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1. MODELING THE REFRACTIVE INDEX STRUCTURE PARAMETER
IN THE MARINE PLANETARY BOUNDARY LAYER

0,

1 .1 INT R ODUCTION

At the reque st and under the sponsorship of the Navy 1 s High
Energy Laser (HEL) Program Office , the Naval Environmental
Prediction Research Facility (NEPRF) hosted a Workshop on Modeling
of Refractive index Structure Parameter , C~ , in the M arine
Planet ary Boundary Layer. Appendices A and B are list of attendees
and the agenda at the workshop.

NEPRF proposed a prelimi nary C~ model to serve as a strawman
for discuss ion at the workshop. The model is included as Appendix
C. The workshop participants reviewed the components of the
preliminary model , and suggested modifications to improve the
model

This document summarizes the modified C~ model , and presents
a state of the art review of marine planetary boundary layer
modeling. The document represents the consensus opinion of the
workshop participants .

1 .2 HEL PROBLEM

1 .2.1 Atmos p heric Effects on HEL System Performance

Atmospheric conditions degrade HEL system performance by
reducing fl uence on target in a variety of ways ; aerosols and
water vapo r absorb energy ; aerosols scatter energy out of the beam
p.~th ; atmospheric turbulence spreads the beam fluence; and atmos—
pheric turbulence also causes the beam to wander off its intended

target. Fi gure 1.1 is a schematic representation of these four

effects which are shown separatel y and sequentially in the figure.

In nature , each effect occurs simul taneously along the beam.

The aerosol and water vapo r elements of the problem are being

considered elsewhere within the Navy R&D comm ”nity . Consequentl y,

these elements were not addressed at the NEPRF worksho p, nor do

we consider them in this review.
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1.2.2 Turbulence Near the Sea Surface

The Navy is d e v e l o p i n g  l ase r  sys tems  for sh ipboa rd  o p e r a t i o n .
From a s h i p ,  a l ase r  cou ld  be f i red  h o r i z o n t a l l y ,  v e r t i c a l l y  or at
any angle. In the first case , turbulence near the sea surface
degrades the beam. In the latter two cases , turbulence aloft as
well as near the surface can degrade performance.

The degradation of system perfo rmance is caused by turbul ent
fluctuations of refractive index , weighed nonlinearly toward the
transmitting end of the propagation path. Therefore turbulent
conditions affect beam quality more when they are near the sour ce
than similar conditions near the target. We call this range
dependence. System performance calculations take range dependence
into consideration.

For a surface based laser system , range dependence makes
turbulence near the ground degrade system perfo rmance more th an
tu rbu lence a lo f t . For th i s  reason and o the rs  to be e l a b o r a t e d
upon later , we focus upo n the atmosphere near the sea surface. We
call this reg ion the marine p lanetary boundary layer (MPBL)
(Fig. 1 .2 and 1 .3).

1 .3 TECHNICAL PROBLEM

There are two elements of the techni cal probi em that must be
recognized by the reader o f  this report; (1) the turbulence param-
eter that is related to HEL system performance is the refractive
index structure parameter , C~~; and (2) C~~, like many meteorological
parameters, behaves differently near the surface , in the MPBL ,
than it does aloft in the free troposphere.

1.3.1 Refractive Index Structure Parameter ,

The structure parameter for any atmospheric variable is a
measure of the turbu lent  f l u c t u a t i o n s  of that  v a r i a b l e  over  smal l
distances. For HEL systems , the atmospheric variable of interest
is r e f r ac t i ve  index , and the s t ruc tu re  parameter  is C~~. C~ is

defined by:

C~ = [n(x+r) - n(x)]2 r 2”3 (1.1)

~
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T E M P E R A T U R E

MO I STURE

FREE ATMOSPHERE

I KM- MARIN E INVERSION

Fig. 1.2 Schemat ic  Marine Atmosp here Tempera tu re  and Mo is tu re
Structure . The vertical scale is non - linear to allow more
detai l  in the marine p lanetary  boundary layer  (MPBL) .  The
MPBL is •typically approximately 1 km thick , we ll mixed as
evidenced by constant mixing ratio and capped by a stable
mar i ne i nvers i on a t a he i ght Z. . The free atmospher e extends
from the mar i ne i nvers i on to t~ e tropopause and Is charac-
t e r ized  by minimal turbulent mixing.



FREE ATMOSPHERE
zi

UPPER MPBL

— — — — ~~~~~~~~~— — — —  — —  — — — — —
SURFACE LAYER

Fi g. 1.3 Marin e Planetary Boundary Layer (MPBL). The surfa ce
layer is appr oximatel y 10% of the MPBL and is a region of
su r face  forced m i x i n g .  The upper MPBL is i n f l u e n c e d  by both
surface forcing and free atmospheric effects. is the
height 0f the marin e inversion that caps the MPBL .
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n(x+r) and n(x) in (1 .1) are refractiv e index at points in space
sepa ra t ed  by a shor t  d i s t a n c e , r, and the o v e r b a r  repres ents  an
average over enough tim e and/or space to obtain a statis tically
stable samp le of fluctuation. In the a t m o s p h e r e , the averaging
time for such a sample is approximately 30 minutes for a fixed
point measurement.

C~ then describes the intensity of refractive index fl uctua-
tions over a range of the size of turbulent eddies. The eddies
affecting laser propagation most are determined by laser wave-
length s , beam diameter , and beam range . For the present candida te
system , the eddy size is roughly 10 to 20 cm.

Refractive index , n , is a secondary atmospheric variable
that is derived from a combination of the primary var i ables
pressure , P , temperature, T , and water vapor pressure , e. The
exact combination of the primary variables required to compute
refractive index depends upon the wavelength of the energy being
re fracted. In the case of a laser or any other opti cal system ,
the equation for refractive index is by

n- l = A 1~~ -~ + A 2~ (1 .2)

where

A 1 = 78.7 X 1O~
6K mb 1 and A 2 

= 66.3 X l0 6K mb~~

Since refractive index is related to temperature and moisture,
the fluctuations in refractive index that compose C~ are similarly
composed of fluctuations in temperature moisture and pressure .
The effect of pressure fluctuations can be neglected. The
fluctuations of temperature and moisture are described by tempera-
ture structure parameter , C.~., moisture structure parameter ,
and a structure parameter relating the two called temperature/
moisture structure parameter , CeT •

The relationshi p between the individual component structure

parameter and C~ is

2 _ c 2 B 1 ’ 1 3n i T  + 2 T e  3’~eT

6
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where B1 , B 2, and 83 are functions of temperature pressure , vapor
pressure .

O v er the range of norma ll~y o b s e r v e d  v a l u e s  of the v a r i o u s
structure parameters , C 1 is the largest con tributor to C~~. Ove r
land, where moisture sources are more remote and relatively small ,
the contributions by C~ and CeT are neg li gible.

Most observational studies of the structure parameter have
been made over land. Consequently, of the three structure param -
eters , we know the most about C~~. Because the contribution of the
other structure parameters is negl i gible over land anyway, C 2 is
solely determined by CT over land (e.g., over White Sands Missile
Range).

O ver wa ter , h ow ever , the con tributions of the moisture
structure parameters are si gnificant. When we desire C 2, we can
observe and/or calculate CT and then adjust it for the contribu-
tion made by fluctuations in moisture .

1 .3.2 Atmospheric Layers

The marine atmosphere is composed of two layers; the marine
planetary boundary layer , previ ously defined as the MPBL , and the
free atmosphere. The MPBL extends from the ocean surface to a
stable region typically about 1 km above the surface that we call
the marine inversion. The free atmosphere extends from the marine
inversion to the tropopause , another stable reg ion at a height of
approximately 15 km. Figure 1.2 shows a schemati c marine atmos-
pheric temperature and moisture so unding showing the MPBL , marine
inversion, free troposphere and tropopause.

1.3.2.1 Free troposphere

Motion in the free atmosphere is controlled by large scale
temperature gradients . On the global scale , a i r  r i s e s  near the
equator , cools as it moves north and descends  in the mid la t i t u d e s .
On a synoptic scale in the Northern Hemisphere , air moves clockwise
around and descends in hi gh pressure systems , and moves counter-
clockwise around and ascends in low pressure centers.

7

- -



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

..-. - -.—~ -~
---. -

~~~

Surface effects exert little or not in fl uence on motion in the
free troposp here. With the exception of cl ear air turbulence
(CAT), there is little atmospheri c turbulence in the free tropo-
sphere . Tur bulent fluctuations of refractive ind ex , are weak in
the free trop osphere and consequently C~ values are low in this
region , except possibly near CAT. Since CAT accompanies strong
wind shears and sharp temperature discontinuities , CAT occurs less
than 20% of the time.

Po tential Navy HEL weapons are intended to operate from
sh ip s.  S i nce tur bu lence  effec ts on H EL systems per for m ance are
range depend ent, MPBL turbulence is the primary turbulence influence
on laser propagation , while effects of the free atmosphere are
minimal . For this reason , the NEPRF workshop considered only MPBL
turbulence. The workshop did not consider free atmosphere turbu —
lence nor will we revi ew It in this report.

We suggest , h o w ever , that a search be made of the literature
to confirm the conditions for low values of C~ in the free tropo-
sphere and that HEL system perform ance calculations of the effects
of different levels of C~ at free troposphere distances from the
weapon be made to conf i rm the bas i c  p remises  upon w h i c h  we exc luded
the free troposphere from this report.

1.3.2.2 Marine planetary boundary layer

In contrast to the free troposphere , motion in the MPBL is
only w e a k l y  infl uenced by large s c a l e  tempera ture  d i s c o n t i n u i t i e s
and is h e a v i l y  infl uenced by surface effects . The primary surface
e f fec ts  are hea t ing  or coo l i ng  and f r i c t i on .

Surface effects cause the PBL to be hi ghly turbulent.
Surface heating causes buoyancy generated turbulence and wind
shear causes mechanically generated turbulence.

The MPBL can be d i v ided  Into a layer  in immedia te  c o n t a c t
w i t h  the s u r f a c e , ca l l ed  the su r face  layer , and the layer above
that up to the marine i nve rs i on , c a l l e d  the upper MPBL . The
surface layer comprises approximately 10% of the ~4 PBL and experi-
ences almost no free tropospheric influence. The upper MPBL can
be thought of as a transition layer between the surface layer and

8
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the free a tmosphere , where  both su r face  f o r c i n g  and synop t i c  scale
features influence C~~. Figure 1.3 is a schematic represen tation
of the mar ine PBL s h o w i n g  the r e l a t i v e  depth of the s u r f a c e  layer
and the upper MPBL .

1 .3.2.2.1 Surface layer. Scaling laws relating C~ to bulk
meteorolog ical parameters in the surface layer have been success -
full y studied for a num ber of years and are w ell defined.

Section 2 of this report describes surface lay er scaling laws
and de scribes a sequence of calculations to comp ute C~ from shi p-
board measurem ents of air t e m p e r a t u r e , r e l a t i v e  humid i t y , w i n d
speed  and sea su r f ace  or buck et  t empera tu re .  It was  the cons ensus

F of the workshop that  the su r f ace  layer  s c a l i n g  l aws  p red ic t  to a
factor of two . Further refi nement is unjustified because the
accuracy of the shipboard observations introduces the same order
o f  uncertainty into C~~.

1 . 3 . 2 . 2 . 2  Upper MPBL. S c a l i n g  laws  in the upper MPBL are on ly
q u a l i t a t i v e l y  kn own . Many of the r e l e v a n t  phys i ca l  p r o c e s s e s  that
contro l  tu rbu lent  f l u c t u a t i o n s  in the upper MPBL are unders tood ;
h o w e v e r , s e v e r a l  are not .  The l a r g e s t  unknown infl uences are
those that feed down from the free atmosphere.

In the upper MPBL , two avenues  of a p p r o a c h  are a v a i l a b l e  to
link C 2 to bulk meteorolog ical variables: (1) scaling laws can
be developed to the point where they are as well accepted as those
in the surface layer; or (2) scaling laws can be abandoned in
favor of dynamic models of the upper MPBL that calculate C~
directly from f i r s t  p r inc ip les .

Chapter  3 of th is  report  desc r i bes  the cur ren t  s ta tus  of
both scaling laws and dynamic models in the upper MPBL . It
conc ludes  that c o n s i d e r a b l e  progress  needs to be made to improve
scaling laws , and to verify , and probably improve , dynamic models

In the upper MPBL . It further conc lu des  that  dynamic models  may
be used to deve lop  improved s c a l i n g  laws  in l i eu  of l a r g e  numbers
of observations.

9
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2. ESTIMATION OF REFRACTIVE INDEX STRUCTURE PARAMETER IN THE
SURFACE LAYER FROM BULK METEOROLOGICAL MEASUR EMENTS P

2.1 INTRODUCTION

Modern turbulence theory provides a good description of
fl uctuations of wind , temperature and humidity in the atmospheric
surface laye r , i .e., the layer of the atmosphere within 50 m to
100 m of the surface. With this theory , the relevant turbulence
parameter , C~ , is related to commonly observed meteorological
measurements , such as temperature and wind , by well accepted
scaling laws . A preliminary NEPRF model that incorporated these
scaling laws in a continental environment was supplied to the
workshop and is included as Appendix C. The following paragraphs
present a summary of the scaling laws and how they are adap ted to
the mar ine  env i ronment .

Paragra phs 2.2 through 2.8 descr ibe  the r e l a t i o n s h i p s  of C 2

to a progress ion of physical scaling laws which eventually depend
on observable meteorological measurements . Paragraph 2.9 describes
the modification of one measured parameter , sea surface temperature
from the bucket measurement , to actual sea surface temperatures.
Paragraph 2.10 summarizes the values of empirical constants in the

— calculation. A method of calculation , with a fl ow diagram , are
included in Para . 2.11. The problem o f  inter m ittency of C~ is
add ressed  in Para . 2 .11 .  Recommendat ions  for the m o d i f i c a t i o n  of
the NEPRF preliminary model are presented in Para . 2.12.

2 .2  REFRACTIVE INDEX STRUCTURE PARAMETER ,

Earlier we have stated that C~ depends principally on the
temperature structure parameter , C~ , with a modification for
humidity fluctuations and the correlation of humidity and tempera-
ture f l u c t u a t i o n s .  At the NEPRF wo rkshop ,  two a l t e r n a t i v e
formulations of the humidity modi fication were presented. The
first , introduced by Wesely, modifies C~ by a function involving
mo lsture and the correlation of moisture and temperature

11
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fl u c t u a t i o n s .  The second approach , introduced by Panofsky ,  uses
convent iona l  su r face  layer s c a l i n g  laws  to d e r i v e  the mo is tu re
modification of C~ .

Both methods lead to a modification of temperature structure
function to account for humidity . When temperature and m oisture
fl uctuations are perfectly correlated , the modifications are
identical . If the correlation is not perfect , Wesely indicates a
smaller humidity correction than Panofsky .

The importance of the existence of two deri vations is in
their independent verification of the maximum change of C~ to F
account for moisture . Together with experimental verification by
Friehe (1977) and Davidson et al . ( 1 9 7 8 ) ,  these d e r i v a t i o n s  jus t i fy
confidence in the calculation of the moisture modification to C~~.

Wese ly (1976) has proposed an approach to evaluating the
influence of humidity on C~~. Using the relationship of the
refractive index of air to pressure , temperature , and vapo r pressure
introduced in 1 .5.1 , he expands the definition of refractive index
structure parameter in terms of temperature and specific humidity

structure functions , C~ an d C~ , and the corre lation of temperature

an d vapor pressure, C
These two e x p r e s s i o n s  are combined to prov ide  C~ as a func-

tion of the requisite structure funct ions and covariances ,

= c~(~4~)
2 ct~

; c&~ = 1 + 2reT[( 
~C

1 
]+[(~~~~~~

i )
e ]  (2.1)

where T i s  mean layer temperature, P is mean layer pressure

A 1 = 78 .7 . 10 6 K mb a , A 2 6 6 . 7  .10 6 K mb~~ and r eT 
=

This relation becomes sim ple when reT 
= 1 , that is e , T a re

perfectly correlated ,

= c~ (~~
.
~)

2
(l + 0.03)

2 
(2.2)

Until reT is better related to atmospher ic parameters , we

recommend using reT equal to 1 and hence Eq. (2.2).

12
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Panofs ky proposed an alternative deri vation. Based on
surface layer scaling laws , the derivation does not explicitly use
the temperature -hu midity correlation , C eT~ but ends with the same
expression as Eq. (2.2). The deri vation is shown in App endix D.

2.3 TEMPERATURE STRUCTURE PA RAMETER

The temperature structure parameter C 2 is defined in a similar
way to the definition of C~ provided In 1.5.1 ,

C~ = [T ( x +r)  - 1 ( x ) ] 2 r 213 ( 2 . 3 )

where 1(x) is the temperature at point x , and the remaining nota-
tion is the same as in 1 . 5 . 1  . In the surface layer , dimensional
arguments first introduced by Monin and Obukhov can be used to
relate C.~ to a temperature scale , T~., a height z , and a stability
function g(z/L),

C~ = T~
2 ~-2/3 g (z/L) (2.4)

where L is the Monin -O bu khov length scale.

2.4 ST A B I L I TY F U N C T I O N  I N

Using a set of careful observations over uniform terrain in
K a n s a s , Wyngaard et al . (1971)  have e m p i r i c a l l y  de termined the
function g(z/L) from measurements of C~ and the scaling parameters
L an d T~~. The results have been tested over water by Friehe (1977)
and Davidson et al (1978). As a result , the following expressions

are recommended :

g(z/L) = 4.9 (l-7z/LY’2”3 (L< O)
(2.5)

g ( z/ L )  = 4 . g ( l + 2 . 7 5 ( z / L ) b ) (L>O)

w h e r e  the exponent b has been suggested either as 1 or .667.

13
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2.5 SCALING FUNCTIONS IN THE SURFACE LAYE R

The Moni n-Obukhov theory describes the surface layer using
non-dimensional atmospheric variables. Physical variables of
length , z, wind speed U, temperature T, and specifi c humidity q
are made non-dimensional by defining scaling length , L , scaling
speed U~~, a sca li n g tempera ture T~ and a scaling humidity Q~ . The
non-dimensional parameters describe the fl uxes of mom entum , heat ,
and humidity in the surface layer.

2.5.1 Monin-Obukhov Length , L

In a dry atmosphere the characteristic length L ORY is taken as
the Monin— O bukhov length ,

T
L DRY g kT~ 

(2.6)

where T is mean surface layer temperature, g is accelera tion of
gravity , and k is the von Karman constant. In unstable air
buoyanc y generated turbulence dominates at level s above -L , while
mechanica l  turbu lence do minates  much be low -L .  The length is
corrected for mo isture by using the Bowen ratio B ,

L = L DRY (1 + 
Q7 1 

(2.7)

The Bowen  ra t i o  is related to the heat and moisture fluxes and is
expressed in terms of the scalin g temperature and humidity ,

C T ~B = ,
~~~~~~ ., (2.8)

where C~ is specific heat of air at cons tan t  p ressu re  and L
~ 

is

latent heat of vapo rization.

2.5.2 Sca ling Wind Speed U~~, Temperature T~ , and Humidity Q~
The surface layer Is character ized by fluxes of momentum, heat

and moistu re which are independent of height. These constant
fluxes are used to define sc aling velocity U~ , temperature T~ , an d

h u m i d i t y  ~~ 



= - T’w ’

= ~J -u ’ w ’ ( 2 . 9 )
= _ -]- I IQ~ U q w

*

where U’ , T’ and q ’ are fluctuations of horizontal wind , tempera-
ture and humidity about their means , and the overbar is an average
among all fluctuations . These scaling v ariables are related to
the vertical profiles of each variable ,

U,,, = kU[ln(~~-) -

= ft (q_ q5 ) ( l n (~~—) - ~Q ( z /L ) ] 1 (2.10)
oQ

T~ 
= ~.(T-T 5 ) [ l n ( y~-—) -

oT

This is the first time that bulk parameters are introduced.
The necessary bul k parameters are wind speed U , normal ly  taken at
10 m he ight ;  air temperature 1, aga in  at 10 m , air temperature at
th e s u r face T~ , taken to be the sea surface temperature; q,
specific humidity at 10 m; and q 5 , specific humidity at the sea
surface. Together with these bulk parame ters , newly derived

parameters have been introduced. The Z0 , ZoT~ and  Z0Q are rough-
ness parameters describing molecular transport of wind , temperature ,
and mois ture  near the sur face , and 

~M’ ~H’ and a re  e m p i r i c a l

profile functions. A new constant R is included in the equations
for temperature and humidity . The value of this constant is
accepted as 0.74 based on reliable field experiments .

2.6 PROFILE FUNCTIONS

We adopt the profile functions , ~p , as formulated by Bu singer
et al . (1971). These functions have been ver ified both over land
and over w a t e r .  These func t ions  are

15
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L< O 1>0

2 2
= ln[(

1
~~ )(i~.) ]— 2 arc tan(x ) + ir/2 “M

x = (l
~ Ym z /L )~~ (2.11)

= = 2 l n 1 
+~ 1~~yH~

. 1 =H L 2 J *H~~Q R L

Constants in these formulations are detc~rmined by fitting the
formulations to data , and correspond best to one particular data
set . Universal constants have so far not been found .

The hypothesis that the ~ are the same for heat and m o i st u r e
is based mostly on measurements over land . There is considerabl e
controversy whether the assumption Is valid over the ocean; but no
better hypotheses are available. Fortunately, in all equations ,
the ~p ’ s are small  compared to the logar i thmic  terms , so that
extreme accuracy in the ~p ’s is not required . Furth er , occurs
only In the correction of L for moisture , wh ich  i tsel f is usua l ly
a small correction.

2.7 ROUGHNESS LENGTHS Z0 , Z01, Z0Q

The molecular transport of momen tum , heat and moisture near
the surface is described by the values of Z0, Z01, and Z0Q
respectively. In the marine environment , the roughness lengths
h ave va l ues on th e order o f 1 mm or l e s s .  T he dep en d ence o f C 2
on Z is included primarily in the function In— , w h ere Z i s
elevation , roughly 10 or 20 meters . Therefore~°C~ is not very
sensitive to errors in Z0, although this p oint should be verified .

The simplest assumption is that all these roughness lengths
are equal . It was judged by the workshop participants that this
assumption is too limiting, and separate treatments of Z0, Z0T
an d Z 0Q are necessary . One possible approach is the technique
developed by Liu (1978). Liu has derived relations between U and
U,,, and the transfer coefficients for momentum , heat , and moisture .
Transfer coefficients for momen tum , heat (C 0, CH, C~ )~ an d mo i s ture
are directly related to the roughness lengths ,

16
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ln(z /Z ) = + 
~.
J M (Z/L )C 0

‘I, ’

ln(z/Z 01) 
= ~~ ~~-~~ -— + p~~(z/L) (2 .12)

ln (z/ Z0Q ) 
= . _!. + ll) Q (z / L)

where z is 10 m. The de r ived  r e l a t i o n s h i p s  are d i s p l a y e d  in
Fi g. 2.1 . The values of the roughness lengths  cann ot  be o b t a i n e d
in clos ed form expressions , and the following technique is
recommended:

a. Z0, Z01, Z0Q at neutral are found direc tly from the
cu rves  of F ig .  2.1 , using the va lue  of 10 m w i n d .

b .  A f te r  s t a b i l i t y  c o r r e c t i o n s  and U~ are c a l c u l a t e d , a new

set of roug hness lengths is found from Fi gure 2.1 using the
roughness Reynolds number ,

z o U *R r = (2.13)

where ~ is the kinematic visc osity of air.

2.8 SEA SURFACE TEMPERATURE , I~
The C~ can now be evaluated in terms of bulk meteorological

parameters , and one other parameter surface temperature , T5 , not
normally observed.

In mos t cases , bucket temper ature , Tw ’ rather than the surface
temperature is ‘~ie~,sure d. We estimate T5-T~ 

from the theory by Liu
(1978). Liu , (Fig. 2.2), gives T5-T~ 

as a function of the wind
speed and the difference between bucket temperature and air
temperature at 10 m hei ght, ~T. In practice , temperatures at any
hei ght between 7 m and 20 m should be satisfactory in place of the
temperature at 10 m.

Liu ’ s diagram is approximated by a set of equations which
should be more usable for computation than his fi gur e . T h ese
equations are :

17
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Fig. 2.1. Bulk Transfer Coefficients at Neutral Condi tions Versus10 m W i nd U an d Rou gh n e ss Re ynolds  Nu m ber R r (L i u , 1978).
The t r ans fe r coe ff i c i en ts are a p p rox i ma tel y cal c u la ted fromw i nd U ;  wh en  sca l i n g s pee d U * and rou gh ness  l en gth Z ar e
found , t r a ns fe r coe ffi c i en ts are fo und from R us i n g°fo r m u l a s
in text. r
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F ig.  2 .2  Tempera ture  D i f fe rence  Ac ross  the Aqueous  Sub l aye r  V e r s u s
10 m Wind for Values of Air -Bul k Water Temperature Difference
1w 1 10 (Liu , 1978). These formulas account for radia tion and
molecular effects in the surface layer .
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Tw
_ T

s 
= .O25~T + 0.1 (U>6 m sec~~~) (2.14)

= O. l~~T + .8 - U(. 1l 7 + .0l 25~ T) (U<6 m sec~~~)

where the temperature is in °C and the w ind speed in m sec~~

2 .9 EVAL UATION OF CON STANT S

Certain empirical constants were introduce d in the defini tion

of s c a l e d  q u a n t i t i e s , the v e r t i c a l  f lux  p r o f i l e s , and in the C.~
sta bility function. These constants depend on the par ticular data

set from which they were determined , and there is no uniform
agreement in the literature on the best values of each. In
choosing the constants , a set of values corresponding to one
particular data set should be chosen because the cons tants are
interdependent. Table 1 provides the ranges of the various
constants for use in a C~ model together with the recommended
value that emerged from the NEPRF workshop.

T a b l e  1
Constant Ran ge Rec ommendation

For Scaling Func tions

k 0.33-0.41 0.37
R .74-1 .74

For Profile Functions

15-16 15
9-18 9

8 4 . 7  4 . 7

For S tab i l i t y  Funct ion
b .667-1 1 .

2 . 10 CALC UL A T I O N  O F

The c a l c u l a t i o n  of C~ proc eeds  us ing  the equa t i ons  d esc r i bed
in Paras. 2.2 through 2.8 and the constants give n in Para . 2.9.
The step-by -step procedure is as follows :

20-
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a. Mo dify the sea surface temperature meas urement to an
actual sea surface temperature value using Eq. (2.14) and 1, T-T

~and U.
b. Set initial stability to neutral , i.e., z/L = 0 and

= 

~‘H 
= =

c. The bulk wind speed determines an ini tial value of
C0, CH, CQ from Fig. 2.1 .

d. Calculate Z0, Z0
.~., an d Z0Q from CD~ 

CH, CQ with
Eq. (2.12).

e. Evaluate scaling parameters U,,,,, T~ and Q~ 
using

Eq. (2.10).
f. Evaluate Bowen ratio, B , using Eq. (2.8).
g. Evaluate Monin -Obukh ov length for moist atmosp here using

Eqs. (2.6) and (2.7).
h. Test if the new L is within 1% of old value of L . If so ,

go to statement 1 . If not , go to statement i
i . Calculate stability functions 

~M ’ ~H’ ~~ 
using Eq. (2.11).

j. Cal culate rougnness Reynolds number Rr from Eq. (2.13).
k . Eva l ua te C 0, CH~ CQ from Fig. 2.1 using Rr and go to

statement d.
Ev a l ua te C~ stability function (g(z/L) using Eq. (2.5).

m .  Eva l uate C~ using Eq. (2.4).
n .  C a l c u l a te C~ using Eq. (2.2).

This  procedure is graphically outlined in Fig. 2.3.

2 . 1 1  D E V I A T I O N  OF C~ FROM E N S E M B L E  MEAN V A L U E

T h e v a l u e s  o f C~ predicted by the surface model are values of
mean turbulent quantities. The equations were derived from
measurements of temperature fluctuations of one turbulent eddy
size at one po int averaged over long periods of time , I.e., 20 to
30 minutes. The laser system , on the other hand , is affected by
tur bu l ence over a sp ec trum o f ed dy s i z es an d o p era tes over  a shor t
time period , about 10 seconds , and over a long path , about 10 km.
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The averagi ng time to obt ain mean fluctuati ons of refractive
index is proportional to the relevant eddy size , and inversely
proportional to the wind speed. In the case of the measuremen ts
on which the scaling laws are based , the eddy size corresponds to
a temperature probe separat ion r , about 20 cm. Therefore the
averaging time, T5 , relevant to the scaling laws is

= r/U . (2.15)

In the case of an optical system , the eddy size corresponds
to a combination of wavelength A and range R. Therefore averaging
time lop for the optical system is

T0~ 
= [AR/U . (2.16)

Wyngaard and Clifford (1978) show that the mean C~ corres-
ponding to the two methods are the same if

T IT = 
~~
-

~~
-

~~
- (2.17)s op 

~~~~~

From this we infe r that a laser beam is affected by a mean C~
corresponding to a model prediction if the minimum time interval

of the laser transmission TTr  satisfies

TTr = T 5T /A R/ l44  . (2.18)

For a laser of wavelength 3.5 jim , and range 10 km , and a model
ensemble averag ing time of 20 minutes , the equation states that

the turbulence model predictio n of C~ describes the turbulence

affecting the system if the laser trans mission duration is at

least 1 .5 sec .

2.12 RECOMMENDATIONS - SURFACE LAYER C~ A SSE SSMENT

Th e s u r face la y er C 2 model outlined here is recommended for
ver ification and use by the HEL program to predict C,~ for within

the atmospheric surface layer (within 100 m of the sea surface).

The model is basically the NEPRF prel iminary model (Appendix C)

with the following modifications :
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a. Model should account for humidity using Eq. (2.2).
b. Roughness lengths for momentum , heat , and moisture

-
~~~ should be treated as different functions , as discussed in

Para . 2.7.
c. Sea surface temperature should be der ived from bucket

sea surface temperature measurement us ing Eq. (2.14).
The humidity m odification has not been verified in the marine

atmosphere . A limi ted field program should be conducted to verify
2 2the recommended modification of CT to p ro duce C~~.

- - —
. 
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3. REFRACTIVE INDEX STRUCTURE PARAMETERS : PROFILES IN THE
UPPER MARINE PLANETARY BOUNDARY LAYER

3 .1 INTRODUCTION

We now discuss methods of computing vertical profiles of
refractive index structure parameters above the surface layer.
In particular , this chapter is concerned with that portion of the
atmosphere between the top of the surface layer and the top of the
marine planetary boundary layer (MPBL). We term this atmospheric
region the upper MPBL .

Chapter 2 presents well -estab l i shed Moni n -Obu khov scaling
l a w s  that yield C~ within the surface boundary layer. The scaling
laws change , howeve r , as one moves to higher altitudes . The
mechanical surface turbulence becomes less important than surface
heating and the influence of the inversion. The stab ility of the

MPBL , fur th ermore , may profoundly alter the nature of the scaling
laws in the upper MPBL .

When the MPBL is stable (L>O) , no adequate theory exists for
scaling atmospheric variables in the upper MPBL . This is an area
of active research; new theories can be expected to emerge. When
the MPBL is unstabl e (L-<O) , there are scaling laws for the upper
MPBL. T h ese sca li ng l aws , h owever , require knowledge of univer sal
functions analogous to the universal function g (z/L) that occurs
in the expression for C~ in the surface layer. These universal
functions in the upper MPBL are unknown currently. The scaling
l aws for the upper MPBL remain q u a l i t a t i v e .

Upper MPBL scaling is detailed in Para . 3.2. In Para . 3.3 we
discuss numerical MPBL models and how they can contribute to the
study of s t ruc ture  parameter p r o f i l e s .  Observa t iona l  data ,
primarily from instrumented aircra ft , are discussed in the
following section. In the final section, we recommend me th ods o f
obtaining a better understanding of C~ In the upper MPBL .

25
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3.2 SCALING LAWS IN THE UPPER MPBL UNDER UNSTABLE CONDITION S

3.2.1 Regions of Validity

The depth of the MPBL Is generally defined by the inversion
height, Z1. In the surface layer , where Z<O.lZ~ , Monin -Obukhov
scaling has been adequately confirmed under a varie ty of circum-
stances. Near the inversion , mixed layer scali ng is appropriate.
In this region , w here Z 1 >Z>-L , the velocity scale analogous to U,,,
in the surface layer is W ,,, and the tempera ture scale analogous to
T~ in the surface layer is 0*, w here

/gHz~_\
1/3

= (
~PC~ T ) 

‘

(3.1)
0 * 

= 

~~~~

and H is the surface heat flux; p, atmospher ic  dens i ty ; and ~~
the specifi c heat at constant pressure .

Between the two regions , the nature of the scaling depends on
the strength of shear production relative to the streng th of
buoyant production of turbulence. When buoyant production is
dominant in the surface layer , characterized by -L<O .lZ

~
, the two

scaling regions overlap. The overlap region , -L< Z< .lZ 1 , is termed
a l ayer o f free convec ti on. Here , Monin- O bukhov and mixed layer
scaling apply simul taneously.

In the other case, where shear production of turbulence is
not negl i gible compared to buoyant production within the surface
layer, i.e., -L> 0.lZ1, no over la p re gion exists. Rather , the
layer O .1Z 1 <Z<-L is a transition region between the M on in-Obukh ov
and mixed layer scaling regions where neither scaling law applies .
T hi s re gi on i s an eni gma i nso far as sca li ng is concerne d . A MPBL
having a free convective region and a MPBL hav ing a transition
layer are shown in the Fig. 3.1
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Mixed Layer Scaling
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S c a h ng

(h) Mixed Layer Scalin g

— — a — — as a a — 5 a -

Transition Region

0.l~.
-M-0 Scaling

F ig. 3.1. (a) Boundary layer which has a free convection region
in which both mixed layer scaling and Monin-Obukhov (M-O)
scal ing apply simultane ously; and (b) a boundary layer with
no f re e convec t i on  r eg ion .  Neither mixed layer scaling nor
M-O scaling ap ply in the transition region.
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3.2.2 Mixed Layer

In the region Z 1>Z >-L ,  mixed layer sca l ing  requires that

C~ = Z 2
~
’3e~ F(Z/z1 ) (3.2)

w here F(Z /Z 1) is a function that has not been determined . Note
that in mixed layer scaling, 0* and Z1 are the rel evant scaling
pa rame te rs .  Frisch and Ochs (1975) a t tempt  to evaluate F (Z/Z~ )
by us ing  aircraft data collected in the marin e environment near
San Diego . They find

F ( Z / Z 1 ) = 1 . O + O . 8 4 Z/ Z i +4 . 1 3 ( z / Z . ) 2

(3.3)
O <Z / Z 1 <0 .8 -

The data upon which this expression is based contains considerabl e
scatter, particularly in the upper half of the MPBL . Equation
(3.2) and (3.3) must be applied wi th caution. In the mixed layer ,
the properties of the free a tmosph ere above the mixed layer may
a lso  become important .  For ins tanc e , Deardor f f  ( 1974)  f inds that
entra inment  at the top of a growing mixed layer can si gnificantly
influence turbulence statistics inv olving humidity throughout
much of the boundary layer. Considerabl e generalization of
Eq. (3.2) may be required before these types of infl uences can be
handled by scaling laws .

3 .2 .3 Free Convec ti on Scal i ng

W ithin a layer of free convection -L<Z<O .lZ~ , C~ is not
influenced by shear turbulence production , that is, C~ is
Inde penden t of U,,,,. This condition is satisfied if g(z/L) is
proport ional  to Z~

213 , in which case

C~ AZ 413H413 (g/T~~
213 

, (3.4)

where A is a constant. Within the region of appli cability , this
re la t ion  f i t s  o b s e r v a t i o n s .
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3.2 .4 Transitio n Region

When s hear pro du c t i on  is not negl i gible anywhere within the
surface layer , -L> O. lZ

~
, scaling is complicated . The middle

region of the MPBL Is influenced both by surface shear turbulence
production and the presence of the in v e r s i o n .  Here U .~ and Z1 are
important scal ing parameters , an d we mus t w r i t e

c.~ = Z 213r~F ’(zfz1, Z/L) , (3.5)

where F’ is still another universal function. This scaling law
transition region is quite common over the ocean s . No quantita-
t i ve  proposal  for the form of F’ ex i s ts.

3.3  NUMERICAL MPBL MODELS:  CALCULATION OF STRUCTURE PARAMETERS

3.3 .1 Bas i c Na ture o f Models

Numer ical boundary layer modeling involv es solving equations
which describe the basic laws of fluid dynamics and atmospheric
thermodynamics. These equations generally can be characterized
by the expression

= Source /sink + m e a n  t r a n s p o r t  + turbulent transport

where • is any one of the dependent variables. For example , if •
rep resen ts tem pera ture , then the source/sink , term would involve
p rocesses  such as r ad i a ti ve trans fer , latent heat release , etc .
Th e mean t rans por t term would represen t tem per at ure a d vec ti on by
the mean wind , and turbulence transport would involve the diver-
gence of the turbulent heat flux.

The source/sink terms and the mean transport terms in the
fundamental equations are generally treated similarl y in all
models. Substantial differences exist , h owever , in the manner in
which models treat the turbulent transport terms . We will discuss
these different treatments of the turbulent transport terms in

more detai l  In this sec t i on .  Here we note only that s ince our
concern Is w it h turbu l en t re frac ti ve i ndex fluc tua ti ons , su bstan-
tial attention and care must be given to the handling of the
turbulent transport terms .
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Our Interest here centers upon two different types of
numerical  MPBL models .  One type we term a subg r i d - sca le  c losure
model while the other type we term a second-moment  turbulent
c l osure mo del .~
3.3.2 Sub gri d-Sca le Closure Models

Subgrid -scale closure models use the fundamental equati ons
to describe all the turbulent eddies wi thin the resolution of the
gr id.  The smal l e r  subg r id -sca le  eddies must be param eter ized .

An example of a s u b g r i d - s c a le  c losu r e  model is that deve loped
by Deardor -f f (1973). In his model , the parameterized subgrid-
scale turbulent fluxes generally repr esent small fractions of the
total fluxes. Thus , the model forecasts are not very sensitive
to the manner in which the subgrid -sca le is parameterized.

Because of these cons ide ra t i ons , the s u b g r i d - s c a l e  c l o s u r e
model has considerable appeal as a tool for investigating basic
physical processes in the MPBL . The major disadvantage inherent
in this type of model involves the computational requirements .
For exam pl e , a version of the Deardorff model used to simul ate an
undisturbed trade wind MPBL took about 30 h computer time wi th a
CDC 7600 to produce a 5 h model time simulation (Sommeria , 1976).
This does not include any development , debugging, or preliminary
t es t ing  t ime . The t ime to ana l yze  the model resu l t s , fu r thermore ,
is comparab le  to that requi red in an ex tens i ve  f ie ld  exper iment .
Therefore , it seems prohibitive at this time to examine C~ in a
wide variety of atmospheric situations with a subgrid -sc ale
c losure  mod el

*The term ‘c losur e ’ refers to the process whereby a set of
eq ua ti ons b ecomes c l ose d , that Is , th e se t h as an e qual num b er o f
equations and unknowns . We find “secon d-moment” closure to be
more - descriptive than “secon d-order ” or “higher-order ” c lo sure
because the assum ptions that close the set are introduced into the
equations for the second moments
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3.3.3 Second-Moment Closure Models

Second-moment c losure models s o l v e  the fundam enta l  equat ions
for the tota l  turbulent f lux rather than reso l  v ing  a por t ion of
this flux by explicitly computing the turbulent flow on sca les
larger  than the grid s c a l e .  The parameterization inv olved in the
closure assumptions is more important here than In subgrid -scale
closure models; the parameterization affects the total flux , not
just that portion of the fl ux that is below the grid resolution.
The treatment of the total  turbulent  f lux can i n v o l v e  parameter-
ization at several levels corresponding to the level of the
momen t closure assumptions.

These parameterizations are best seen by first considering
first -moment closure , or K-theory . Here the fluxes of momentum ,
heat , and moisture that appear in the fundamenta l  equa t i ons  are
replaced , in analogy with molecular diffusion , with terms involving
the product of an eddy coefficient and a mean gradient of wind ,
tempera ture , or humidity . This is first -moment closure because
the assumptions which yield a closed set are introduced into the
equations for the first moments , that is , the means .  F i rs t -moment
cl osure h as ser i ous s hor tcom i ngs , h owever , because in actuality
fluxes are not so closely tied to the local gradients. The eddy
coefficient , furthermore , is a function of the flow itself and ,
therefore , cannot a priori be specified .

In sec ond -moment closure , the turbulent fluxes (the second
moments of the flow) in the fundamental equations are not directly
replaced as in f i rs t -moment  c losu re . Rather , t ime-dependent
equations descr ib ing the dynamic behav ior  of these f l uxes  are
deve loped .  These equat ions  con ta in  addi ti onal hi gher-order  moment
terms . These unknowns are paramete r i zed  in terms of the known
variables, thereby closing the set of equations. Thus , in a
secon d-moment closure model , one char ts  the progress of both the
m ea n var i a bl es an d th e tur b ulence momen ts.

The upper boundary conditions of these numerical models are
usually selected to be in the free atmosphere where turbulent
fluxes are weak. Near the surface , Mon ln -Obukhov similarity theory

prov i des boun dar y va lu es .  Thus , a sur fac e lay er mo de l as d i scusse d
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in Chapter 2 is incorporated as a part of the lower bound ary
condition in these numerical models.

3.3.4 Calcul ating C~ with a Second -Moment Closure Model

Although sensitive to the closure assumptions , second -moment
closure models can answer some of the ques tions concerning the
nature of C~ profil es throughout the MPBL . As men tioned in Chapter
2, Wese ly (1976) shows that the optical structure pa rameter may be
written as

2 fA 1P\ 2 
2 12(l-A 2 /A 1 )T1 1(1 -A_ /A 1 )T12 

2C~ = (, —~— ) CT ~1. ]C 1 +[ j C . ~.3.6)

If this equation is to be useful we need a way  of computing C2,
C eT~ 

and C e w i th  the c losure model throughout the MPBL . We now
discuss a possible approach .

In terms of dissipation rates , the temperature and humidity
structure parameters may be written (Wyngaard et al ., 1978)

C~ = 4 8c 1c~~~
3 , c~ = 

~~~e~~~
’3’ C eT 

= 4YC eT C . (3.7)

Here ~ is the turbulent kinetic energy dissipation rate ; 
~T 

and
Le are the d i ss ipa t i on  rates of temperature and vapo r pressure
variances , respectively; Cel is the dissipation rate of temperature -
humidity cova r iance ; and B and -y are constants.

The terms 
~T ’  C e~ 

CeT and ~ appearing in these structure
parameter relationships , also appear in the equations that form

the core of a second-mo ment closure model . These dissipation terms

are approximat ed by c losure assu m pti ons .  T he typi ca l c losur e
assumptions for diss ipation terms are

C = C = 11!i = 
ge ’2

2. ’ e 2.
(3.8)

- 
T’2 

- 
qT’2 

- 
T’e ’ gT’ e ’

- T 
— 

9. ‘ L eT - — 

2.

32

~ 

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



‘I 
--- - --— -

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

w h e r e  -r 2 ./ q  is a turbulent t ime sca le  and 9. is a t u rbu lent  leng th
scale. Here q2 Is twice the turbulen t kinetic energy (i.e., P

(i .e. ,  q 2 = u ’ 2 +v ’ 2 +w ’ 2 ) .  Us ing these  e x p r e s s i o n s  the s t ruc tu re
par ameters are

2 ii 2 2 ~9 T’e ’CT ~~2/3 
Ce ct—~73 

C 1 a9.2/3 
. (3.9)

Second -moment closure model s compu te the evolution of T’ 2, e ’2,
T’ e ’ , and ~~~. Thus we solve for C 2 , C 2, and C using Eq. (3.9)
and for optical C~ using Eq. (3.6).

Computation of C~ throughout the MPBL as we have been
describing is the subject of a recent report by Burk (1978). He
uses a o ne-d imens iona l  second-moment  c l osu re  model . The ques t i on
of what d imens iona l i ty  a model shou ld  have to adequa t e ly  desc r i be
C~ in the MPBL is the subject of the next subsection.

3.3.5 Multidimension vs. l-D Models

The d imens iona l i t y  of a second-moment  c l osu r e  model can a l s o
be an important consideration in seeking vertical structure
parameter profiles. A l -D  model assumes hor izonta l  homogeni ty .
It cannot y ield information concerning the nature of large two or
three dimensional turbulent structures such as horizontal roll
vortices or hexagonal cells. For this type of information , a
multidimensional model is required.

Teske and Lewellen (1979) use a two-dimensional second -moment
closure model to study horizontal roll vortices . They find that
the upward moving region of a roll concentrates the turbulent
fluctuations. This is particularly evident near the top of the
boundary layer. The two-dimensional model also can compute wave
motion near an i nve rs ion , wh ich  a l -D  model canno t .  As a r esu l t ,
Teske  and Lewe l l en  found the temperature  va r i ance  near the i n v e r s i o n
computed with the two-dimensional model to be about twice that found

wi th  a l -D  model - This may be a uni que resu l t  and should not be
used for gene ralizing about the advantages of dimension.
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One further practical considerati on enters the pi cture when
discussing the utili ty of 1-0 vs. multidimensio nal models. In the
marine environment , one rarely has the type of high resoluti on
data necessary to pro vide Initial and boundary  c o n d i t i o n s  to a
mult i  d imens ion a l  MPBL model . T y p i c a l l y ,  only i s o l a t e d  rad iosonde
and bulk a i r - s e a  sh ip  data area a v a i l a b l e .  Such a sp a rse  data base
is m ore compatible with the initial and bound ary condition require-
men ts of a l-D model . Only further study will provide answers
concerning the rela tive merits of 1-D vs. multidimension al models.

3 .4 OBSERVATIONS AND V E R I F I C A T I O N S

A numerical model can aid in our understanding of structure
parameter profiles . But observational data must be continually
used as a t ouchs tone .  I d e a l i z e d  model compu ta t i ons  c an have  an
e legan t  s i m p l i c i t y  and beauty  that fades when  real data prob lems
must be addressed . Observations provide the only means whereby a

numerical  model can be improved and v a l i d a t e d .
Measurements of structure parameters in the marine environment

are l imi ted . The C o o p e r a t i v e  Exper iment  in Wes t  Coas t  Oceanog raphy
and Meteoro logy  (CEWC O M)  con ta ins  a set of  a i r c r a f t  C-~ measu remen ts
in con junc t i on  w i th  bulk a i r - s e a  v a l u e s .  Such measurement  programs
remain an a c t i v e  area of resea r ch  at the Naval  Pos tgraduate  School
( F a i r a l l  et al ., 1978; Davidson et al ., 1 9 7 8 ) .  P re l im ina ry  r e s u l t s
from a recent field experiment off the coast of Panama Cit y,

Florida , were reported on at this worksho p by Dr. Fairall . Th i s
data , and that from other large research experiments such as AMTEX
and GATE , need to be e x p l o i t e d  more fu l ly  both for model v a l i d a t i o n
purposes and for the purpose of t e s t i n g  s c a l i n g  l a w s .

Care must be exercised when aircraft structure parameter
measurements  are compared w i t h  c l o s u r e  model r esu l t s  or w i t h
s c a l i n g  l a w  p red i c t i ons . S c a l i n g  l a w s  and c l o s u r e  mode ls  deal , in
p r i n c i p l e , w i th  e n s e m b l e - a v e r a g e d  t u rbu lence  s t a t i s t i c s . As we
know , howeve r , e n s e m b l e  averaging is hardly practical in geophysical

flows , and instead one genera l l y  a v e r a g e s  a tmospher i c  measurements
over  t ime .  The prime question then Is :  what  a y e -  ag ing  t ime of
a i r c r a f t  da ta  Is necessary to obtain statistics which are relevant
to the predictions of the models or the scaling laws?
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The standard two -pronged temperature probe measu rements of
C~ generally require abou t 30 mInute average s to obtain stabl e
statistics when the measur ements are made from a stationary plat-
form . If the instrument is attached to an aircraft , about an
order of magnitud e advantage In averaging time can be obtained .
Thus , a 3 minute ave rage  at each f l ight  l eve l  cor responds  in
accu racy  to the 30 minute  ave rage  from a s ta t i ona ry  p la t fo rm .
Shorter time averaging of the aircraft data will yield C~ profiles
h a v i n g  a very  jagged appearance. These short -time averaged
profiles cannot be directly related to scaling law or closure
model resul ts.

3 . 5  RECOMMENDATIONS - UPPER M PBL C~ A SSESSMENT

a. Verify 1-0 Closure Model with Existing Data

The first step towards understanding C~ in the upper MPBL by
means of a numerical model must i n v o l v e  real data v e r i f i c a t i o n  of
the model . The ex i s t i ng  volume of data must be searched for those
cases in which sufficient info rmation is avai l atle to supply the
initial and boundary condition requirements of the model . Then
c o m p a r i s o n  t es ts  of model p red ic t i ons  and measured  s t ruc tu re
parameter profiles can be made. Preliminary work al ong these lines
is r e p o r t e d by Burk (1978). These efforts are continuing.

Pr imar i l y  for reasons  of computa t iona l  economy , a 1-0 second-
moment closure model is recommended for this numeric al model study .
When possible, comparison between 1-0 and mu l t i d imens iona l  model
results is recommended . Comparisons among different versions of
1-0 closure mode ls are a l so  d e s i r a b l e .  Par t icu lar  a t ten t ion  shou ld
be paid to improving, where possible , the closure assumptions which
are use d i n th ese mo d e l s .

b .  Use C losu re  Models  to Der i ve  S c a l i n g  Laws

As noted previously, if scaling laws are to be useful , the
functional form of the universal functions must be known. For
exampl e , In Eq. (3.2) we need to know F and in Eq. (3.5) we need to

know F’ . We recogn ize  that  these func t ions  may depend on the

entrainment of temperature and mo isture from the atmosphere above

the inversion.
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The un iversa l  funct ions can be es tab l i shed  e ither  from
observations or from m athematical modeling. The latter technique
is much more flexibl e in that ma ny a l t e r n a t iv es ca n be studied
w i t h  a s i ng le  program . Hence , we recommend that a numeri cal model
be used to help deve lop  general  s c a l i n g  laws  wh i ch  desc r ibe  C~ in
the upper MPBL.

c. Conduct Experimental Verification

The e x i s t i n g  data base of s t ruc ture  funct ion measurements  in
the MPBL is s m a l l .  Th is  is pa r t i cu la r l y  true when those cases  are
d iscarded that have i nsu f f i c i en t  data for i n i t i a l i z i ng  a numerical
model . For ex ample , ma ny of the a i r c r a f t  measurements of C~ have
no w ind  measurements ,  making estimates of turbulent shear produc-
tion speculative.

The existing data base is inadequate for testing the predic-
ti ons o f a c l osur e mo del . Fur th er , when constructing generalized
sca l i ng  laws  of the upper MPBL , new measurements are nee d e d .
T here fore , a new detailed field experiment is recommended. This
field experiment is to be limited in scope . The preliminary
scaling law and numerical model studies will define and dictate
the scope of the new field experiment.
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APPENDIX B

NAVY HIGH ENER GY LASER PROGRAM
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APPENDIX C

PRELIMINARY TURBULENCE M ODEL

The main atmospher ic  ef fec ts  on an optical signal are
absorption and scattering by molecules and aeroso ls  and degrada-
tion of the signal by atmospheri c turbulence. The following
presents a pre l iminary model of the in tens i ty  of a tmosph er ic
turbulence as a funct ion of bulk meteoro l og ica l  v a r i a b l e s .  This
model Is current ly used by the Navy HEL program. At th is  point ,
however , the model is to serve  as a s tar t  of discussion with all
segments open to mod i f i ca t ion .

The effect of refractive index inhom ogeneities on a coherent
laser  beam is to focus a segment of the beam to a point  determined
by the s ize  and locat ion  of the Inhomogeneity . Over a long path
this causes a defocusing and loss of coherence in the beam. An
ana lys i s  of turbulent e f fec ts  on beam characteristics requires
assessmen t  of a mean va lue of the in tens i ty  of turbu lence over
the beam path , and for the t ime of t r ansm iss i on .

Ca lcu la ti on o f O pti cal Par ame ters

The inhomogeneities of Index of refraction are described by
an index of re f rac t ion  s t ructure constant  C~~, d e f i n e d  as

C2 2 ( 1r 1-r 2 1) 213 (1)n [n(r l)-n(r 2 )]

The opt ica l  index of re f rac t ion  of air is related to tempera-
ture I an d wa ter va por p ressure e ,

n = 1 + A 1 2j1 + A 2 ~ ( 2 )

w h e r e  A 1 a nd A 2 are constants .
The f luc tuat ion  of r e f rac t i ve  index are there fore  re la ted  to

f luctuat ions of temperature and humidity and their co r re la t ion
( W e s e l y ,  1973 ) ,
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2 _ P 2 2 P2 2 1 2C B C + B C T + B 2 C (3)

where  B 1 , B 2 , and B 3 are cons tan ts .
The first term is dominant In dry condi tions. The second

term can contr ibute s ign i f i can t ly  under spec i a l  humidi ty condi-
t ions descr ibed by Friehe ( 1 9 7 7 ) .  The pre l iminary model neglects
the latter two contributions for two reasons . First , the C~
cont r ibu t ion  is the dominant con t t r lbu t ion  to the r e f r a c t i v e  index
structure function. Second , there are no preliminary parameteri-
za ti ons o f C

~ T 
and C~ available which have been verified as

extensively as those of C~ (Wesel y, 1973; Friehe , 1977).
By a combina tion of dimensional arguments and curve fitting

to the Kansas data base , Wyngaard et al . (1971) derived a semi-
empirical relationship of C~ and turbulence parameters .

= T~ Z
2”3 g (Z~/L) (4)

where

(4.9(1-7 Z z ,i < o
g(Z I L)  = 

a a —

a !~4.9(1+2.75 Za/L) Z a/L > 0

This parameterization seems to also be valid over the ocean , if
proper experimental precautions are taken during the measurement
(F r i ehe , 1977 ) .

Ca lcu la t ion  of Turbulence Parameters

The turbu lence parameters T~ and L are c a l c u l a t e d  from the
bulk meteorological variables using semi -empirical heat and —

momen tum flux profiles. Two commonly used formulations of these
profiles are the KEYPS (Lumley and Panofsky , 1964)  and the
Businger -Dyer formulas (Businger et al .,  1971) .  The Bus lnger- Dyer
formalism was chosen to represent the flux profiles because it is

widely used and is part of the approximation formulas to be
descr ibed below .
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The ca l cu l a t i on  of the hei ght by the Mon i n-Obukhov length -:

-

‘ 
Za /L proceeds with the approximation used by Barker and Baxter

pP (1975). The scaled height is given by -

Z 
— 
129Za (T va

_ T vo )1 [ l n ( Z a/Zo) + 
~‘m~~a

1
~~
]2

L U2(T +T 0) j RIlfl (Za/Zo)+~PH
(Z a/Lfl

where (fo r uns tab le  cond i t i ons )

~‘m = - ln[(i-j.~.)(ij.!.)] + 2 arc tan (c) 
~~

.

- 
L E

~~~m 
Z / L] L’4

= — 2 ln [~ (l + ‘l
~
YH Z / L) ]

Using the def in it ion  of bulk R i c ha rd son num b er

2g1 T
va

_ T
voR 1 — 2 1 +T ( 6 )

V a va vo

z
Ba rker and Bax ter fi nd an app rox imate  form for t.

~
= R~ E0 .47 1-~- ln( y~.) - 1 .045] (7 )

This equation Is inaccurate  for O~.j~ - <_ O.O5  in wh ich  case  one uses

—~- - l  (~i\ 
R 1 

_
~~~~+.~[ij-~~R 1 

.f~~~~~~~ 

(8)L — 

~~Z0J l-@R 1

Th e tem pera ture func ti on T~ is obtained from an integration
of the f lux prof i le  re la t ionsh ips
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k ( T a Ts )
= 

z 
(9)

R[ln(~~.) +q~
0

The s e v e ra l  c o n s t a n t s  in he flux pro file relationships have
a range of va lues  a t t r ibu ted  to them In the liter ature . Yaglom
(1 974 )  po ints  out that the mom entum p ro f i le  cons tan t  is
accep ted  at about 15 or 16 by severa l  authors . The heat p ro f i le
Cons tan t , 

~H’ however ,  has been g iven  a range of va lues  from 9
(B us i nger  et al .,  1971) from the Kansas  data to 18 over  the Utah
deser t  (Monj i , 1973) .

Laboratory measurements of the von Karm ann constant  k range
from 0.2 to 0.8, although atmospheric measurements show values
from 0.3 to 0 .44 .  The roughness length over the ocean is genera l l y
determi ned from Ch arnock ’s (1955) relation

2
z0 

= ( 10 )

w h ere ~ ran ges from 0.077 (Roll , 1965) to 0.0144 (Garrett , 1977).
In choosing the values of the constants for this model , it

was r ea l i zed  that there is an in terdependence among them dur ing
most me asurement programs . Hence we chose a set of constants
consistent with one experimental set of data . Since the Kansas
data is widely accepted as a careful and extensive set of measure-
men ts , the constants developed by Businger et al . (1971 ) are being
use d . T hese are

k = 0 .35 , 
~m = 16 , T H =

Because of the uncertainty in the calculation of Z , a
cons tan t value o f 4x l O m was  chosen , independent  of w ind  speed .
Th is  is  at l e a s t  consistent with ma rine measurements of Badg ley

et al. (1972).
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GLOSSARY FOR PRELIMINARY TURBULENCE MODEL

C~ - Temperature s t ruc ture  funct ion

- Index o f re frac ti on s tr u c ture func ti on

C~ - Water  vapor dens i ty  s t ruc tu re  funct ion

C~~. - C o e f f i c i e n t  of cospectrum of water vapor and temperature

e(T) - Vapor pressure at temperature T (mb)

g - 9.8 m sec 2 force of gravit y

k - .35 , von Karm ann cons tan t

L - Monin-Obukhov length (m )

n - Optical index of refraction

P - A i r p ressure (m b )

q - Vapor density

RH - Relative humidity at hei ght Z , ( % )

RI - Bu lk R i char dson num b er

R - .74

T - Tem pe ra ture ( K ) -

T a - Temperature at hei ght Z

T
~ 

- Sea sur face tem pe ra ture
- Virtual temperature (°K)

T va 
- V i r t ua l  temperature at height Z

T
~5 

- Virtual temperature at sea surface

1~ - Friction temperature

Ua 
- Wind speed at height Za ( usua l ly Z = 10 m) (m sec 1 )

U,~, - Fr ic t ion speed

Za 
- Hei ght (m)
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~
__.I_b
1

- Roughnes s length (m)

- Roughness length constant

- 4.7 constant of Barker & Baxter (1975)

1
H 

- Heat flux profile param eter

1m - Momentum flux pr ofile parame ter
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APPENDIX D

Humidity Effects in C~ within the Surface Layer

— by

H. A. Pano fsky

We beg in by defining ~~ by analogy to T~ ,

N = 
w ’ n ’ 

(D.1)

where n ’ represents  f luctuat i :ns of r e f r a c t i v e  index and remain in g
terms are def ined in the body of the repor t .  For the op t i ca l
wavelength , n ’ is related to temperature 1’ and humidit y q ’

fl uc tua t ions  by (Fr iehe ,  1977 )

n ’ = (K1 T’ + K 2 pq ’ )  x 10 _ 6 
(D.2)

where K 1 -l .0 °K~~ and K 2 = - .05667 cm 3/microgram . The air
density , p, is taken to be 1 .25 x l0~~ gm cm 3 .

Multi plying (D.2) by w ’ and dividing by U~ , we get

N~ 
= - (T ~ + 7 l Q~ ) x l0 6 ( D . 3 )

= - T ~ (l + - -
~~

-
~~
.)

Next we introduce Monin — Obukhov sca ling with the scaling

f unc t i on  N~ for index fl uctuations . Then , proceeding as with

we get

= N~ Z~
2”3 G(z/L) (D.4) =

If the uni versal functions for q and T are equal to each

other (as they seem to be over land) G(z/L) should equal g(z/L).

This can be seen more exactly if dissipat ion of refractive index

fluctuations is In balance with the production of these fl uctua-

tions . Hence we finally have
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C~ (K 3 ) 2 C~ (1 + -
~
-
~

-
~
.)

where 1(
3 

= io .6 P/I2 . This is Ident ica l  to the result  of Wese ly
(1976) when temperature and moisture are taken to be perfectl y

correlated.
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