can certainl y occu r in surface mea-
surements . as indicated by the data of Swinbank and Dyer (1967) obtained under
conditions of strong surface evaporation.

4.4. RELATION OF SPECTRAL SLOPE AND VARIANCE TO SI’ABIL ITY PARAM E TERS

To investi gate the relation between N , e’. T and the dynamic state of the troposphere.
the Richardson number Ri . wind shear d VJd: and temperature gradient d T’d: were
first evaluated using data from routine Ba lthum meteorolog ical soundings and
radiosondes which gave mean temperature and wind at I SO-rn intervals near the time
of the observations. Then the average was taken of the parameters in the two hei ght
interva ls above and below the point of observation before an attempt was made to
relate these rather large-scale quantities to the spectral measurements. Of these data
the wind shear was the most uncertain . hut encouragement was given by some
similarity between wind profiles at 6-h intervals , and the emergence of significant
correlations parameters as shown below.

The relation between wave-number spectrum S(A- ) for k = 2,~ 3ni 1 and Ri is shown
in Figure 4. The spectral density peaks at Ri —0.75 both for s’ and Tand the curve
is similar in shape to that found by Bean t’t al. (1967) obtained at larger wave numbers
using tower data and attributed by them to convective mixing. For large positive Ri , the
turbulence is damped by static stability and as Ri = 0 is approached , m ixing in a region
of small potential gradient produces little enhancement of scalar fluctuations. For
i ncreasing negative Ri , fluctuation intensity increases and the effect of thermals may
be important. Note that in Figure 4 the peak corresponds to measurements taken at
8-rn height and that the mean lapse rate from ground to IS m was 2.8CC 100 rn~~ :
however , there is no systematic height variation of the plotted points.

Plotting the slope n of the emperature spectrum at the lower frequencies , 0.1 to
I Hz , against Ri as illustrated in Figure 5a , shows that a remains close to 5/3 for
negative Ri. When Ri becomes positive , is increases substantially, varying somewhat

L -- -~~~~~~~~~~~~~- -.-~~
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Fig. 4. Variation of spectral density of temperature and humidity fluctuation s with Richardson
number Ri at k = 2sr 3 rn ’. Heights are shown in metr es for larger densities . Smaller densities were

measured between 30- and 1500-rn height.

unsystematically between 2 and 3.5. It can be inferred therefore that large negative
exponents in the spectrum power law are associated with stable atmospheric con-
ditions, but no precise relationship between n and Ri can be deduced for such cases.
Steep slopes were also found by Lan e and Pa ltridg e (1968 , Figure 6) under low
wind-speed conditions .

If instead , a is plotted against d T/ dz, again for ! < 1 Hz as shown in Figure Sb, it
is found that a lies close to 5/3 for temperature gradients that are ~iteeper than — 1.1 °C
100 rn ’, that is, slightly steeper than the adiabatic lapse rate. For smaller gradients, a
varies unsystemati cally again between 2 and 3.5. The relation of a to win d shear
follows a similar pattern , with n— ’5/3 for shears gr ea terthan 1,4 x 10-2 ~~ and with a
variable under conditions of weak shear, in broad agreement with the conclusions
of Bardcau and Mismé (1969) using radiosonde observations. These variations are

— ~~~~~~~~~~~~~~~~~ - ‘ T
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Fig. 5. Variation of slope of temperature spectrum ( f  ~ I Hz) with (a) Richardson number , (b)
temperature gradient and (c) wind shear .

generally consistent with the behaviour of n with Ri and we may conclude that , to the
extent that values of R I , d T/ d : . d V/ d z  averaged over 150 m are descriptive of the
dynamic stability in the region of observation , they give an indication of the con-
ditions under which — 5/ 3 law turbulence exists.

An investi gation of the behaviour of standard deviation and spectrum slope has
failed to show any clear relation between the two, and this implies that spect ra l
density plots S (f)do  not in general converge at either the low or high frequency ends
of the spectrum.

3. Results from the Three-Dimensional Orthogonal Array

Time-lagged cross-correlations were calculated between pairs of sensors in the 1-rn
spacing array. In general the maximum correlations covered a wide range at different

- _ _
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heights and times in the atmosphere , but rarely exceeded 0.8: frequently they were
less than 0.5 and were sometimes negative , indicating in genera l that the scale size of
irregularity structures making a major contribution to the variance was often of the
order of a few metres. Compared with the maximum cross-correlation in the vertical
and cross-wind directions , that for the pair of sensors in line with the mean wind was
generally larger; this is to be expected and indicates that the i rr egularity structure
does not change very rapidly within a travel distance of I m.

Figure 6 shows a more unusual occurrence which is discussed because of its interes t
and importance to radio meteorological considerations. Data from the vertical pair
of humidity sensors are negat ively correlated , possibly repr esenting a situation where
one of the sensors penetrated a sharp gradient in vap our pressure . Inspecti on of the
original charts showed that the relative humidity variations were large-scale and
generally in antiphase whereas the temp erature variations were fast er and generally in
phase, as were the refractive index fluctuatio ns. These observations could have been
caused by a thin undulating layer , such that on the average when one of the two

1) 4

VEfiTICAL 4-Z

CROSS 4 — I

LAG ,StCS

Fig. 6. Lagged cross correlations between pairs of sensors in a three-dimensional array, I-rn spacing,
900 m, 1969 July l 8a t  1443.
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vertically spaced sensors was inside the layer , the other was outside ; it would be very
desirable to have more inform ation on the structure of the atmosphere to help explain
these observations. However, of the available data , the mean wind shear and the
temperature gradient averaged over 150-rn intervals (used earlier) are of too large a
scale to be very useful , while the records obtained from the balloon ascent with the
equipment contain mixed height and time variations, apart from changes in the
height of the fine atmospheric layer structure with time. The only genera l conclusion
reached is that all cases of negative vertica l vapour-pressure correlation occurred
when the larger scale (ISO m) parameter indicated stable atmospheric conditions. To
obtain adequate information in the future to help explain this typ e of phenomenon ,
it would seem necessary to make measurements of wind and temp erature at least at a
number of points spaced vertically about t h e main instrumentation , perhaps spaced
over some 50 m.

Figu re 7 shows maximum cross-correlations between pairs of sensors in the three-
dimensional array at various heights during one ascent. Two height regions where the
vertical humidity sensors show negative correlation are evident , and althoug h the
various correlations cover a wide rang e, there is some systematic height variation in
the data. If we apply Equation (I)  to the sensors at each of two spaced points I and 2,
and assume the coefficients a, ft apply at both points , then the covariance C,, between
refractometer cavities is given by:

CN mI a 2C,+P 2CT+ ap ( C ,IT2 + C,2T, ) ,  (4)
where the Cdt - are now crossed covanances between the humidity and temperature

VAPOUR PRESSURL TEMPERATURE REFRACTIVE INDEX

O—O CROSS

-- A --4 - 2 0 -
~~ ~ ~6 -e i 0  0 -Z -4 6 8 10  0 -z 4 -6 S 1-0

MAXIPU4 CAOSSCORR(LATION

Fig. 7, Maximum cross-correlations between pairs of sensors In a three-dimensional array,
I-rn spicing, at various heights. 1969 July *8. 
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sensors. Replacing co’ariances by cross-correlations e.g., C,. = o-~ : Cc,, etc., we obtain

= C., = ~~o~(’C, + f l 2 a~CC , + zfla ,.u 7 (C( ’ ~~~ + CC,.~T I)  S)

This equation indicates tha t , within bounds determined by the relevant standard
deviations , the correlations between sensor pairs can vary widely. In part i cular , for
the data of Figure 6 the positi~e CC., and negative CC, are consistent for a range of
negative CC,~ cross-correlations , but as the coefficients in Equation (5) involve the
sensor calibrations which it has been exp lained are somewhat uncertain , a more
precise compariso n is not possible.

A stud y of the time lags for maximum cross-correlations between sensors indicates
that the direction of general air movement through the array ~aried wide ly, often over
± 45~ both in the vertical and horizontal , expeciall y under low wind conditions

(1—5 m s~ 
t
)~ In parücular , ~ertic al velocity components of ~ to I m s~ over periods

of minu t es both upward and downward on different occasions were observed. It is
thought that these movem ents are associated w i t h  rising thermal structure and the
order of measured velocity agrees well with measurements of the ascent rate of large
convective cells by sensitive radar methods (Ottersten , 1969). These niQvements are of
some consequence in that it is common practice to make use of a mea n wind speed t-

to convert frequency spectra S (f)  into wave-numbe r spectra S(k ) by k= 2 j r  /~~
‘ F; a

steady deviation of wind direction from that assumed could lead to errors of up to
5O°.~, in k. Also because of these movements a simp le interpretation of the correlations
in terms of characteristic blob shape and size does not seem easy and other inter-
pretations are being sought.

6. Results from the Cross-Wind One-Dimensional Array

In this experiment a 4~-m boom was flown normal to the mean wind by means .~f
a speciall y arranged small parachute , and with four sensors of each type utt equa l ly
spaced. as described in Section 2, a to tal  of 6 different  spacings between pairs was
possible. From the data , lagged cross-correlations were calculated and Fi gure 8 shows
examp les of the spatial correlograms obtained usin g the maximum cross-correlations
for each spacing: these maxima do not a lwa y s  occur at zero lag, due to t luc tu ations
in wind direction. On the left (8 m) . the correlograrn falls rapidl y. indicating a scale
size (CC = ~) of order l~ m near the ground , similar  to the ground-level results of
Thompson et a!. (1968): the example to the ri ght (150 m) is more typ ical of obser-
vations at greater heights and shows a predominance of larger scale sizes.

Also shown on each plot is the average of the 4 autocorrelation curves obta ined
from the four sensors and it is of interest to compare the spatial separations 1. with
the time lags I which give equal correlation , to obtain a speed V= L i t .  If the struc-
ture driftrng past the sensors is isotropic and not changing with time , F will be the
true drift speed , but if the structure is chang ing, the calculated speed wil l  be an o..er-
estimate of the true velocity. Doing this computation for each point on the spatial
correlograms, the speeds shown at the top of Figure 8 were obtained. 
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Fig. 8. (a) Typica l examp les of humidity and temperature spectra . — (b) Temperature auto and
spatial correlograms. Cross-wind array 1969 August I .  - (C) Apparent wind speed derived from (h)
using V — L i  where R (L ) — ’  R ( t ) .  — The left-hand curves correspond to 8-rn height and the right-

ha nd curves to I SO-rn height.

At 8 m above the ground for correlations greater than 0.2 , the speeds obtained are
nearl y al l  equal with a mean of 0.75 m s ’ while records of the wind speed , measured
with a cup anemometer showed a large var iation rang ing from I to 5 m s ~~ with a
mean of l~ m s~~ . Thus the agreement is poor , ti le correlation method under-estimat-
ing the mean speed , and could be caused by anisotropy or by a vertical wind. At ISO m
calculated speeds are more scattered but with several about 2 m s~~ : the measured
speed again varied greatl y, from I to S rn s with a mean of 2’~ m s - giving more
satisfactory agreement. It is clear that  conditions of small and very variable wind
speed are unsatisfactory for a t tempting measurements of spatial structure using
spaced arrays of sensors , but unfortunately these conditions occurred frequentl y at the
time of our field experiments.

Also shown in the lower part of Fi gure 8 are the corresponding spectra which were
mentioned earlier. Of some 24 spectra from this  series of measurements , all but 3
exhibited a — 5/3 power law at frequencies above approximately 1 Hz . and at lower
frequencies the slope was variable , except when measured close to the ground where it
wa~ again 5 3 (e.g., Fi gure 8): the steeper slopes were in all cases associated with
lar ge -.p . I t l . I l  ~.orr ela t ion distances, This conclusion was also reached in the case of the
three dLln cn ..zon.s l array measurements . There was some evidence that the correlation
~~~~~~~ ‘f water . .apour pressure were smaller than those of temperature.

_ _ _ _ _
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7. Results from the In-Line One-Dimensional Array

In this experiment a 9-rn array of sensors was flown with the object of s tudying the
changes and apparent speed of irregularities drifting past them in the mean wind.
Again , four sensor groups were used with six different spacings between pairs as
described in Section 2. Difficulty was experienced with the array boom oscillating
under low wind-speed conditions hut some usefu l data were acquired. Figure 9 shows ii

typical spatial correlogram R ( L) plotted from the maximum cross-correlation at each
spacing. Also shown is the root coherence , or cross-correlation in each frequency band ,
obtained by apply ing a Fourier transform to the lagged cross-correlation function of
each pair of sensors; this indicates how the various frequency components in the
irregularity spectrum contribute to R(L).  It is the low-frequency components which
make a major contribution : at higher frequencies the coherence decreases rap idly
with increasing spacing. U sing these curves , it is of interest to examine the relation
between frequency ( f)  and the distance at which the root coherence falls to say 0.6.
This has been done for data at different heights in the atmosphere and Figure 10
shows that an approximately linear relation exists between this ‘identific ation ’ dis-
tance and the fluctuation period T= I~f

lfwe define the apparent fluctuation wavelength as the product of f luctua t ion period
and mean wind speed, the ratio , 1’, of identification distance to scale size can then be
calculated from the mean slopes of Fi gure 10. These ratios are ,hown in the figure and
range from 0.24 to 0.50 with no appa rent relation to height or meteorological para-
meters. A similar calculation was made by Thompson e a!. (1968) who obtained a
ratio F~~O.4 for an array of sensors near ground level.

~~ O O 5 H,

~~ 
. [  ~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~ f ’ O  2 Hz
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2 “O f : O b H z  6 f ; 0 4 H 1

I I I - ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ - —
I 2 3 4 5 6 7 8 9 0 1

SPACIN G IN METERS
Fig. 9. Spatial correlation R( L )  derived from m ax irnu m cross correlat ions between pa i rs of sensors ,
and the contribution from each freque ncy band (coherence). In-line array 3(XI rn , 1969 July 10 at

1116, with humidit y sensors . 
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Another way in which one can ex amine the movement of irregularities is to plot the
phase (1 ( I )  of the cross-spectrum against frequency for each of the sensor pairs;
sinccQ=tan - ‘  Q — P , it Is subject loan amhi gu it y ot ’nir and this is selected so as to make
0( 1) continuous. The slope of th e plot should then he related to the apparent mean
speed F of the i rregular i t ies  as:

2~r f d
(6)

where d is the separation of the appropriat e pair of sensors. Fi gure I I  shows one such
plot for four spacings and it can he seen that  th e points tend to lie on strai ght lines.
Substi tut ing the mean slopes into  E quation (6), t hcspeedssh own in Table I are obtained.
The average of the four speeds is ~ 78 ni ~ which agrees well with the mean wind
speed of 3.5 rn s I , rang ing from 2 .5 to 5.0 m s - measured with a cup anemometer.
This indicates that apparent speeds derived from phase measurements give a usefu l
measure of the true meati wind speed.

— TABL .E I

Apparent speeds derived from cross-spectral
phase measurements

Spacing d (rn) 1.5 3.2 5.75 9.1

Speed I -  Irn ~ 1) 3. 6 3.8 3.8 3.9

8. Conclusions

We conclude by summarizing the main results of this series of measurements , which in
some cases confirm and extend the results of ground-level measurements to greater
heights , and in other cases provide new inf ormat ion  on atmospheric parameters of
interest in the field of radiowave propagation.

( I )  It is possible to compute the refractive index from t~tst-response temperature and
humidi ty  sensors and obtain agreement with ref ’ractive index measurements , to 10 Hz
at least.

( 2) Generall y the slopes oI’ refracti~ e inde~ , humi d i ty and temperature spectra vary
over a wide range ( — 1.5 to -- 3.5) at freq uencies below some I Hz , a nd tend to var~- in
unison. At hi gher frequencies , slopes are often close to -- 5 3  as predicted by the
theory of local isotropic turb ulence , and occasionally steepe r , tip to — 2.0.

(3) It is difficult to choose the scale over which parameters describing the dynamic
state of the atmosphere such as temp erature gradient , wind shear and Richardson
number should be taken in order to re late th em to f luc tua t ions  observed at one point.
Averages over ISO m indicate that spectrum slopes are close to — 5 3  when the
Richardson numbe r is neg ative , t he temperatur e gradient steeper than — 1.1  j~ I (k~ m -
and the wind shear greater than l . 4 x 1 0 ” s

Steep spectrum slopes are frequen tl y associated with stable atmospheric conditions

______  
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but there is no precise relation between slope and the parameters mentioned above.
Thus , under stable conditions the parameters cannot be used to indicate the nature of
small-scale structure .

There is no apparent relation between spectrum slope ~nd fluctuation intensity, but
intensity reaches a maximum for a Richardson number of the order —0.75.

(4) Cross-correlation measurements with verticall y-spaced sensors show that t he
at mosphere is sometimes composed of layers of order I-rn in thickness , whi ch on
occasion are more marked in vap our pressure than in temperature , and sometimes
give rise to negative cross-correlations in vapour pressure.

(5) Well above ground the horizontal spat ia l  correlation distances are often large
and are associated with steep spectrum slopes at frequencies below some I Hz.

(6) The cross -correlations between sensors spaced along the mean win d direction
are larger tha n for those set cross-wind , horizontally or vertically. Orthogonal array
measurements indicate large and persistent fluctuations in wind direction which may
be associated with thermals; this suggests taking caution in using mean wind speeds to
derive wave numbers from frequencies in spectral applications.
(7) It is shown that , wi th  cross-spectral techniques, irregularities can be used as

tracers to obtain a measurement of the mean wind speed which agrees with direct
measurements.

(8) The identification distance , defined as the distance within which the coherence
of spaced sensor measurements is greater than 0.6, varies both in time and space.
Also the ratio of identification distance to wavelength , g iven by the product of wind
speed and fluctuation period , varies over a range from 0.25 to 0.5 in time and space
and shows no simple relation to wind speed or other meteorological parameters.
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