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AB ST PO~OT

N ean h u m i d i t y ,  t empera tu re , wind  da ta  and f1~ ctuating

t empera tu re  and Veloc i t i e s  data ob ta ined  f rom the  R,’V A can i a

were in t e rpr e t e d  on the  basis of emp ir icall’ i  der ived  expres-

sions describing the temperature structure parameter , CT
2 ,

and t h e  d iss ipation rate of turbulent kinetic e n e r gy , c •

P r o p e r ti e s  of C~~
2 and are re la ted  to a s t a b i l i t y  r a r ame ter

Z / L  and th e  Richa rdson  n u m b e r , R i .  N o n — d i m e n s i O n a l  tempera-

ture structure functions paramete r s , cT
2 / :

~~~~~~
2 , and t ur-

b u l e n t  kinetic energy dissipation rates , ~~~ :u 3 
, versus  Ri

were examined for oren ocean conditions .

This experiment verified earlier hypotheses that the pro-

f i l e s  ob ta ined  f rom emp irically derived expressions u s i n g

overwater data are very much different from those obtained

using overland data. The distribution of the non-dimensional

t u r b u l e n t  k i n e t i c  energy  d iss ipa t ion  ra te  agreed  w i th  t h a t

~ redic ted  by s i m i l a r i t y  t h e o ry .
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I .  I N T R O D U C T I O N

The marine boundary layer is that reg ion in the first

kilome ter over the sea which is defined principally b y tur-

b ulent transfer of momentum and heat . In the past decade

there have been concentrated efforts to make measurements

in this region and to define physical expressions descricing

the  t u rb u l e n t  i n t e n s i t i e s .  The marine env i r o n m e n t  p r e sen t s

a number  of oroblems , esoec ia l ly  in a c c e s s i b i l i t y ,  o l a t f or m

s tability,  and sensor protection. Most important of these

problems are the lack of an extensive data bases and the

f act  tha t  available turbu lence  e x p r e s s i o n s , Which  are emp iri-

cal in nature , have been formulated primarily from overland

data.

~ü th  the  deve lopment  of s y s t e m s  d e p e n d e n t  on laser tech-

n o l o g y ,  the Depar tment  of D e f e n s e  i n t e r e s t  in turbulence in

t h i s  reg ion  pe r t a in s  to a s s e s s i n g  ar .d p r e d i c t i n g  the  environ-

mental influence on optical wave propagation. The refractive

index problem f o r  t he  marine bour .dary layer is more compli-

cated than the similar problem over land because of the  d i f -

f i c u l t i e s  in making point measurements of the  f l u c t u a t i n g  a i r

temperature f rom which  r e f r a c t i v e  index s t a t i s t i c s  f o r  o p t i c a l

waves are often obtained. For optical waves the atmospheric

index of refraction variations primary result from tempera-

ture—induced density changes. These variations cause scintil-

l a t i o n  and phase fluctuati r.s of I i~ er hea r : p r o r a~~at e d  in ~h -~

13 
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atmosphere and the loss of sight of obj~~ots viewed th roush

high magnification telescopes.

An interdisci plinary grouP at  t he  N a v a l  Lootoraduate

School has  been i nvo lved  in o v e r w a t e r  ex~~~r i m en t s  t:

the outical :roperties and the ooticallv relevant neteors—

l og i c a l  parameters  of the  mar ine  b o u n d a ry  l a y e r  to observ-

able b ulk atmospheric parameters.

The primary purpose of this work was to evalu ate rae-

viously formulated overland expressions for th~ overwater

r eg im e .  Express ions  p resen ted  by W y ng aa r d  at al .  ( 13 7 1)  a n d

Friehe (1976) were used to relate Cm
2 to a stability para-

meter , e i t h e r  the R icha rdson  number  or / L  where  I is Monin-

Obukhcv Length. In add i t i on  to this , express ions  d e s c rib e d

by Busch and Panofsky (1968) were used to relate c to the

stability parameters.

Ten minute  time averaged values of wind , temrerature ,

and relative humidity measured at four levels (4 .2 , 6.6 ,

11.3 , and 17.7 meters ) were examined in . this study . The

most recent and the majority of the observations examined

were made during the months of September and Oc tober 19 75 o f f

the coast of San Diego , California. Data previously evalua-

ted by Hughes (1976) and Karach (1976) were incorpora ted  i n to

the final evaluations so supplement the data base. The latter

cata were also measured at four levels (4 .2 , 6.6 , 7.6 , and

13.3 rooters).

14



II. THEORETICAL B A C K G R O U N D

A. G E N E R A L

CT~ and ~ are op t i ca l ly  re l evan t  t u r b u l e n c e  pa r ame te r s  be-

cause they define the intensity of fluctuations in the refrac-

tive index and the size or scale of refractive index inhomo-

geneities , res~~ectively. The scales of the temperature

inhomogeneities that distort image resolution and degrade

laser bean propagation in the atmospheric surface layer lie

in the inertial subrange where fluctuations are isotrop ic.

The latter characteristic allows theories by T at ar s k i

( 196 1)  descr ibing e l e c t r oma g n e t i c  p roP aga t ion  to  be ap p 2 . o e~

in analyses. Tatarski considered the refractive-index—struc-

ture parameter ,

22 
— 

[n (x) — n (x+r)) -

n — 2/3r

which is related to the temperature structure function ~ara-

me ter , CT
2
, as

c 2 
~~~ lo~~ 

P )_4 o 2 ( 2 )T

where P is the pressure and T the temperature of the atmos-

phere . CT
2 may be evaluated in a number of methods.

The dissipation rate e defines the micro-scale , ?~~, as

3 ,
2. (~~~~ )~~~~ (3)

0 C

_  - 

15



where y is the kinematic molecular viscosity . The cii:rc-

scale appears in optical parameters for image r e s o l u t i o n .

For examp le , the exp(—2) folding distance of the mutual

coherence , p0 is defined as

1p - - -- ( 4 )

° (1.50 ~. ~~~~~~
°

n o

where R is the average wave number.

B. TEMFERA URE STRUCTUFE-FUNCTION P ARAME ~~~R , CT
2

The t e m p e r a t u r e  s t r u c t u r e— f -u n c t i o n  p a r a m e t e r  may be

evaluated or estimated by  s eve ra l  d i f f e r e n t  me thods  depend-

ing on the  measurement  r r o c e d u r e s .  At s ep a r a t i o n s  r of t he

order  of i ne r t i a l  s u b ra n ge  scale s , the  t e mp e r a t u r e  s t r u c t u r e —

f u n c t i o n  in a local ly  i so t rop i c  f i e ld  has the  f o r m

2 
- < (T(x) - T ( x + r ) 1 2>

CT - 2 / 3r

CT
2 can also be related to the one—dimensional tempera-

ture spectrum (The Fourier transform of the correlation func-

tion with separations in the streamwise direction) in the

inertial subrange as

ST(Kl
) .25 CT

2 ~~5/3 (6)

K 1 is the s t reamwise  component of w a v e n umb er .

16
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A thir d a~ pr oach is based on t he  h y p o t h e s i s  of Corr s in

(1951) that in the  i n e r t i a l  subrange the  one d i m e n s i o n a l  tem-

p e r a t u r e  s p e c t r u m  can be e x p r e s s e d  as

- -  -1/3 - - 5/ 3S (,\) 5 (7)

where x is the  ra te  of m o l e c u l a r  d e s t r u c t i o n  of < ( T - ~~) > a v / 2
-( an  C~~S ) , s is the  r a t e  of molecu la r  d is sip a too n  ot turbu-

l e n t  h in e t i c  e n e r gy  ( i n  cm 2 ~~~3 , and ~ is h vr on h e s i :e d  to be

a u no ver s a l , comen sionles s  c o n s t a n t ; the  same an all o low s .

E q u a t i o n s  ( 6 )  and ( 7 )  v i al  an e xpr e s s i o n  for  CT
2 in te rms  of

the r a tes  of d i ss ip a t i o n  of turbulent kinetic energy and

temperature variance , vi:.

~xS
_ 1/3 (5)

where 5 is an emp i r i ca l  cons tan t  w i t h  a va lue  of 3 . 2 0 .

C. MICRCS ALE 
~~~~~ 

(OR s)

Both e and x in Equation (8) represent molecular processes

and forc es which act only over very small distances. As pre—

v o o u s u y  on d oc at e d , the  p a r toc u l a r  scaae ~e ng tn  00 I n t e r e s t

in propaga t ion  ana ly se s  is the  mic roscale  of t u r b u l e n c e  de-

fined by Equation (6) and is dependent on only one dynamic

parame ter , th a  dissipation rate of turbulent kinetic enerev ,

s , which can be estimated from the  one dimension al spectral

density of veloci to’ as

S , ( R )  ~~~
- 2 / 1  

~~~~~~~ ( 5 )

where ~ is an emp irical constant determ ined to be 0.51.

17
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P .  T A Y L O R ’ S  H Y P O T H E 0 1 3

Because measurements are nL r m a l lv  made at a point a roll—

tion between temporal (5) and wavenumber cr spatial frequency

(k) is required. According to Lin  (1353) , if one considers

t h a t  edd ies  of wavenurober K are correlated cmlv over d i s t a n c e s

not  large  c o m p a r ed  to 2 t / k , t hen  over  such  d ist a n c e s  t h e  non-

u n i f o r m i t y  of c o n v e c t i o n  ve loc i t’.’ s h o u l d  be smal l  r e l at i v e

to the c o n v e c t i o n  v e l o c i t i e s .  Fu r t n e r , if  t h e  mean  v e lo c it ’.’

is a good ar r r o x im at i o n  to the c o n v e c t i o n  v e l o c i ty , t h e n

> >  C ’ where  E ’ ’ is the  s p a t i a l  g r a d i e n t  of . I f  t h e s e  cr i-

t e r i a  are met t :-ae t u r b u l en c e  f i e l d  ma’; be c o n s i d e r e d as b e i nc

fro :en and sweDt  at the  mean w i n d  sp eed  ‘2 p O s t  a S t u t I C 0 0 5 ’ .

i n s t r u m e n t .  This is known as Taylor ’ s hvp ot : -.ocis  a n d  i t

a l lo~~s f r e q u e n c y  spec t ra  to  be i n t e r p r e t e d  as s tr o am w i oe

wavenumber  s p e c t r a .  This  e n a b l e s  the e v a l u a t i o n  of C T
2 f rom

Equa t ion  ( 6 )  u s i n g  poin t  t e m p e r a tu r e  f l u c t u a t i o n  m e a s u r e m e n t s .

S. R E L A T I N G  C~~
2 AND s TO STAB IITU P A FAM E ER S

T u r b u l e n c e  s i m i l a r i ty  t h e o ry  r e l a t e s  bo th  s and x to

measu rac i e  s :a : ilotv  p a r a m e t e r s  so toat L~ can cc e s t i m a t e :

usinc, E qu a t i o n  ( 8 ) .  The 1963 Air  Force Cambr idge  Research

Labora tory  (A F C R L )  bounda ry  lever  s t u dy  y i e l d e d  i n f o r m a t i o n

on the  b e h a v i o r  of  both ~ and x and th e  combina t ion  of dimen-

s iona l  and p h y s ic a l  ar g um e n t s  t h a t  make up s u r fa c e — l a y e r ’

s i m i l ar - i t ’ :  t h e o ry . The : \FCRL r e s u l t s  d e m o n s t r a t e d  t h a t  t h e

s ta t i s t i cs  of h s h  t he  mean and tur:ul-ont f i e ld s , when  pro-

p e r ly  n u n — d i m e ~~sa c n a ti : e d , are un i v e r s a l  fu n o t  T h n s  of the

s t a b i l i t y  p a r a m e ter  ( 2 / L ) .

18
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Non— dirnensionali :ed c and x values can be e xr r e ss e d  as

l0)
U...

xc f~ ( / L )  (11)
T... U~.

where the scaling velocity is L~. (—u ’w ’Y ~, th e scaling ten—

-w ‘Denature OS 0... 1 , the Mcnin Cbukhov stability length

is I - T0U ... 3 /k g  w ’ O ’  a n d  5 1( 2 / I )  and f 2 ( / L )  are emp i r i ca l -

ly determined functions.

An empirical expression relating 0T to boundar’: flu:-:es

arises from direct s u b s t i t u t io n  of Equations (10) and ( I I )

into Equation (8) as

CT
2 T~

2 :
_ 2/3 f3 (2/I) (12)

where f3(2/L) is a combination of f1 (Z/L) and f 2 ( / L ) .  The

formulation of f3
(/L) was examined by h’yngaard , et al. (1971)

and their results are shown in Figure 1. They obtained the

f o l l o w i n g  forms for- 5 3 ( 2 1 1)

53
(2/I) 4•9[1_7 ( /1)] J3 0 > 2 / 1  (13)

f3 (2/L) 4.9[l+2.75( /L)J 0 < 2/I (1~~)

where negative and positiv e Z/L values correspond to unstable

and stable condi tions respectively .

19
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6 0 0  --—--— —- .-- -—- —-——-.-——— —___________ ____________

0~ I~0 ‘~5 2
1
0 2~5

Fig. 1. The vertacal protile ot C,.. .

An empirical expression relating c to boundary fluxes is
z 2ocuatlon (10), where - ~

— can replace f1 (~~/L), vaz~

4 — Z/L (15)
U.,.

where 
~M

(I/L) is the non-dimensional wind shear . Cverwater

results by Garrett (1972) on the non—dimensional dissipation

rate , KeZU... ~~~
, versus Z/L appear in Figure 2.

Both Equations (12) and (15) can be rewritten so that

gradient terms appear in the non-dimensional CT
2 and c terms

if the following expressions for T... and U... are used

- ________ 
30 -T~ - 

Qh(:/~~ 
T~ 

( i c)

~~~Z / L )  ( 1 7)

20
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2. ‘he dimensionless dlssi~ aticm rr:~ ‘.‘ea’sus :,~ 1.
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Su:stituting Esuatiun (16) into quatior, (12) anu Ec~~ation

(7) ,—~~o ~~~~~~~~~~~ (.,s) e d  sao~- e < ess...ors f ~
‘ oo~

‘1

dimensional 0,~~ .SPO £ terms respectives ’:

- ., z f3
(2/1) (IS)

= ~~~~~~~~~~~~~~ 
D : (’)

2 ~K
2
[~~,~(P-

) 2 — P- ~..( -)~~~i (:9)

‘~~~~‘ ‘ ~~~~‘ ‘ /  r ’  ‘5’’ .~~~ ’1 ‘~~~~‘‘‘ 52’S,_ _ _
~5_

_ .~~~ _ / ~~~~ -~~~~~~— - ‘‘~~~— . — -~~~~~— - ~

The above exrressions can be interpreted more readily by

relating :: to the R i c h ar d s on  mumoe r ,

I 28

— 
,

2( d u)

S

54 (Ri) (20)

whe re f
5
(Ri) is an emp irical function which has been well

documented for the constant S l :’: layer c;anland (Bus inger

ct al., 1371) and 8,~ is the vertical pctential temperature ,

0(1 + .Slc .

The following relationship: between ,‘L and Ri we re

det ermined by ver end Hicks (1379) for the unstale case

and by Webb (i2~~0) for the stable case~

El /L < C
( 2 1 )

:11 ~~~~~ 2/i, 

~~~‘- ~~~~~~~ -‘ - - - - - - - -  -=~~~~~~~ - ~~~~~~~~~~~ - -. ~~~~
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~. is an emriricall senived constant e000l to 3. These

reiati-:ioshi:s have been recep .ti’i verified icr- the overwot-a r

regime by Pa-ullon , et 1. (1972).

Combining Eu ration (13) and S’:ati:n (23) y i e l d s  an o x —

oression for C~~ in terms of gradient measurements ,

_________  2 f ( R i )  (2 2 )
: ‘ 

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

0

The function S ( F . i )  which ha~ been det ermined for the overland

constant 51:.: luer is sho;’.n in Fi gur e  3 ( W v n g a a r d , at a l.

171).

I - I-

-:
d — ‘  ..4 C .I~,.. ,,,,I

O~~~ 4

-j 
~-

0 
~~~~~~ - ~ 

:
1
, ~~~~~ 

- :~ 
~~~~~ 

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

Fi g.  3 .  The dimensionless tomperaoure-struoturc~ parameter’
Parameter vers~~s the Rachardson nuncer.
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Similarly , combining Equati on (21 and Equation (19)

yields t he  following gradient relationshi ps for c

S 3 / 0
..,2 3u 3 K1(1—l5Ri)2 —Ri (1—l iRi) I Ri < 0 (23)

~ (~~~)

2 K2 [{l+e .7 
~~-5Ri~~

Ri > 0 (24)

The curve de fined by these relationships will be presented

later (Figure 22).

G. BULK AThOINAMIC FORMULA

An alternate approach for indirect estimates of the  tur-

bulent fluxes in overwater obser’:ational experiments is the

use of b u l k  aerodynamic formulae . A bulk aerodynamic formula

is one which relates the boundary fluxes to the wind speed at

a level and the temperat ure and humidity differences between

that level and the surface. Such formulae require several

assump tions regarding the stability conditions oi the b o u n d a ry

layer and the turbulent processes within it.

24
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Bulk aer’-cd ’,-’namlc formulae f - o r momentum (U ...
2), sensible

neat  (~Y T )  an u  h u m i d i ty  (~7 q )  5 l-uxe ~.. have the following

f orms ,

2U... 2 C5 ~~ (25)

W ’ O  2 2H ~(T -: ) 2 1 ~:T (25)

2 1 U(
~~a~~O s ) 2 0: 

( 2 7 )

woere tne svm:o_s have been deraned on page . .

Fniehe (1976) summarized considerable amounts of recent

overwater data to obtain over-water estimates of C5~ C.., and

C,.. He observed C.~ and C~ to be dependent on the v a l u e s  of

as well as hei ght  :. Fr -id e used t h e  b u l k  aerod ynamic

formulae to formulate an alternate expression for the estima-

tlOn of 2/1 in the atmospheric bo’undary layer above the sea.

The ocrm u~ ataon consisted oc replacong toe transcer terms

(T... and U...) in the expression for I by bulk par ameters

(12 2 011
2 
and 1) to obtain

2 — .23l [~~~ 
+ 0.212 ~~~~~~~~ -] — 20 < ~dT < 2 5 ( m K s 1)

U ’- U.-
( 2 8 )

— .37l [~ -~-~
. + 0.132 °-~4] L2T > 2 5 ( m K s~~~ )

Equation (28) leads to a new stability parameter W , defined

as X i~.~.(1+Q ~ 212 ~~) —20 < ~JdT < 25(mKs 1)
U

4~ ( 1+ 0 . l 3 2  ~~~
) ‘IT > 2 5 ( m K s~~~ )

25
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Note that the signs of X and X’ are the same as

Z/L.

Friehe defined X and X’ for the 10 meter level. However ,

these can be generalized to any level by the approximation

10
C (z) C (z) C (z)

CD
( l O )  2 

CH
(lO) 

2 
C~~(l0) 

2 

L~~(~~~) 
(30)

This was done in this study.

Substituting Equations (28) and (29) into Equation (12)

yields 5cr- -22 < C~ T < 25 (mKs~~~)

CT
2 z 213 

- 

3.12 x 10 S(1+l.62X)
_ 2 /3 

unstable

(~~T)
2 

3.12 x l0
3 (l-2. 633X ) stable

for O~ T > 25(mKs 1)

2 8.33 x 10~ (l+2.60X’r
(~~T)

2
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II. E X P E R I M E N T

A. PL-~TF-2PJ’1 AND lOCATION

Observations aboard the B/V Acania during the experiment

in Sept ember and October 1976 were made in the area from 32 0

15’N to 34°l3’N and 123°l8’W to l20°20’W; Figure 4. This

area p r o v i d e d  a go-c d s amp le  for  open ocean condition.

B. INIRUM NTATIoN

Ten minute averages of tem~orature , wind , and relative

humidity were taken at f o u r -  levels , on two separate masts

spatially separated on the forward deck of the ship, Figure 5.

1. Recording

Pata logging during the experiments was accomplished

using th e NPS developed MI AS (Microprogrammable Integrated

Data Acquisition System). This micro—processor based data

acquisition system utilizes an Intel 8008 central processor

to control the sam~~l ing , averag in g ,  and recording of mean

meteorological data. All software is written in PL/M to

facilitate the writing -of self-documenting Program .

2. Mean Measurement Systems

Mean wind measurements were made with -a Thornthwaite

Associates cu~ anemometer wind profile register system , model

number IOU , Figure 6. ifl operation , the shaft of a three cup

anemometer uni t serves as the shutter between a light source

and a photooell f o r  each revolution. These three plastic

27 
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L E G E N D

C* C u p  A r ~ e m o m e  ~~~
7 Q ij a r t~~ T h e r  m o m e t i ,

£~ P 4 u m i d i o m e t e r
u H o t  W i r e

7 P1 a t i n  u rn  W i r e

i l s lg h t  ( m e t e r s )

L e v . l  4 ~~~~~~~~~

- - - -
I ,  --*~~~3 — .-..i jj, 3

L e v e l  2
~.6

L e v e l  1 ü,t ,~~T~u’ 
~~3 .1 

~~~~~~~~~~~

S.. S u r f m c e

t

Fig. 5. Mounting arr-engements aboard t h e  Acania.
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Fig~ 6. Thcrnthwaite Associates Cup ~nemcmeter-
wind pr--fle reg ister- sy s em~
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co n e ours are reinforced wita aluminum fr-ames and ar-c mcun ted

at 120° i n t er v a l s  on stainless steel tubcu attached to the

main shaf t • A -:haracteristic of these cur anemometers i... low

starting speeds with a small amount of internal friction which

aids in checking inertial overshoot.

Mean temperature measurement : were made with temnere—

tore sensitive quarts crystal orobes , (Hewlett Packard model

HP— 2 850) at each level. (Figure 7) RF signals froro the

crystal probes and from a reference oscillator were mixed in

the H?-2801A readout unit to produce a bea t  fr e qu enc ’ :  whose

signature can be analyzed to w i t h i n  0.001 degrees centiorade

per hertz. EaCh sensor simultaneously received pr -c—experime nt

calibration against a platinum resistance wire thermometer

in a temperature controlled circulating water bath over the

expected temperature range. The accuracy in achieving a 0.003

degree centigrade correction factor was a constant for each

probe. A 3.7 meter flexible coaxial cable is porrr.anentl :

attached to the sensor head and the mast m o u n t e d  probes ar e

housed in an asp irated s h e l t er -  a: seen in F igu r e  3. Tempera-

ture values were automatically r eco rded  on a printed tape .

Mean relative humidity was obtained using the 1nmor-~—

lithium chloride sensor and Hvgrodynamics D i s i t a l  h y : r c m c ter

indicator . (Figure 9) The sensor was also p l a c e d  in t he

aspirated shelter. The basis of operations I this system is

resistance charge within an electro1~ tic solu tion ~oenei’atin:

a refere nce voltage variance pr’cpcrtional to the rela:~ ve

humidity c h a n g e .  Automatic oemperao~ r -~ comp~~r r- .i: i on in

instruments meet the followiru~ sp eci f i:~~rion:-

31
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I 
‘

Fig. 7. Hewlett Packard model HP—2850 temperature
sensitive qua rtz crystal probes.

Fig. S. Aspirated shelter . Fig. 9. Dunmore type
ii ‘c-iium T O :  Or-idO

-~ -noon .
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+ 3°r relative h u m i d i ty  below 30%

+ 4% relative numodoov selow i O %

Calibration of sensors was a-:oomrlishec by a comparative

method using a saturated saline sc-lotion in a closed con-

tainer . Observation and recording was aco-omolished in ilk’s

manner as the temperature .

3 . Fluctuation Measurements

The temperature fluctuations were measure d osinc a

bridge develop ed at CT Sylvania , the IT Sylvania Nc-del 1-0.

_t was necessary to mo000y tne system s ::noly con use

aboard the B/V Acania.

This system is a small temrerature cifference sensing

device origin ally designed to be —carried al-oft 5 a balloon

and equipped to process and transmit , by r o s e-rate mocla-

tion on a radio frequency carrier , t h i s  information to a

ground—base receiving station f-or derr odul -aticr , and re-cording.

The baseband p o r t i o n  of th is  o v u o s m  is a b a l a n c e d

Wheatstone bridge excited by a 3r~H signal with a synchr- :ncos

detec tor on the output. Segment: of “en’: 5maiI ciameter

platinum wire serve -as temper-a t ~re sensors In orposite ar-rn:

of the bridge. I the single wire mc~~e , :no ‘.~.~ire is replaced

by fixed resistance . An cutout fr om the brio ge which is

propor tional to the temperature dtfterence between the tw o-

probes or a temperature change ot a single wore on tne sinc~ e

wire mode is produced.

The sensor wire is 3.5 cm long and 2.5 x 10 6:~ on

diamet er. This extremely smell mass -ollows a response to
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temperature variations of’ up to 1 ~K NX w h i l e  e le c t ron i c  arorl i—

fication all ows tempera tcr - .~ dif :e~ ence a: small as 0.

deor-ces C to be observed.

Wind fluctuation : w’tre recorded on a Honeywell mc--d el

52 00 ~~ U channel tape recorder. Real time readout on an ei fht

channel chart recorder-, Bruch model 2 -°3, we: use-i to check

the quality of the signals coming- fr-cm the senuors.

~+ . Fluctuation Statistics

Spectral analyses to obtain v a l u e :  were ncr-for-nec on

fluctuating velocity data -o b t a i ne d  with Hot Film sonoor :

oriented in the vertical , normal to the roe on win:. These

data represent a point measurement and yield tero:or~I or

time des criptions of the fluctuation :. Ten min~~te segment:

of data  o r i g i n a l l y  recorded on magnetic tape were r e c or d e d

i to an EMR—S chlurnber model 1510 digital sp e c t r u m  an a l ;c er .

Procedures for converting spectral values , -obtained with th~

analog soectral analyzer , to engineering units and for obtain-

ong torb-u~ ence parameters from sne spectra are cescnicec in

the following naragraphs:

a. Scaling Spectral Plo ts

A necessary pr-ocecure was scaling the spectral

plots to relate RMS input voltages to nowe r spectral densi—

ties (PS:-); variance p er  un i t  f r e q u e n cy .  To :-otosn rower-

snectral density levels , corresponding to  RMS voltage in~ uts ,

-:alibrated scale charts hod to be constructed.

For purposes of th e x- plot format of  the

analyser output , the RN S voLtages were converted to y log,0

34 
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(volt age) units and a graduated scale was constructed so

that oh’s l o g a r i t h m  of volt: ~Nd~
’ could be internolated f r : m

onectral r-iots . The valce of the v er t i c a l  scale ( i )  was

ad~~u st e - d  f c r ’  each spectrum a: a f-~r c t L on of both onput goon

and snectral tam . Th~~:e vel ~~~~~ ~ier~’ one :, con’,’erted to ?SP

ev ~-l s  for o:e in calcul atin g o

The reLation be~ w een Volts ‘ N S  to 5’S - units used

was

s( ) ‘
~I ~~~~~~~~~~~~~~ 2 = 

e ,~~~~~~) ( ~r

4 4— -
‘-‘ — - -— , • - - — . -

.‘~~~~~L C ~~~~~~~~~~ OV ,., ,.. — , - -

H:
(2  - - =

an d cal. level ‘
~‘RNf 

2 voltace at ‘: 2 0

( 1 VRMS for 3.16 V input setting) .

Amplitude scaling calibrations were accomplished

using externally generated “w~,i t e noise ” signels of I Volt

RMC with a frequency range from 0.1 H: to 1000 Hz (giving a

?SD of l0~~~72/Hz). Setting a 3.16 V (10dB) input on the EMR

1513 Digital Spectrum analyser insures that I Vol t  corre-

sponds to y 2 0. An example of such a calibration plot for

a frenuency range of 1—200 Hz (the frenuencv range of inter—

e c t )  is shown in Figure 10.

b. Computation of Turbulence Parameters
from Scaled Spectra

Values cf the turbulence parameter were obtained

from the v ’s l o c i ’ - ’ variance spectra on the basis of t h e  f o r m u la
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r the inertial suorance in wove numbe r spa-s c 3(k), Ec~~~—

tion (~~~~~) , o ni ch  pr-edicts a — 5/3 slope for th e  spectra wh en

plotte-u in a log—l og f-or-nat . Figure 11 is ov o i ca l

cons icere-d in the analyses. Velocit ’,’ variance spectra con —

sist ertI; e:’:hfbioe-d clones of — 5/3 .

A ssuming —5 /3 sI-on-as for the ‘,‘ar-iamce spectra ,

th e intercept of one best fit — 5/3 slope with the I H: Ic—

line was t he  SPectral denc in ’ -’ denoted (PlO) ‘.‘alue used

in  o :m:~~t i og  t he  ncr m eter- o: interest , e. The measured ~S

‘;oloe was converted to encineerin; spectral denoit’: -uni ts

B (f ) • BID

= ( -o m / s / ’ ,’c l t ) ~~~ .-’ olt 2 /H:  ( c m / s ) 2 / H z  ( 3 2 )

was toe -caucor-at :cn factor- ocr toe constant temrera—

tur~~, anern -orreter- . e0er-minotion of the value for- C has

been described b-~’ Lund (1915).

Since the v e l o c i ty  f l u c t u a t i o n s  were  m e a su r e d  -at

a fixed point in toe fl-o w , the resultant spectral values are

defined at “ tam -or-I” fr-eooencies denoted a: in Ec-c a-

tion (33).

5. Anal’::is of P-air-e d Thmperatur-e Sensor

v alues were estimated by usin: rained platinum

wire sensors f-sr variance an3,~vSis . This onal’,’sis was based

on the exnress ion for the temrera:ure structure f.mction.

E ’a ati:T- n (5). Tb.~ anal-::is is ~:ne in which temperature differ-

ences bet ,’;een Ia po~ rec resistance wir e :  sen or  ~te-d 5’: a
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-di stance r- is cubjectec no ‘ - ar-i-once analyses as in’:icata-c so

t h e  t sr -rn  ( T ’ ( x )  —

Voltages c-srresncndinc to the tempera: :re cifferences ,

IT , as measured 5:: the pair -e d sensors were rec-:r- ~e-o on anal-s c

magnetic tone. The variance -or root mean s:oao-o of the

poretur-e differences req-sired tc connote CI :‘;~~

a n a i y c in g  the  ana log  volt-egos with a neon sguore vollmeter

(Icr-mo Systems Inoorp-rate~d , m::-~l 1930) using a 91 second

time const ant for- the aver -aging. The -outnu : of toe

v o l t m e t e r  (-a : ‘cell -a: a record of the ori ginal si:nal) tsa r -a

record ed on standard str-i: charts.

Ten minu t e  a v e r-a g e d v-ales of t he  F3’IS ‘j o l taces  wer e

abstracted fr-cm the strip char-: and these values were utili:e

in a or--ogram f ’s- n the 1gM 330 com ou t e r .  This -- r - o c r - a m  cc, :—

v e r - t e d  the mean square voltages “clues to temnarat’ur-- : differ-

ence var-lance ‘;alues , f rom which 912 were connoted.

3. Fluctuating Sensor Calibr-ati-sn

Platinum wire resistance is r e l a t e d  to tem Perature to

P. B (I + - m ( T — T ’  ) )  (3°)
0 0

wh ere P. 2 resistance , T z -calior-ation t e m p e r a t u r e ,  T~

resistance at P0. and ~ . 2036/°2 (t emneo -s:rrr-e coeffi-

cient of re:lsttnce for platinum). :aoh wire ’s resictonoc

was measured in the laboratory a: a tcmoerato,r’e ‘ , to cc nor-

mine  B
0
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Temperature fluctuations can be relate: to wire re-

sistance fluctuations by differentiating Thuation (3~4)

dR 2 oP. -iT0

or

P.’ 2 -oR 0T ’ (35)

Recorded voltage fluctuations are then related to re-

sistance chan ges by the transfer function , H , in, the extres-

s io r.

7’ 2 H R ’  ( 3 6 )  -:

where H was determined for the bridge : by varying the resis-

tance oi a TI: 1056 Variable Decade Probe Recistance and

recording the corresronding voltage changes. ‘-o l tage s’s

resistance is slotted and the sloce of this lot determines

the transfer function , H. For this experim ent H 12 vol :s/

ohms .

Finally, to relate reco rded voltage fluctuat ions to

temrerat ure fluctuations , luotion (36) is substituted lot-n

quation ( 3 5 ) giving

( I / H  B0 ) V ’  (3?)

or

T’ O J7~ (91)

where C.- is the temPer-l ine c~alibratior. facto-n in °C/yolt.

so 

‘-~~-— - -~~~~~~~~~ ~~~~~--- ---~~~~~~~~~~-- ~~~- - ~~~~~~~ - -



V e l o c i t y  sensors  c a l ib r a t i o n:  care  a c c o mp l i s h e d  in a

wino tunnel -cuing the Hot ~;±r-~ Calibrator TSI 1915. in this

rr~-ce:s , a :~n- c-wn wind velocity is b l o w n  across ‘she wire and

the conr-es~ on ding —soltage output is recorded. The sensor-  w i n d

~
pee-d is civen by

V~ = 1
2 + b (39)

where V is the h o t - f i l m  v c lt e oe  output and U is the mean wind

sn eed  fo r  ann’ g iv e n  l evel .  The c o n s t a n t s , a and 5 , ar-c t he

c a l i b r a t i o n  curve  s lope  and i n t er c e p t  r e sp e c t i v e l y .  The con-

s t a n t s , a and  b , were  -der ived  in the  lab.

To -conv ent  the vo l tage  BID levels to velocity u n i t s

re-;-uire: a ca lior -a : io n  f a c t o r  g iven  by

2 37’ (sO)

wh e r e  C is the calib ra t ion  fa c t o r-  in r n / s / v o l t , 7’  is the

voltage fluctuation , and U’ the velocity fluctuation.

Ifferentiating Vaua t!cn (39) yields

( 5 7 ~~~~ 2 / ~~~~~)  7~ (°l)

which when substituted into 91uation (I) yield s

C ~
VU’2/a (91)

The s~~-spe of the  p~~ot te -d  c u r v e  :;melds the  va lue  ocr  a on toe

above ecua t ion .

‘- ~~~~~~‘
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C. AN ALYSIS  P R O C E D U R E S

The data were edit ed  for gross errors or inconsistencies

due to known i n s t r u me nt a tio n  m a l f u n c t i o n s  or l i m i t a t i o n s  of

i n s t r u m e n t s .  An example of l i m i t a t i o n  on i n s t r u m en t s  is toe

r e lat ive  wind  d i r ec t i on  being g rea te r  t h a n  30 0 o f f  t h e  bow of

the  sh ip . E a r l i e r  exper iments  have shown t h a t  when t h e s e  con-

d it i o n s  exist , the winds are greatly influenced by t he  s h ip

and t h e r e f o r e  are of l i t t l e  value to the  exn er imen t .

The c r i t e r i a  fo r -  e v a l u a t i n g  or d i s c a r d in g  — data Sr-am in-

-d ivi -dua l  l eve ls  or fo r  en t i r e  i n t e r v a l  - d e p e n d e d  on p e r - f --sr -mars -s c

chec)c r e su l t s  o b t a i n e d  d u r i n g  measurements , o b v i o u s  incons i :-

tencies , and the a v a i l a b i l i t y  of f l u c t u a t i o n  ‘ ua ta .  Sin ce me an

w i n d  U , mean t empe ra tu r e  ‘1, and mean h u m i d i ty  ~~~~, are e xp e c t e d

to var’~ l oga r i thmica l ly  w ith  hei ght , these par~~mete rs  ;-;er--o

p l o t t e d  for each time period ‘using the 1DM 360 anc :~Bi F91’IBI;

rrogram FL-I l?. .A best fit straight line was dra-cn to the data

poin ts. (See Figure 12.) This procedure was very sub~~e-c:i-:e ,

b u t  was intended to further refine the data by detectin: more

ob vious -discrepancies and determining if the data Si-i indeed

vary logarithmicall’~’ with height. Cr-adient values of the

Parameters useco in actual computations were evaluate-i using a

least square fit. By means of the subjective rro-cedure , i t

was d et e r n m n e~ tha t  the h u m i d i t y  sensc-r at t h e  second  lev e l

was reading tco low during most of the experiment . (lee Fi:’or’e

l la .)  This  error was -correct-e d f o r -  the  l ea st  soycara f i t  t o

ass i gning the second level the s ame value as l e v e l  tnr-ee .
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Fig. 12. Typical profiles for a) specific humidity - 25 Se::
75 (0105); b) temperature — 25 lept 75 (0250); and
c) winds — 25 Sept 75 (0551),
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I V .  PES ’9L T 9 ,

A. ~~2 RESULTS

1. Gradient Description

A comp ar ison -of 363 overwater 912 ar_ c :r:file result :

with the overland emp irical expression , Eduati-o n (22) , appear-s

in Figure 1 3 .  The distribution predicted by E;uaticn (22) is

the solid line . The circle s are mean -dimensionless tempera-

ture struct ure function parameter (91SF?) results over- . 5 -0

Richard son nunther (RI) intervals. The Standard deviation

correspon ding to each mean value app-ears a: ‘,‘erticml lines

-on which the number of values defining the mean annear- :.

nificantly , these results represent more than a fdctor of 3

(368 versus 119) of those presented previously . (Davidson ,

et al., 1976 ). However , the mean DTSF? dis tribution changed

very little between the two sets . Larger OTS-EB value: for

the over-water regime for near neutral and stable conditions

(RI > — .5) can be qualicativels’ related to the wan- c influence.

Dc-creased DTSFP values for unstable conditions (D i  < -.5) are ,

per-naps , associated with aerodynamic smooth s-r op e r -t i e s  f-cr’

toe sea surface during Img nt wino conditions .

A curve describing the observed data was oh :a i r,e -u

using a best fit polynomial analysis. The r-e:ults of th i T

analysis were
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2 2.37 (.7~~+Ri )
5
~~~ Di > 0 (-.3)

2 0.56 (.2L++Ri ) 2~~~~~ 3 —i. :s < ~ < o

(0 - . )

0.2 Ri < —1.2 5 (uS )

lo0~
6O~’

40’ -

- 48
20k- -
10~’ W~r,gaard et al

3 00 - 2 0 0  -100 00 00

Fig. 13. Overwater results for 191FF versus Richardson
number.

The in t lu e n c e  o: tn e  waves can be our-tner examone.o s-mr

t h e  bas i s  of o b s e r v e d  hei gh t  v a r i a t i o n s  -of - T~~~
. Simla r i ty

S
::~~or-~ precoct: t:nat 01 ha: a height ‘.ar-ia::on wh o ch  depero:

on stacility which was discussed by ‘o,v n~~:ard et a l .  in -c:n—

jon-onion with an examination of Equation (12). Since 91
4

independent of hei ght in the surface l ever- , L - ~ a t i: n  (12)

y ie lds  the following general- predictions f-o r the  v a r i a t io n  of

CT
2 with height b-aced on stability .

a. For near neutral condition s , ( /L  0), C.,~

creases wi th h e i ch t  as ~~~~~~~~~‘ D-1ua:i-:n (91) hec:n~ s

-, - 2 ,— 9/3 -— T.•:

4)
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b . For on:na:le conui:ions (:/L < 0, 3ua:i:n (13)) ,

4m decreases me re r a : id l ’~ ~~~~~ :oei::s: t:ar~ 
— 2 /P

If  — 9 1 / b  >> 1, 791 w o u l d  -decr-euce w ith nei ght as

— , sonce ut’udt000 (1.. ) _-e- :o rr,es

91/3 “ -3 2 :/3 (~~~~)~~~ :
“
~~~ (-.7)

with T
213 /ke (~~~~)~~~

3 in-d enendent of hei ght.

For stable condition-s (:/: > o ) , C~~
2 w i l l  decr--ca:e

- . , -w uto OCigOt ,.ess r-iPiO .v tn an . sonce

913 —
2 91 -~- . 3 - 

~ [l+ .75 ~
) (:3)

and the term in br - co-c t : increases with increas—

1,s_ . . o  
~~~~~~~~~~~~~~ 

—

The x c ’ s  u n i l u e n c e  can also be seen  in h e i s -h t  n e r s u s

CT 2 or 9 12  (-ccm::ted fr-c m 01 values) result : in Fi g :re: 15

and 15 respectively . 91 Flour--s 1~~, the feature which suog-es::

- . ~~~ . - - - . —2 /3 - -toe wave in: ~. cence os :ne cepar-ture zr-cm nne heogn : cos_

tnibution a-s the :unfa:-s is approache . 91 the upper three

levIs C T
2 ann ears I: f i t  a :_ 2 / 3  - d i s t r i b u t i o n , ou t  as the

surface is aoproacbed toe distribution a:rear-s to be better

- .‘ - ~~ /3 ‘ - ‘ . -  . - -
-u er:re: by a r.eoght :i:tr-louts-o rs . ~n rog’ure is , a

simolar change is cbser’;cC. The u pp e r  levels appear to fit a

:is trib u~~i Sn for but ts - ~ s r5 ac e is a rn o

a’3:-cc~~:L91 at the on-a m-~~~r l ev e l,  toe  C~~’ 
- .~ i -a~’pec’-

mt.

F-urtner evidence or wave inf lu - -nce on Cl a::e~~m’: in

join t prohabi ,lit’,’— i - -~nditi s m i a l  ro- ’~ ‘Cs .2 to  -of t h e  n o r -m a l ’, ce .
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I

t e m p e r a t u r e  v ar i an c e  ( :-~. /T. ..)  :ve r w~~v-c s in Fi gure  16. The

r e su l t :  and t he  m e a s u r e m en t s  y i e l d i nr  : rsc m have  bt~en 91—

- . . , , 2~~ ~~~ . - ‘scr ar ed 1av~~~scp (~~ ) -~e 
v at ( :~.. / ) ,:

lv related to the 291FF, d e f i n e d  br  ~ v n g a ar - d , et al. (9171).

91 Fi gure 15 , t h e  vertical axis variable (C/U .’:) defines wa’~’~

influence c-n o91I..., C is the phase steed c-f r -r e v a i li n c  :wei I ,

cs the bI o r . o n — C b u~<hov s t a bo l at y  ler .g tn .  Toe r e s u l t s  were

obtained under- stable conuitions . The d i a g o nl  o r i e n t a t i o n

cf  the contour-s of the n umber join: occurrences provide:

0-u c l it a-z ive  evidence that the waves ’ influ ence (C- U..) on

s- T/9 1, hence  the  ITS?? , is as s ign i f i c a n t  as the stabilits-

infThenc-a (911).
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2. R ulk Aerodynamic

Results ob iifl’:-d : m’~ m oralvoes 91 :h c-ulk ~~~r ’: - s’ - . - n r ni c

s’ srcub es , -pua:i ’n (91), rr’c c :nn-a: -~u tb -c t1v n oa~ r~ en

- u r’- - - in Fi cu ac I’-’ . Ihe  9 1 t t er -  is t h e  s o l i d  l i ne .

oe c~~m’:Ie: ~re n- ic, dsnoos -si~ - n _ e s -s 5:r-sct’u r -o 0 0-Ot l - : fl pir~ —

meter re sult- s o ve- : ~..7O H i nt - ’:’n’aI-s. Stanu-rr-o -d-e ’-.’ia: i-on:

corr-es:cnuinc. to :n’e~ n -: 
~1 .- --s aP p e ar  -as vertical IIOCS and to:-

o crr :-er- at c - c  toece v’~m - r. ~~~~ I in~~s indicates :h- nu m b e r  of

val ~.er; jefiolo - e :ho~. : : .  . ,0r5er -
- 91ues or : 02??  ca- c as

to to - c.’ a :e  ~o :l- :enc e ~s ex p l a i n e d  e~~r l i er - .

The 911 ~~~~ we:  - a v a l s~~t-e d for- t h e  bulk aem- -odvoamic

expressions -~oin~r a best :it p-oln’n :mial analysis.

2 .03~~(.652+H)~~
1.72 Stable ( 5 )

— . 5 -  ‘ - - -‘
2 .3 4 _ ( . - ) _ J — ,’.) Unstao- e (591

Three  p o i nt s -  f ro m  an a n a ly s i s  by F r i eh e  (157 6) apr ear

in Fi gure 91. A si~~nifi oan t as:-ect of Fr-iehe ’ s analysis of

cn’ci 19191 -data was the ~x o lu c  ion of 291 data  f r o m  tem:er-a: ur e

f l u - c  t - ia:ion r - - e c o r - u s  wh i c h  c o n t a i n ed  Icr - so  nu r r r b e r s  of  sp i k e s

e : -:h ib i-t ins  :‘am : li\ e  s ign a t u r e: , a: shown in Ficur ’:  13. Th is

led to a s ion i f i c a n:  r e d u c t i o n  in t h e  a m o u n t  of -data ‘used in

h is  - co mp ar i s o n .  SasC d on oo- :er-vations by H i c k -s ( 1 5 7 2 )  an d

hy : ot hesi s  or Sc:rmctt et c,. (91 91 , rs-~one att:’:o-cted t O O

occ u rr ence o r toe s::~~es to :a~ t :r’sc~ e1 aconrru ctccn: S:’~ toe

‘,.;-res vito ss::ecuent c, erroneous lv sen s e d  t e n ne r e t ur e

c h an ce s  by the :y:~~ ’:: as vat-e r vapor is a b o or t - r u  or is

evam’:r’~ t~— d on ‘s-c s-~ .tnrs - : ,e:

a -
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: : 9 1 ~: 91 : : t j -:
W - vertical veloc ity : ‘ - - ho: : ‘, :: -‘5 rn/sec - 

UP

6-temperature (co ld w i re ) ~~~~~~~ - 
f 

~~~~~COId

- - 8 - temperature (therm istor ) - 

- 
, ‘ - -

- q - water vapor density - - ‘  - 
- 

- - - 
t 

- - - - -

(Lyman -a) 
~ 

wet 

- 
— 0. 8 g / m ~~.~~91

- uc~~ —~ 
- 

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

~~~~ Z~~ ~~ ;T dry 
-

Fig. 13. i’ime series showing “cold spikes ” in the
temperature field under stable conditions .
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The occurrence and nature of the suikes were  also

e ‘~e. ~~~~~~~~~~ data col1ecte~ a a ~c~-~~: 5 2 a i s d s~c

a~~d T h f l e  (
~~91_ ) 91 ~~e 1~ pccuces ra~ o s~~~~a~~~:es _n

temperature traces observed o’;er- ake Hi-ohigan -caere sal:

accumulation p r o b l e m  w o u l d  no t  be a factor. Therefore, the

r-amr signatures is poss :blv cue t-c c a s t - o r - s  a s socoated  ws:h

th e  nat ure  of the shear- f l o w  itself. Cr t h i s  basis there

old not ar-r-ear - to be s u f f i c i e n t  e v i d e n c e  to discard -data

w it h  sp ik e s  w i th  r -amr si gn a t u r e s .  Ct  is not  bel i eved  ohat

t h i s  d a t a  being inl’uded in t h i s  s t u d y caused the  s i g n i f i -

can t  d i f f e r e n c e  b e tw e e n  the  p r e d i c t e d  ~ vngaa r-d  c u r -v a  and the

o b s e r ve d  -data c u r-t i e .

A contr-adicticn occurs between results in Fi~~ur -es 13

~0and 91 r~ 91g~ r-e 91, g i e ~ t- e sa~ e Z a-~d -
~~
- va~~~es for

:otn reg :mes , t ne  ~ l-ot:ec -cur -ties p r C O i C t  a hocher va~ ue or
2 -  - . - — ‘ - -C~ :cr toe over-wa-tar- reosme m r  a: > - . 5 )  coo a h:zner- ‘:auue

of 91” in toe overland regime for- 91 -.5. On the other

han -b in Fi gu re  17 , g iven the same and IT va lues  f-o r both

r e o l me s , the p lo t t e d  cu r-t i e s  p r e d i c t  a h i gh er  v a l u e  of Cl in

the over-water regime for H < 1.5 and a hiober- ,‘-lue of

in the overland regime f-o r H > 1.5. Since 91 and H are -:-or--

r e l a t e d  they should predict basically the same result. How-

ever , a: is seen in Fi- ;ur es  13 and 17 , the o n ly  m ’aoces w her e

they  co r r e l a t e  is the  near n e u t r a l  range .

In  o rder  ~o e xp l a i n  t he  reason f o r  t h i s  -contradic-

t i o n , v a l ue :  of Fl were t o t t e d  versus  values  of H , Fi gu ’re 2 0 .

The cir c les show over age .‘alues of hi for H intervals of 2. 7.
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Since I l L  is correlated w i th  H , a similar- relationship

should be seen between 1: and Ri as exis ts between I/I and Ri.

The dep ic ted  curve  is s imi lar  to the  l a t t e r  r e l a t ionsh ip.

The conc lusion is that the expected correlation existed be-

tween -these two stability parameters.

A second possible  reason for  the  con t r ad ic t ion  is the
2 /3 2re la t ionsh ip between Z /~~T

Land l/Z (~~Oi ~~z)  which norma-

l ize  912 in the ITS??.  Hean va lues  of the  fo rmer  ve r sus  the

l a t t e r  ar-cear in F i g u r e  21. There  should be a positive cor-

relation between toe two and thas occurs on~~ for large va~ ues
- s~/3~~ 2 - _  - - -a: 191 (91/az) . For small -;a_soes or the latter tnere is ,

hcwever , a negative correlation. This  result indicates that

the two parameters are correctly correlated when small tem-

perature gradients exist , but are Oct when the cradients be-

come large . The contradiction is 12-tely t o  be due to t b-c

of acc-or -a te lv  d e f i n i n g  the  bulk  t empera tu re  9111cr-coca,

IT.

o FI SUITS

1. -Cradien t Description

-:omparison of the observed s results and the cur’,-’e

b- coed on Equations (23) and (214 ) is shown in Figure 22  where

Oh s predicte-d curve is the solid line. Averages over Ri in-

:-cr’zals of 25 os observed data appear as small circles.

The error bars are standard d~ vic tions from the me -an

each interval. The number of observations d e f i n i ng  each

team value is at the top of the error b-ar-s. The si gnific ant

d i f fe r e n c e  b e tween  the predicted cua -v - - a . the observe-i oa t :
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for RI .20 is expected on the basis of Ecuation (23). Fur

F-i > .20 the equation is no longer-  va l id  since t e r m s  in toe

expression bocorne infinite.

An examina tion of E q u a t i o n s  ( 13) , ( lu ) , and (15)

with the knowledge that U.-.
3 and L are i n d e p e n d e n t  of hei ght

in the sur face  layer y ie lds  th e f o l l o w i ng  gene ral prediction

for the variation of c wi th height:

a. For- neutr-ai conditions , (/l  0), c wi l l  decrease

with height as Z~~ since auation (15) becomes

u...3
-
~~~~~~~~~ :~~ (51)

b. For stable conditions , (Z/L > 0), c wi l l  decrease

less rari-bly with hei gh t  toan ~~ since Equation

( 15) become s

u.~
3
Z~~(l+3.7 I/L) (52)

c. For unstable conditions , (I /l < 0 ) , ~ will de-

crease less r ap id ly  ~;Ith hei ght  than  s ince

qua t io n ( 15)  becomes
- . 3

:~~~(l—15 :/L)~~ — : 1 1  (53)

The quantity in brackets increases with increas-

ing hei ght. This inor ease is less than for

stable condition:. So t h e  decrease of c w i t h

hei ght for- -unstable condition : is less tb -a n t h a t

for stale c-:nditi:-ns .

-- 
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Results in Fi gures 23 and 20 indicate t hat  under near neutral

con d i t i o n s  C f i ts a hei gh t distribution quite well.

There appears to be no change in the height oistr-ibu :ion as

the surface is approached as there was w i t h  CT 2 .

2 .  Sulk  A e r o dyn a m i c

Results obtained from analyses with bulk aerodynamic

v a r i a b le s  aopear  in Fi gure 2 5 .  The predic ted curve is the

solid l ine , wh o l e  the cor-clas are mean nom-domensa-onal c re—

s u I t s  over  :-< intervals cf 1.0. Again , standard deviations

corr espondi ng to mean v -clues are vertical lines and the

num ber- above these lines indicate the number  of values  defin-

ing each mean. The correlation between the  non--dimensional

o val ues versus X , as described for Z/ by Busch and Fanofeky

(1969) , is cuite good.

C. c~~ RESULTS AT REGINS 9107: SURFACE I~~7ER

A Cessna was used in this experiment to extend the data

base beyond the height of the instrumented towers . Hei gh t

-distribution of 91
2 values as exrressed in Equation: (06) ,

(~~7) , and (05) , have been shown to be valid to hei ght above

~~U O 9  me ters (Tsvang, 1963). Figure 26 shows that a

distribution exists , indicating stable or near neutral condi-

tions , from lowest level to about 100 meters. Above 100

meters , there is a rapid increase of CT
6 values.

Frisch and Ochs (1975) suggested that i f  the  h e i g h t  of

the inversion base , 91, is another relevant sc-cling parameter ,

then proceeding in a manner similar to that -of ~‘in ,g a~ rd et ci ,
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Equa tion (~~7) could  be m o - d E f i e d  ,-jItt: a:i Iditiorial non—dimen-

sion al f un ction , G (Z/~~~). quatio/n (~~7) then becomes

c 2 ~ ] ( ~~~~/ )
2 / c( v O r ) ~~~~/ 3 2~~~

4 / O  O( ) ( : )
T -~~~-

1

where G(:/:~~) 1 for I /Z ~ << I in ord er t o  b a ,’e eua t i-o n

(5~~) reduce to Equation (~~7) in the surface layer-.

Frisch and Ochs found a significant departure from a

law for- -~-alues of / .  > 0.1. This indicates that the atocs—

ph~~~e is no longer- in the “free ccnvection ” reg ime , but is

affected by the lid on the convective layer at I
~~
. This

e f f e c t  would r e s t r i c t  the in tegral  scale of the  t u rbu l en t

temperature fluctuations with height compared to the free con-

vection value . In addition , because of the layer scale

circulation and mixing, the temperature variance should be

greater than the free convection variance. These effects

will increase the value of 91
2 relative to the free convec—

-7
ticn pr-c-dic tion. Figure 26 shows the rapid increase of 0T

v a l ue s  as the i nve r s ion  is ar r -r - oa c h ei .
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V . CCNCLUSIDNS

Application of formulated overland expressions in the

overwater regime showed a significant difference between ob-

served CT overwater  data and over land p r e d i c t i o n s .  This

d i f f e rence is a tt r i b u t e d  to the wave i n f l u e n c e  for  near

n e u t r a l  and s table  c o n d i t i o n s  anc to the  ae rodynamic  smooth

Properties of the sea s u r f a c e  d u r i n g  li ght  wind pe r iods  for

moderate unstable conditions. The formulation of these ov~ r-

water curves wi l l -  great ly  ~snh anc e  t he  Navy ’s ope ra t i ona l

ability to describe the marine boundary layer and its in-

fluence on the optical wave propagation.

In comparing the DTSFP overland and overwater when plotted

against Ri and then versus X , signifi cant differences were

noted.  Conclusive exp lana t ions  for-  t h i s  d i f f e r e n c e  cannot

be g iven in t h i s  s tudy . There fo re , reccmmer .d tha t  se r ious

considerat ion be g iven to an i n - d e p t h  e x a m i n a t i o n  of th i:

significant feature .

Correlation of non-dimensional C values with the stability

parameter , Ri , showed agreement  be tween  r e su l t s  and predic-

tions . For Ri > . 20 , the the ory is not valid and therefore

there was very poor correlation. Any attempt to describe

the normal ized C for  Ri > . 2 0  in the f u t u r e  w i l l-  r e q u i r e  an

express ion which w i l l  remain  va1i~ f-o r a l l  va lue s  of R i .

CT
2 results appear to be described I the s~ me hi gh -di:—

tribu-tions up to levels well above the surface- I iver ,

approx ima te ly  60 °~ of the distance to the m a r i n e  ~n v e r 9 1 c n .
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