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

1.1 INTRODUCTION

At the request and under the sponsorship of the Navy's High
Energy Laser (HEL) Program Office, the Naval Environmental
Prediction Research Facility (NEPRF) hosted a Workshop on Modeling
of Refractive Index Structure Parameter, Cg, in the Marine
Planetary Boundary Layer. Appendices A and B are list of attendees
and the agenda at the workshop.

NEPRF proposed a preliminary Ci model to serve as a strawman
for discussion 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 Cﬁ model, and presents
a state of the art review of marine planetary boundary layer Cﬁ
modeling. The document represents the consensus opinion of the
workshop participants.

1.2 HEL PROBLEM

1.2.1 Atmospheric Effects on HEL System Performance

Atmospheric conditions degrade HEL system performance by
reducing fluence on target in a variety of ways; aerosols and
water vapor absorb energy; aerosols scatter energy out of the beam
path; atmospheric turbulence spreads the beam fluence; and atmos-
pheric turbulence also causes the beam to wander off its intended
target. Figure 1.1 is a schematic representation of these four
effects which are shown separately and sequentially in the figure.
In nature, each effect occurs simultaneously along the beam.

The aerosol and water vapor elements of the problem are being
considered elsewhere within the Navy R&D community. Consequently,
these elements were not addressed at the NEPRF workshop, nor do

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

The Navy is developing laser systems for shipboard operation.
From a ship, a laser could be fired horizontally, vertically 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 performance is caused by turbulent
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 source
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 performance more than
turbulence aloft. For this reason and others to be elaborated
upon later, we focus upon the atmosphere near the sea surface. MWe
call this region the marine planetary boundary layer (MPBL)

(Fig. 1.2 and 1.3).

1.3 TECHNICAL PROBLEM

There are two elements of the technical problem that must be
recognized by the reader of this report; (1) the turbulence param-
eter that is related to HEL system performance is the refractive
index structure parameter, Cﬁ; and (2) Cﬁ, 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, Cg

The structure parameter for any atmospheric variable is a
measure of the turbulent fluctuations of that variable over small
distances. For HEL systems, the atmospheric variable of interest
is refractive index, and the structure parameter is Cﬁ. C2 is

n
defined by:

2 3

¢Z = [n(x+r) - n(x)1° poe/

(1.1)
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1.2 Schematic Marine Atmosphere Temperature and Moisture
Structure. The vertical scale is non-linear to allow more
detail in the marine planetary boundary layer (MPBL). The
MPBL is -typically approximately 1 km thick, well mixed as
evidenced by constant mixing ratio and capped by a stable
marine inversion at a height Z.. The free atmosphere extends
from the marine inversion to the tropopause and is charac-
terized by minimal turbulent mixing.
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Fig. 1.3 Marine Planetary Boundary Layer (MPBL). The surface
layer is approximately 10% of the MPBL and is a region of
surface forced mixing. The upper MPBL is influenced by both
surface forcing and free atmospheric effects. Zi is the
height of the marine inversion that caps the MPBL.
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n(x+r) and n(x) in (1.1) are refractive index at points in space
separated by a short distance, r, and the overbar represents an
average over enough time and/or space to obtain a statistically
stable sample of fluctuation. 1In the atmosphere, the averaging
time for such a sample is approximately 30 minutes for a fixed
point measurement.

Ci then describes the intensity of refractive index fluctua-
tions over a range of the size of turbulent eddies. The eddies
affecting laser propagation most are determined by laser wave-
lengths, beam diameter, and beam range. For the present candidate
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 variables
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
refracted. In the case of a laser or any other optical system,
the equation for refractive index is by

P-e

el = =t A2$ (1.2)

where

6 -1

Ay = 78.7 X 107% mb S mp™ ",

and A, = 66.3 X 10" "K mb

2

Since refractive index is related to temperature and moisture,
the fluctuations in refractive index that compose Cﬁ 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-
2

ture structure parameter, C%, moisture structure parameter, C
and a structure parameter relating the two called temperature/
moisture structure parameter, CeT‘

The relationship between the individual component structure
parameter and Ci is

+ B3CeT (1.3)

Te

P

ST Aoyt

.
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where B], Bz, and 83 are functions of temperature pressure, vapor
pressure.

Over the range of normally observed values of the various
structure parameters, C% is the largest contributor to Cﬁ. Over
land, where moisture sources are more remote and relatively small,
the contributions by Cg and CeT are negligible.

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 negligible over land anyway, Ci is
solely determined by C% over land (e.g., over White Sands Missile
Range) .

Over water, however, the contributions of the moisture
structure parameters are significant. When we desire Ci, we can
observe and/or calculate C$ 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 tayer, previously 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 region at a height of
approximately 15 km. Figure 1.2 shows a schematic marine atmos-
pheric temperature and moisture sounding 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, air rises near the
equator, cools as it moves north and descends in the mid latitudes.
On a synoptic scale in the Northern Hemisphere, air moves clockwise
around and descends in high pressure systems, and moves counter-
clockwise around and ascends in low pressure centers.

o e— -

it




Surface effects exert little or not influence on motion in the
free troposphere. With the exception of clear air turbulence
(CAT), there is little atmospheric turbulence in the free tropo-
sphere. Turbulent fluctuations of refractive index, are weak in
the free troposphere and consequently Cﬁ 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.

Potential Navy HEL weapons are intended to operate from
ships. Since turbulence effects on HEL systems performance are
range dependent, 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 review it in this report.

We suggest, however, that a search be made of the literature
ﬁ in the free tropo-
sphere and that HEL system performance calculations of the effects
of different levels of c2 at free troposphere distances from the

n
weapon be made to confirm the basic premises upon which we excluded

to confirm the conditions for low values of C

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 weakly influenced by large scale temperature discontinuities

and is heavily influenced by surface effects. The primary surface
effects are heating or cooling and friction.

Surface effects cause the PBL to be highly turbulent.
Surface heating causes buoyancy generated turbulence and wind

T

shear causes mechanically generated turbulence.

The MPBL can be divided into a layer in immediate contact
with the surface, called the surface layer, and the layer above
that up to the marine inversion, called the upper MPBL. The
: surface layer comprises approximately 10% of the WPBL and experi-
ences almost no free tropospheric influence. The upper MPBL can
be thought of as a transition layer between the surface layer and




the free atmosphere, where both surface forcing and synoptic scale
features influence Cﬁ. Figure 1.3 is a schematic representation
of the marine PBL showing the relative depth of the surface layer
and the upper MPBL.

2
. to bulk

meteorological parameters in the surface layer have been success-

1.3.2.2.1 Surface layer. Scaling laws relating C

fully studied for a number of years and are well defined.

Section 2 of this report describes surface layer scaling laws
and describes a sequence of calculations to compute Ci from ship-
board measurements of air temperature, relative humidity, wind
speed and sea surface or bucket temperature. It was the consensus
of the workshop that the surface layer scaling laws predict to a
factor of two. Further refinement is unjustified because the

accuracy of the shipboard observations introduces the same order

2

e

1.3.2.2.2 Upper MPBL. Scaling laws in the upper MPBL are only
qualitatively known. Many of the relevant physical processes that

control turbulent fluctuations in the upper MPBL are understood;

of uncertainty into C

however, several are not. The largest unknown influences are
those that feed down from the free atmosphere.

In the upper MPBL, two avenues of approach are available to
link Cﬁ to bulk meteorological 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 Ci
directly from first principles.

Chapter 3 of this report describes the current status of
both scaling laws and dynamic models in the upper MPBL. It
concludes that considerable progress needs to be made to improve
scaling laws, and to verify, and probably improve, dynamic models
in the upper MPBL. It further concludes that dynamic models may
be used to develop improved scaling laws in lieu of large numbers

of observations.




2. ESTIMATION OF REFRACTIVE INDEX STRUCTURE PARAMETER IN THE
SURFACE LAYER FROM BULK METEOROLOGICAL MEASUREMENTS

2.1 INTRODUCTION

Modern turbulence theory provides a good description of
fluctuations of wind, temperature and humidity in the atmospheric
surface layer, i.e., the layer of the atmosphere within 50 m to
100 m of the surface. With this theory, the relevant turbulence
parameter, Cﬁ, is related to commonly observed meteorological
measurements, such as temperature and wind, by well accepted
scaling laws. A preliminary NEPRF inodel 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 adapted to
the marine environment.

Paragraphs 2.2 through 2.8 describe the relationships of Cﬁ

to a progression 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 flow diagram, are
included in Para. 2.11. The problem of intermittency of Ci is
addressed in Para. 2.11. Recommendations for the modification of
the NEPRF preliminary model are presented in Para. 2.12.

4
n

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 fluctuations. At the NEPRF workshop, two alternative
formulations of the humidity modi fication were presented. The
first, introduced by Wesely, modifies C% by a function involving

2.2 REFRACTIVE INDEX STRUCTURE PARAMETER, C

moisture and the correlation of moisture and temperature




fluctuations. The second approach, introduced by Panofsky, uses
conventional surface layer scaling laws to derive the moisture
modification of Cﬁ.

Both methods lead to a modification of temperature structure
function to account for humidity. When temperature and moisture
fluctuations 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 derivations is in
their independent verification of the maximum change of c% to
account for moisture. Together with experimental verification by
Friehe (1977) and Davidson et al. (1978), these derivations justify
confidence in the calculation of the moisture modification to Ci.

Wesely (1976) has proposed an approach to evaluating the
influence of humidity on Cﬁ. Using the relationship of the
refractive index of air to pressure, temperature, and vapor 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% and Cg, and the correlation of temperature
and vapor pressure, ceT' ’

These two expressions are combined to provide Cn as a func-

tion of the requisite structure functions and covariances,

2 ; ) 2
o2l 58 Alp) £ epioek i dhit Rt S 8, B b Bk (2.1
T % Yy eT PC; PC; ;

T

where T is mean layer temperature, P is mean layer pressure
C
6k mb~1, A, = 66.7-10°% mb~! and r_. = 2.
2 eT .G
e’ T
This relation becomes simple when Fat ™ 1, that is e, T are

A] = 78.7-10" K mb

perfectly correlated,
2

AP 2
2, o] 0.03
cn-cT(T)(1 + 803) (2.2)

Until roT is better related to atmospheric parameters, we

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




Panofsky proposed an alternative derivation. Based on

surface layer scaling laws, the derivation does not explicitly use

the temperature-humidity correlation, ceT’ but ends with the same
expression as Eq. (2.2). The derivation is shown in Appendix D.

2.3 TEMPERATURE STRUCTURE PARAMETER C$

The temperature structure parameter C$ is defined in a similar

1
way to the definition of cﬁ provided in 1.5.1,

c$ = [T(x+r) - T(x)]% ¢ 2/3 (2.3)

where T(x) is the temperature at point x, and the remaining nota-
tion is the same as in 1.5.1. 1In 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),

2

6% = Tayt 17 ahagt) (2.4)

where L is the Monin-Obukhov length scale.

2
1]

Using a set of careful observations over uniform terrain in
Kansas, Wyngaard et al. (1971) have empirically determined the

function g(z/L) from measurements of C% and the scaling parameters

2.4 STABILITY FUNCTION IN C

L and 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) = 4.901-72/L)"%/3  (L<0)

(2.5)

a(z/L) = 4.9(1+2.75(z/L)®) (L>0)

where the exponent b has been suggested either as 1 or .667.




2.5 SCALING FUNCTIONS IN THE SURFACE LAYER

The Monin-Obukhov theory describes the surface layer using
non-dimensional atmospheric variables. Physical variables of
length, z, wind speed U, temperature T, and specific humidity q
are made non-dimensional by defining scaling length, L, scaling
speed U,, a scaling temperature T, and a scaling humidity Q,. The
non-dimensional parameters describe the fluxes of momentum, heat,
and humidity in the surface layer.

2.5.1 Monin-Obukhov Length, L

In a dry atmosphere the characteristic length LDRY is taken as
the Monin-Obukhov length,

A

Lory = &L (2.6)

where T is mean surface layer temperature, g is acceleration of
gravity, and k is the von Karman constant. In unstable air
buoyancy generated turbulence dominates at levels above -L, while
mechanical turbulence dominates much below -L. The length is
corrected for moisture by using the Bowen ratio B,

-1
.07)

The Bowen ratio is related to the heat and moisture fluxes and is
expressed in terms of the scaling temperature and humidity,

C.T
Bo» B (2.8)

[, 0

where Cp is specific heat of air at constant pressure and Lw is
latent heat of vaporization.

2.5.2 Scaling Wind Speed U,, Temperature T,, and Humidity Q,

The surface layer is characterized by fluxes of momentum, heat
and moisture which are independent of height. These constant
fluxes are used to define scaling velocity U,, temperature T,, and
humidity Q..

14




. x
Us

Upe = N-U'w' ] (2.9)
ol e
Qu 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 variables are related to
the vertical profiles of each variable,

Uy = KUDIN(E) - vy (2/0)77!
(o]

k z -1
Qu R(q-qs)[ln(-zo—q) - volz/L)] (2.10)

k Z -1
T* = _(T-T )[] (_.) 3 /L)
R s " ZOT ""H(Z ]

This is the first time that bulk parameters are introduced.
The necessary bulk parameters are wind speed U, normally taken at
10 m height; air temperature T, again at 10 m, air temperature at
the surface TS, taken to be the sea surface temperature; q,
specific humidity at 10 m; and ag specific humidity at the sea
surface. Together with these bulk parameters, newly derived
parameters have been introduced. The Zo’ ZoT’ and ZOQ are rough-
ness parameters describing molecular transport of wind, temperature,
and moisture near the surface, and Upe Yy and wQ are empirical
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, y, as formulated by Businger
et al. (1971). These functions have been verified both over land
and over water. These functions are

15




L<0 L>0
1+x2 1+x 2 p4
le = ln[( ) )(—2—) ]- 2 arc tan(x) + /2 WM = -B-L-
x = (1-y, z/1)"/ (2.11)
] +{]"YHZ’ ]
= = L = = —B- _Z_

Constants in these formulations are determined 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 y are the same for heat and moisture
is based mostly on measurements over land. There is considerable
controversy whether the assumption is valid over the ocean; but no
better hypotheses are available. Fortunately, in all equations,
the y's are small compared to the logarithmic terms, so that
extreme accuracy in the y's is not required. Further, ¢Q occurs
only in the correction of L for moisture, which itself is usually
a small correction.

2.7 ROUGHNESS LENGTHS Zo’ F : JA

oT’> “oQ

The molecular transport of momentum, heat and moisture near
the surface is described by the values of Zo’ ZoT’ and ZOQ
respectively. 1In the marine environment, the roughness lengths
have values on the order of 1 mm or less. The dependence of Cﬁ
on Zo is included primarily in the function lnil, where Z is
elevation, roughly 10 or 20 meters. Therefore,ocﬁ is not very
sensitive to errors in Zo’ although this point 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 Zo, ZoT
and ZoQ 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 momentum, heat (CD, CH, CQ), and moisture
are directly related to the roughness lengths,
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ln(z/Zo) = —¢ + yylz/L)
C
D
ok
n(2/2 1) = 1,;—% + uy(z/L) (2.12)
x 58
]n(z/ZoQ) "R q + WQ(Z/L)

where z is 10 m. The derived relationships are displayed in

Fig. 2.1. The values of the roughness lengths cannot be obtained
in closed form expressions, and the following technique is
recommended :

0
curves of Fig. 2.1, using the value of 10 m wind.

a. 7o ZoT’ ZOQ at neutral are found directly from the

b. After stability corrections and U, are calculated, a new
set of roughness lengths is found from Figure 2.1 using the
roughness Reynolds number,

R, = {2.13)

where v is the kinematic viscosity of air.

2.8 SEA SURFACE TEMPERATURE, TS

The C$ can now be evaluated in terms of bulk meteorological
parameters, and one other parameter surface temperature, Ts’ not
normally observed.

In most cases, bucket temperature, Tw, rather than the surface
temperature is measured. We estimate TS-Tw from the theory by Liu
(1978). Liu, (Fig. 2.2), gives T,-T, as a function of the wind
speed and the difference between bucket temperature and air
temperature at 10 m height, AT. In practice, temperatures at any
height 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 figure. These
equations are:
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Fig. 2.1. Bulk Transfer Coefficients at Neutral Conditions Versus
10 m Wind U and Roughness Reynolds Number Rp (Liu, 1978).
The transfer coefficients are approximately calculated from

wind U; when scaling speed U* and roughness length Z_ are

found, transfer coefficients are found from Rr using formulas
in text.
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Fig. 2.2 Temperature Difference Across the Aqueous Sublayer Versus
10 m Wind for Values of Air-Bulk Water Temperature Difference
Ty-T10 (Liu, 1978). These formulas account for radiation and
molecular effects in the surface layer.
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(2.14)

—
]
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n

0.1aT + .8 - U(.117 + .0125AT) (U<6 m sec”))

where the temperature is in °C and the wind speed in m sec'].

2.9 EVALUATION OF CONSTANTS

Certain empirical constants were introduced in the definition
2
T
stability function. These constants depend on the particular data

of scaled quantities, the vertical flux profiles, and in the C

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 constants are
interdependent. Table 1 provides the ranges of the various
constants for use in a Cﬁ model together with the recommended
value that emerged from the NEPRF workshop.

Table 1
Constant Range Recommendation

For Scaling Functions

k 0.33-0.41 0.37

R 741 .74
For Profile Functions

- 15-16 15

YH 9-18 9

B 4.7 4.7
For Stability Function

b .667-1 T

2
n

The calculation of Cﬁ proceeds using the equations described
in Paras. 2.2 through 2.8 and the constants given in Para. 2.9.
The step-by-step procedure is as follows:

2.10 CALCULATION OF C



{4

L R T ]

a. Modify the sea surface temperature measurement to an
actual sea surface temperature value using Eq. (2.14) and T, T-Tw
and U.

b. Set initial stability to neutral, i.e., z/L = 0 and
WM = WH = wq = 0.
(58 The bulk wind speed determines an initial value of
D° CH’ CQ from Fig. 2.1.
d. Calculate Zo’ ZoT’ and ZoQ from CD’ CH’ c
Eq. (2.12).
e. Evaluate scaling parameters U,, T, and Q, using
Eq. (2.10).
£ Evaluate Bowen ratio, B, using Eq. (2.8).
g. Evaluate Monin-Obukhov length for moist atmosphere 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.

c

Q with

i. Calculate stability functions Uys Uy wQ using Eq. (2.11).

al'c Calculate rougnness Reynolds number Rr from Eq. (2.13).

k. Evaluate CD’ CH’ CQ from Fig. 2.1 using Rr and go to
statement d.

1. Evaluate C? stability function (g(z/L) using Eq. (2.5).

m. Evaluate C% using Eq. (2.4).
Calculate Cﬁ using Eq. (2.2).

This procedure is graphically outlined in Fig. 2.3.
2.11 DEVIATION OF Cﬁ FROM ENSEMBLE MEAN VALUE

2
n
mean turbulent quantities. The equations were derived from

measurements of temperature fluctuations of one turbulent eddy
size at one point averaged over long periods of time, i.e., 20 to
30 minutes. The laser system, on the other hand, is affected by
turbulence over a spectrum of eddy sizes and operates over a short
time period, about 10 seconds, and over a long path, about 10 km.

The values of C_ predicted by the surface model are values of
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The averaging time to obtain mean fluctuations of refractive
index is proportional to the relevant eddy size, and inversely
proportional to the wind speed. In the case of the measurements

on which the scaling laws are based, the eddy size corresponds to
a temperature probe separation r, about 20 cm. Therefore the
averaging time, Ts’ relevant to the scaling laws is

Lo r/U . (2.15)

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

Top = /AR/U . (2.16)

Wyngaard and Clifford (1978) show that the mean Ci corres-
ponding to the two methods are the same if
144
T = == .
e Se (2.17)

From this we infer that a laser beam is affected by a mean Ci

corresponding to a model prediction if the minimum time interval
of the laser transmission Irr satisfies

Oy

Tr ST /AXR/144 . (2.18)

For a laser of wavelength 3.5 um, and range 10 km, and a model
ensemble averaging time of 20 minutes, the equation states that
the turbulence model prediction of Cﬁ describes the turbulence
affecting the system if the laser transmission duration is at
least 1.5 sec.

2

2.12 RECOMMENDATIONS - SURFACE LAYER Cn ASSESSMENT
The surface layer Cﬁ model outlined here is recommended for

verification and use by the HEL program to predict Cﬁ for within
the atmospheric surface layer (within 100 m of the sea surface).
The model is basically the NEPRF preliminary 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
B should be treated as different functions, as discussed in
Para. 2.7

C. Sea surface temperature should be derived from bucket
sea surface temperature measurement using Eq. (2.14).
3 The humidity modification has not been verified in the marine
atmosphere. A limited field program should be conducted to verify
the recommended modification of C$ to produce C2

n°




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-established Monin-Obukhov scaling
laws that yield Cﬁ within the surface boundary layer. The scaling
laws change, however, as one moves to higher altitudes. The
mechanical surface turbulence becomes less important than surface
heating and the influence of the inversion. The stability of the
MPBL, furthermore, may profoundly alter the nature of the scaling
laws in the upper MPBL.

When the MPBL is stable (L>0), 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 unstable (L<0), there are scaling laws for the upper
MPBL. These scaling laws, however, require knowledge of universal
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
laws for the upper MPBL remain qualitative.

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 structure parameter profiles. Observational data,
primarily from instrumented aircraft, are discussed in the
following section. In the final section, we recommend methods of
obtaining a better understanding of Cﬁ in the upper MPBL.
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3.2 SCALING LAWS IN THE UPPER MPBL UNDER UNSTABLE CONDITIONS
3.2.1 Regions of Validity

The depth of the MPBL is generally defined by the inversion
height, Zi’ In the surface layer, where Z<0.1Zi, Monin-Obukhov
scaling has been adequately confirmed under a variety of circum-
stances. Near the inversion, mixed layer scaling is appropriate.
In this region, where Z;>I>-L, the velocity scale analogous to U,
in the surface layer is W, and the temperature scale analogous to

T, in the surface layer is o,, where

gHzi 1/3
We = <EE;TF) s
(3.1)
H
0 = ’
® pCpH*

and H is the surface heat flux; p, atmospheric density; and Cp,
the specific heat at constant pressure.

Between the two regions, the nature of the scaling depends on
the strength of shear production relative to the strength of
buoyant production of turbulence. When buoyant production is
dominant in the surface layer, characterized by -L<0.1Zi, the two
scaling regions overlap. The overlap region, -L<Z<.1Zi, is termed
a layer of free convection. Here, Monin-Obukhov and mixed layer
scaling apply simultaneously.

In the other case, where shear production of turbulence is
not negligible compared to buoyant production within the surface
layer, i.e., -L>0.IZi, no overlap region exists. Rather, the
layer O.IZi<Z<-L is a transition region between the Monin-Obukhov
and mixed layer scaling regions where neither scaling law applies.
This region is an enigma insofar as scaling is concerned. A MPBL
having a free convective region and a MPBL having a transition
layer are shown in the Fig. 3.1.
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3

Il i .

0.12,

T77777777777777777

- Mixed Layer Scaling
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+ Transition Region

*M-0 Scaling

J

Fig. 3.1. (a) Boundary layer which has a free convection region
in which both mixed layer scaling and Monin-Obukhov (M-0)
scaling apply simultaneously; and (b) a boundary layer with
no free convection region. Neither mixed layer scaling nor
M-0 scaling apply in the transition region.
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3.2.2 Mixed Layer

%) In the region Zi>Z>-L, mixed layer scaling requires that
»
¢f = 7% %81,y (3.2)

where F(Z/Zi)is a function that has not been determined. Note
that in mixed layer scaling, 6, and Zi are the relevant scaling
parameters. Frisch and Ochs (1975) attempt to evaluate F(Z/Zi)
by using aircraft data collected in the marine environment near

San Diego. They find

F(2/2,) = 1.o+o.842/zi+4.13(2/zi)2 :

{3:3)
0<2/2,<0.8 .

The data upon which this expression is based contains considerable
scatter, particularly in the upper half of the MPBL. Equation
(3.2) and (3.3) must be applied with caution. In the mixed layer,
the properties of the free atmosphere above the mixed layer may
also become important. For instance, Deardorff (1974) finds that
entrainment at the top of a growing mixed layer can significantly
influence turbulence statistics involving humidity throughout

much of the boundary layer. Considerable generalization of

Eq. (3.2) may be required before these types of influences can be
handled by scaling laws.

3.2.3 Free Convection Scaling

Within a layer of free convection -L<Z<0.1Zi, C$ is not

influenced by shear turbulence production, that is, C% is

independent of U,. This condition is satisfied if g(z/L) is

proportional to 2'2/3, in which case
B o AR Lorr) NORS (3.4)

where A is a constant. Within the region of applicability, this
relation fits observations.
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3.2.4 Transition Region

When shear production is not negligible anywhere within the
surface layer, -L>0.]Zi, scaling is complicated. The middle
region of the MPBL is influenced both by surface shear turbulence
production and the presence of the inversion. Here U, and Z;, are 3
important scaling parameters, and we must write !

2

£s 2'2/3TfF‘(Z/zi, ZIL) (3.5)

where F' is still another universal function. This scaling law
transition region is quite common over the oceans. No quantita-
tive proposal for the form of F' exists.

3.3 NUMERICAL MPBL MODELS: CALCULATION OF STRUCTURE PARAMETERS

3.3.1 Basic Nature of Models

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

%% = Source/sink + mean transport + turbulent transport

where ¢ is any one of the dependent variables. For example, if ¢
represents temperature, then the source/sink.term would involve
processes such as radiative transfer, latent heat release, etc.
The mean transport term would represent temperature advection 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 similarly in all
models. Substantial differences exist, however, in the manner in
which models treat the turbulent transport terms. We will discuss
these different treatments of the turbulent transport terms in
more detail in this section. Here we note only that since our
concern is with turbulent refractive index fluctuations, substan-
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 subgrid-scale closure
model while the other type we term a second-moment turbulent
closure model.*

3.3.2 Subgrid-Scale Closure Models

Subgrid-scale closure models use the fundamental equations
to describe all the turbulent eddies within the resolution of the
grid. The smaller subgrid-scale eddies must be parameterized.

An example of a subgrid-scale closure model is that developed
by Deardorff (1973). In his model, the parameterized subgrid-
scale turbulent fluxes generally represent small fractions of the
total fluxes. Thus, the model forecasts are not very sensitive
to the manner in which the subgrid-scale is parameterized.

Because of these considerations, the subgrid-scale closure
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 example, a version of the Deardorff model used to simulate an
undisturbed trade wind MPBL took about 30 h computer time with a
CDC 7600 to produce a 5 h model time simulation (Sommeria, 1976).
This does not include any development, debugging, or preliminary
testing time. The time to analyze the model results, furthermore,
is comparable to that required in an extensive field experiment.
Therefore, it seems prohibitive at this time to examine Cﬁ in a
wide variety of atmospheric situations with a subgrid-scale
closure model.

*The term 'closure' refers to the process whereby a set of
equations becomes closed, that is, the set has an equal number of
equations and unknowns. We find "second-moment" closure to be
more descriptive than "second-order" or "higher-order" closure
because the assumptions that close the set are introduced into the
equations for the second moments.
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3.3.3 Secaond-Moment Closure Models

Second-moment closure models solve the fundamental equations
for the total turbulent flux rather than resolving a portion of
this flux by explicitly computing the turbulent flow on scales
larger than the grid scale. The parameterization involved 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 flux that is below the grid resolution.
The treatment of the total turbulent flux can involve parameter-
jzation at several levels corresponding to the level of the
moment 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 fundamental equations are
replaced, in analogy with molecular diffusion, with terms involving
the product of an eddy coefficient and a mean gradient of wind,
temperature, 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. First-moment
closure has serious shortcomings, however, 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 second-moment closure, the turbulent fluxes (the second
moments of the flow) in the fundamental equations are not directly
replaced as in first-moment closure. Rather, time-dependent
equations describing the dynamic behavior of these fluxes are
developed. These equations contain additional higher-order moment
terms. These unknowns are parameterized in terms of the known
variables, thereby closing the set of equations. Thus, in a
second-moment closure model, one charts the progress of both the
mean variables and the turbulence moments.

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, Monin-Obukhov similarity theory
provides boundary values. Thus, a surface layer model as discussed
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in Chapter 2 is incorporated as a part of the lower boundary F
condition in these numerical models. '

e
n

3.3.4 Calculating C_ with a Second-Moment Closure Model

Although sensitive to the closure assumptions, second-moment
closure models can answer some of the questions concerning the
nature of Cﬁ profiles throughout the MPBL. As mentioned in Chapter
2, Wesely (1976) shows that the optical structure parameter may be

written as

2 2
AP 2(1-A,/A)T (1-A,/A )T
2 2 g 1 2" "1 2 ‘
¢ (;2—) 3‘31 *[ p ]ceT *[——p——‘] cef e

If this equation is to be useful, we need a way of computing C%,
Cot» and Cg with the closure 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)

1/3

CT = 4BeTe' " Cz

e

1435 50 € (3.7)

= 4ge e’ eT = 4veqere

Here ¢ is the turbulent kinetic energy dissipation rate; €t and
eq are the dissipation rates of temperature and vapor pressure
variances, respectively; €aT is the dissipation rate of temperature-
humidity covariance; and 8 and y are constants.

The terms €T3 €g3 EgT and ¢ appearing in these structure
parameter relationships, also appear in the equations that form
the core of a second-moment closure model. These dissipation terms
are approximated by closure assumptions. The typical closure

assumptions for dissipation terms are

P R B ge'?
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(3.8)
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where t=¢/q is a turbulent time scale and 2 is a turbulent length
scale. Here q2 is twice the turbulent kinetic energy (i.e.,

( §ET q2= u'2+v'2+w'2).

i

Using these expressions the structure
parameters are

2 i %
2" T 2 e Te”
CT Q9‘2/3 ’ ce a /3 ’ CeT a 2/3 . (3.9)
£ L
Second-moment closure models compute the evolution of T'z, e'2,

T'e', and 2. Thus we solve for C%, Cg, and CeT using Eq. (3.9)

and for optical Ci using Eq. (3.6).

Computation of Ci throughout the MPBL as we have been
describing is the subject of a recent report by Burk (1978). He
uses a gne-dimensional second-moment closure model. The question
of what dimensionality a model should have to adequately describe
Ci in the MPBL is the subject of the next subsection.

3.3.5 Multidimension vs. 1-D Models

The dimensionality of a second-moment closure model can also
be an important consideration in seeking vertical structure
parameter profiles. A 1-D model assumes horizontal homogenity.
It cannot yield 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 inversion, which a 1-D model cannot. As a result,
Teske and Lewellen found the temperature variance near the inversion
computed with the two-dimensional model to be about twice that found
with a 1-D model. This may be a unique result and should not be
used for generalizing about the advantages of dimension.
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One further practical consideration enters the picture when
discussing the utility of 1-D vs. multidimensional models. In the
marine environment, one rarely has the type of high resolution
data necessary to provide initial and boundary conditions to a
multidimensional MPBL model. Typically, only isolated radiosonde
and bulk air-sea ship data area available. Such a sparse data base
is more compatible with the initial and boundary condition require-
ments of a 1-D model. Only further study will provide answers
concerning the relative merits of 1-D vs. multidimensional models.

3.4 OBSERVATIONS AND VERIFICATIONS

A numerical model can aid in our understanding of structure
parameter profiles. But observational data must be continually
used as a touchstone. Idealized model computations can have an
elegant simplicity and beauty that fades when real data problems
must be addressed. Observations provide the only means whereby a
numerical model can be improved and validated.

Measurements of structure parameters in the marine environment
are limited. The Cooperative Experiment in West Coast Oceanography
and Meteorology (CEWCOM) contains a set of aircraft C$ measurements
in conjunction with bulk air-sea values. Such measurement programs
remain an active area of research at the Naval Postgraduate School
(Fairall et al., 1978; Davidson et al., 1978). Preliminary results
from a recent field experiment off the coast of Panama City,
Florida, were reported on at this workshop by Dr. Fairall. This
data, and that from other large research experiments such as AMTEX
and GATE, need to be exploited more fully both for model validation
purposes and for the purpose of testing scaling laws.

Care must be exercised when aircraft structure parameter
measurements are compared with closure model results or with
scaling law predictions. Scaling laws and closure models deal, in
principle, with ensemble-averaged turbulence statistics. As we
know, however, ensemble averaging is hardly practical in geophysical
flows, and instead one generally averages atmospheric measurements
over time. The prime question then is: what averaging time of
aircraft data is necessary to obtain statistics which are relevant
to the predictions of the models or the scaling laws?




. The standard two-pronged temperature probe measurements of !
= C$ generally require about 30 minute averages to obtain stable i
1 2 statistics when the measurements are made from a stationary plat- ‘

form, If the instrument is attached to an aircraft, about an
order of magnitude advantage in averaging time can be obtained. ﬁ
Thus, a 3 minute average at each flight level corresponds in

accuracy to the 30 minute average from a stationary platform. - !
Shorter time averaging of the aircraft data will yield C% profiles
having a very jagged appearance. These short-time averaged
profiles cannot be directly related to scaling law or closure
model results.

3.5 RECOMMENDATIONS - UPPER MPBL Cﬁ ASSESSMENT

f
; a. Verify 1-D Closure Model with Existing Data }

ﬁ in the upper MPBL by

means of a numerical model must involve real data verification of

The first step towards understanding C

the model. The existing volume of data must be searched for those
cases in which sufficient information is availatle to supply the

initial and boundary condition requirements of the model. Then
comparison tests of model predictions and measured structure
parameter profiles can be made. Preliminary work along these lines
is reported by Burk (1978). These efforts are continuing.

Primarily for reasons of computational economy, a 1-D second-
moment closure model is recommended for this numerical model study.
When possible, comparison between 1-D and multidimensional model
results is recommended. Comparisons among different versions of
1-D closure models are also desirable. Particular attention should
be paid to improving, where possible, the closure assumptions which
are used in these models.

b. Use Closure Models to Derive Scaling Laws

As noted previously, if scaling laws are to be useful, the
functional form of the universal functions must be known. For
example, in Eq. (3.2) we need to know F and in Eq. (3.5) we need to
know F'. We recognize that these functions may depend on the
entrainment of temperature and moisture from the atmosphere above

the inversion.




The universal functions can be established either from
observations or from mathematical modeling. The latter technique
is much more flexible in that many alternatives can be studied
with a single program. Hence, we recommend that a numerical model
be used to help develop general scaling laws which describe Cﬁ in
the upper MPBL.

C. Conduct Experimental Verification

The existing data base of structure function measurements in
the MPBL is small. This is particularly true when those cases are
discarded that have insufficient data for initializing a numerical
model. For example, many of the aircraft measurements of C% have
no wind measurements, making estimates of turbulent shear produc-
tion speculative.

The existing data base is inadequate for testing the predic-
tions of a closure model. Further, when constructing generalized
scaling laws of the upper MPBL, new measurements are needed.
Therefore, 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 C

. PRELIMINARY TURBULENCE MODEL

The main atmospheric effects on an optical signal are

E absorption and scattering by molecules and aerosols and degrada-
tion of the signal by atmospheric turbulence. The following
presents a preliminary model of the intensity of atmospheric
turbulence as a function of bulk meteorological variables. This
model is currently used by the Navy HEL program. At this point,
however, the model is to serve as a start of discussion with all
| segments open to modification.

The effect of refractive index inhomogeneities on a coherent
laser beam is to focus a segment of the beam to a point determined
by the size and location of the inhomogeneity. Over a long path
this causes a defocusing and loss of coherence in the beam. An
analysis of turbulent effects on beam characteristics requires
assessment of a mean value of the intensity of turbulence over
the beam path, and for the time of transmission.

TrTe——

Calculation of Optical Parameters

The inhomogeneities of index of refraction are described by
an index of refraction structure constant Cs. defined as

2

C = -
" ntrybontryl? 1Tl

i (1)

The optical index of refraction of air is related to tempera-
ture T and water vapor pressure e,
- p-€ e
n 1 + A] T + A2 T (2)
where A] and A2 are constants.
The fluctuation of refractive index are therefore related to

fluctuations of temperature and humidity and their correlation
(Wesely, 1973),
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2.3 “eT *'a 2 ce (3)

T 3

T

where B], 82’ and 83 are constants.

The first term is dominant in dry conditions. The second
term can contribute significantly under special humidity condi-
tions described by Friehe (1977). The preliminary model neglects
the latter two contributions for two reasons. First, the C%
contribution is the dominant conttribution to the refractive index
structure function. Second, there are no preliminary parameteri-
zations of CzT and C$ available which have been verified as
extensively as those of C% (Wesely, 1973; Friehe, 1977).

By a combination 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.

2

O o 1%g T8N0 3 (4)
where
4.9(1-7 z,/1)7%/3 Z/L <0
g(z,/L) =
4.9(142.75 Z_/L) Z/L > 0

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

Calculation of Turbulence Parameters

The turbulence parameters T, and L are calculated from the
bulk meteorological variables using semi-empirical heat and
momentum 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 Businger-Dyer
formalism was chosen to represent the flux profiles because it is
widely used and is part of the approximation formulas to be
described below.
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The calculation of the height by the Monin-Obukhov length
Za/L proceeds with the approximation used by Barker and Baxter
(1975). The scaled height is given by

2
2, [292,(Ty, Ty [n(Z,/20) + wy(z,/L)] (5)
L Ug(Tva+Tvo) RITA(Z, 72 T+, (Z, 7001

where (for unstable conditions)

2 2
PR ln[(-]-%E )(l%i) ] + 2 arc tan (¢) %

1/4

e = [y, T A

. 1 \ P 1
Yy = - 2 1n [5(1 + /l-yH Za/L)]

Using the definition of bulk Richardson number

Ry = zgia Iva'Tvo (6)
v Tva+Tvo
a
z

Barker and Baxter find an approximate form for Ei s

z 4

2y L yatsdy .

L Ri[0.47lk 1n(zo) 1.045] (7)

This equation is inaccurate for 0§I3§;0.05 in which case one uses

Z Z i 28
—a. = ]n(_a)

4g 8
: - _ (8)

The temperature function T, is obtained from an integration
of the flux profile relationships




k(T,-Tg)

T, = 7 (9)
R[ln(71)+¢H
)

The several constants in the flux profile relationships have
a range of values attributed to them in the literature. VYaglom
(1974) points out that the momentum profile constant e is
accepted at about 15 or 16 by several authors. The heat profile
constant, YHo however, has been given a range of values from 9
(Businger et al., 1971) from the Kansas data to 18 over the Utah
desert (Monji, 1973).

Laboratory measurements of the von Karmann 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 generally
determined from Charnock's (1955) relation

Uy
ZO = a—g' (]0)
where o ranges from 0.077 (Roll, 1965) to 0.0144 (Garrett, 1977).

In choosing the values of the constants for this model, it
was realized that there is an interdependence among them during
most measurement 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-
ments, the constants developed by Businger et al. (1971) are being
used. These are

k = 0.35, Y = 16, vy = 9

Because of the uncertainty in the calculation of Zo’ a

constant value of 4x10'4 m was chosen, independent of wind speed.

This is at least consistent with marine measurements of Badgley
et al. (1972).




GLOSSARY FOR PRELIMINARY TURBULENCE MODEL

Temperature structure function

Index of refraction structure function

Water vapor density structure function

Coefficient of cospectrum of water vapor and temperature
Vapor pressure at temperature T (mb)

9.8 m sec'2

force of gravity
.35, von Karmann constant
Monin-Obukhov length (m)
Optical index of refraction
Air pressure (mb)

Vapor density

O
=

Relative humidity at height Z, (%)

Bulk Richardson number

—to

.74
Temperature (K)

Temperature at height Z

(-1}

Sea surface temperature

w

Virtual temperature (°K)

<

Virtual temperature at height Z

<
o

Virtual temperature at sea surface

<
w

Friction temperature

*

R
R
T
T
T
T
T
T
T
]

Wind speed at height Z, (usually Z = 10 m) (m sec'])

(==
*» -1}

Friction speed

N
-1

Height (m)




Zo - Roughness length (m)

o~ o - Roughness length constant

ol 8 - 4.7 constant of Barker & Baxter (1975)
" - Heat flux profile parameter
p % - Momentum flux profile parameter
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APPENDIX D

Humidity Effects in Cﬁ within the Surface Layer

by
H. A. Panofsky

We begin by defining N,. by analogy to T,,

N =-—TJ*—- (D.1)

where n' represents fluctuations of refractive index and remaining i
terms are defined in the body of the report. For the optical i
wavelength, n' is related to temperature T' and humidity q'
fluctuations by (Friehe, 1977)

o= (K T' + Kypq') x 10°6 (D.2)
where K] = -1.0°K'] and K2 = -.05667 cm3/microgram. The air
density, o, is taken to be 1.25 «x 1073 gm em” 3.

Multiplying (D.2) by w' and dividing by U,, we get
= {rp e 710, x 1078

Ny (D.3)

- T,(1 + ;%i)

Next we introduce Monin-Obukhov scaling with the scaling

function N, for index fluctuations. Then, proceeding as with C%,
we get
6 = af 2797 gean) (D.4)

If the universal 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 dissipation of refractive index
fluctuations is in balance with the production of these fluctua-
tions. Hence we finally have
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2 2 2 .
Cp = (K3)" €3 (1 + 5=

6 2

where K, = 107" P/T®. This is identical to the result of Wesely
(1976) when temperature and moisture are taken to be perfectly
correlated.

i 2
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