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Abstract approved:

The results of measurements of the fluxes of momentum, mois

ture and sensible heat in the marine boundary layer are described.

Two techniques for obtaining the fluxes are discussed. The fluxes

of these quantities are most directly obtained by the eddy correlation

method, that is, by measuring the fluctuating vertical and down-

stream velocity (w and u), temperature (T) and humidity (q)

and computing the covariances wu, wT and wq. The fluxes are

also computed by obtaining a measure of the energy dissipation rate

from second-order structure functions and relating the dissipation to

the production of energy. To use the dissipation methods, values of

universal inertial-convective subrange constants (Kolmogoroff con-

stants) are required. Kolmogoroff constants are computed from
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second and third-order structure functions.

Most of the data were collected on R. V. FLIP during BOMEX

(Barbados Oceanographic and Meteorological Experiment) and during

a pre-BOMEX trial cruise near San Diego. A small amount of addi-

tional data was collected from a site at South Beach, Oregon.

The value of the Kolmogoroff constant for velocity is consistent

with other recent observations. The temperature and humidity con-

stants are found to be equal within the measurement error and have

values of about 0. 8. The two methods for computing the fluxes agree

on average for momentum and moisture flux. The two methods do

not agree for sensible heat flux during BOMEX although there is fair

agreement for the San Diego data.
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A COMPARISON OF EDDY CORRELATION AND DISSIPATION
TECHNIQUES FOR COMPUTING THE FLUXES OF MOMENTUM,

HEAT AND MOISTURE IN THE MARINE BOUNDARY LAYER

I. INTRODUCTION

The transports of water vapor, sensible heat, and momentum

across the air-sea interface are of prime importance to an under-

standing of ocean-atmosphere interactions. The flux of momentum

from the atmosphere to the ocean generates surface waves and drives

the surface circulation of the ocean. The fluxes of heat and water

vapor are important in the thermohaline circulation of the ocean and

as a source of energy for atmospheric motions. These three quanti-

ties may be exchanged across the air-sea boundary by molecular

processes or they can be transported by fluid motions. Within a few

millimeters or less of the surface the molecular transfer may be

important. Further away from the surface there are large fluctua-

tions in the fluid motion and these turbulent fluid motions provide

more efficient transport than molecular processes. Thus, in the

region accessible to measurement, the turbulent transfer process

dominates and it is this process that is discussed herein.

It is probable that over the scales measured the flow of air over

the ocean is homogeneous in the horizontal and that the average sea

surface is a horizontal plane. Thus the only component of velocity

that can transfer momentum, heat or moisture is the vertical velocity;
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furthermore, by these assumptions the average value of vertical

velocity is zero over a large area and the fluctuating component of

vertical velocity (w) is the sole transporting agent (Burling and

Stewart, 1966). If a quantity such as horizontal specific momentum

(pu) is greater or more concentrated when w is negative than when

w is positive, then an average net downward transport puw may

exist. Similarly, the fluctuating vertical velocity may transport

sensible and latent heat if gradients of temperature and humidity

exist. Traditionally the measurements of these transports have been

difficult because of instrumental limitations. Recently, however,

instruments have been developed which will measure the fluctuating

velocities, temperature, and humidity in the scale sizes that contrib-

ute to the fluxes. From these measurements, the mean products or

covariances uw, Tw, and qw (where T is temperature and

q is humidity) can be computed. Under usual conditions these

covariances are almost independent of height for several tens of

meters above the surface (Lumley and Panofsky, 1964). Hence the

measurement of these covariances, termed the eddy correlation

method, gives the most direct estimate of the fluxes that can be

obtained and is often called a direct measurement of the fluxes.

A simpler method for estimating these fluxes is to calculate

second-order structure functions of the form
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Daa = [a(x+r)-a(r)]2,

where a is a fluctuating velocity, temperature or humidity, and

relate these structure functions to the energy dissipation rate. The

rate of energy dissipation is then assumed to be equal to the produc-

tion of energy at the level of measurement and the fluxes are related

to the production of energy. This method, although simpler than

direct measurement, involves other assumptions such as isotropy

and the Kolmogoroff assumptions and requires the calculation of uni-

versal Kolmogoroff constants.

The calculation of universal Kolmogoroff constants and the corn-

parison of these two techniques for estimating fluxes are the subject

of this thesis. Some of the results of the calculation of Kolmogoroff

constants and the comparison of the two methods of estimating the

fluxes can be found in Paquin and Pond (1971) and Pond, Phelps,

Paquin, McBean and Stewart (1971).

Most of the data used in this thesis were collected from R. V.

FLIP (floating instrument platform) which is operated by the Marine

Physical Laboratory of Scripps Institution of Oceanography. Data

collection took place during BOMEX (Barbados Oceanographic and

Meteorological Experiment) in May, 1969, and on a pre-BOMEX

cruise off San Diego in February, 1969. The measurement program
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was cooperative and included investigators from the University of

California San Diego, University of Washington, University of British

Columbia and Oregon State University. Fluctuating velocity measure-

ments were made by the University of British Columbia personnel.

Fluctuating temperature and humidity measurements were made by

Oregon State University personnel except that for the pre-BOMEX

experiment, temperature data were obtained by the University of

Washington. A small amount of additional data was collected from a

site at South Beach, Oregon in March, 1971. These data will be men-

tioned only briefly since they were collected at a site where the

assumption of horizontal homogeneity is very questionable. The

measuring instruments were located on a piling in Yaquina Bay and the

measured wind flowed over land with relief and the bay itself.

The velocity, temperature and humidity data were recorded

with an analog tape recorder and later digitized for analysis by digital

computer. The digital data were fast-Fourier transformed and the

fluxes were calculated from the cospectra of vertical velocity with

downstream velocity, temperature and humidity (Pond etal. , 1971).

Second and third-order structure functions were used to compute the

Kolmogoroff constants and the fluxes were computed by the dissipation

technique.

As pointed out by Pondetal. (1971) the analysis of the BOMEX

and pre-BOMEX data was complicated by FLIP's effects on the
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velocity field. FLIP rocks back and forth in waves and introduces

contributions to the velocity spectra at wave frequencies. FLIP also

rotates back and forth about her vertical axis introducing low-

frequency (<0. 01 Hz) energy to the cross-stream velocity spectrum.

A more serious effect is that FLIP tilts the flow field by 5-10° in the

vertical, giving the wind a downward component. The removal of

these effects is discussed byPondetal. (1971) and Phelps (1971).



II. THEORETICAL BACKGROUND

Coordinate System and Notation

A coordinate system is chosen in which the x axis is parallel

to the direction of the mean wind, positive downwind. For horizontally

homogeneous flow, the x axis is in the horizontal plane. The z

axis is in the vertical, positive upward, and the y axis is perpen-

dicular to the x and z axes with its direction given by the right-

hand rule. The total velocities in the x, y and z directions are

denoted by U + u, V + v and W + w, respectively, where upper

case letters denote the mean value of the velocity and lower case let-

ters denote the fluctuating component. By the choice of the coordinate

System,

V=W=O (1)

and by definition

(2)

where the overbar denotes an average.

Quantities other than velocity components may also be repre-

sented as the sum of a mean and a fluctuating component. For these

quantities the mean value is written with an overbar and the fluctuating

component is primed. For example
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T=T+TT (3)

qq+q' (4)

where T and q are temperature and humidity respectively.

With this choice of notation, the covariance of a scalar quantity such

as temperature with the fluctuating vertical velocity may be written

as wT or wT equivalently. Where equations or results apply to

either temperature or humidity, the symbol is used to represent

either scalar.

Isotropic Turbulence

Turbulent motions may be described as random motions of a

fluid which cannot be uniquely determined by the macroscopic param-

eters of the flow (Batchelor, 1953). If it is assumed that the turbu-

lence is homogeneous (statistical properties independent of transla-

tions of the axes) and isotropic (independent of rotations and reflections

of the axes) then the ideas of Kolmogoroff can be applied to make some

predictions about the nature of the fluid motion. The term isotropic

will imply homogeneity also in the discussion that follows.

The energy in a turbulent flow is transferred from large scales

(low frequencies), to smaller scales (higher frequencies) until the

energy is eventually absorbed into molecular motions manifested as

heat (Hinze, 1959; Batchelor, 1953). This concept is referred to as



the 'Tenergy cascade. Kolmogoroff (1941) proposed that at some

point in the high-frequency (small scale) region of the cascade, the

turbulent motions become so randomized that they are isotropic. This

high-frequency region is said to be locally isotropic since the low

frequencies may not be isotropic. Kolmogoroff's first hypothesis was

that, if the inertial forces are large compared to the viscous forces,

the statistics of the locally isotropic part of the turbulent flow depend

only on the mean rate of kinetic energy dissipation E and the

kinematic viscosity V. E is defined as

dl 222 (5)

The Reynolds number Re(Re , being a length scale) is a

measure of the ratio of inertial forces to viscous forces; thus the

hypothesis holds for sufficiently high Re. Kolmogoroff introduced

functions, called structure functions, of the form

= [u(x+r) u(x)J2 U

which depend only on scales of order r, where r is a space lag,

to describe the statistics of the turbulent flow. Using dimensional

analysis, a characteristic length scale, , and a velocity scale, s,

3(V)1/4
(7)

S



s = (vE)h/4 (8)

can be formed. is called the Kolmogoroff microscale and k the

Kolmogoroff wavenumber. For r 's in the locally isotropic range,

the second-order structure function can then be written

nfl = (vE)'F()

where F() is a universal function of its argument (i).

Kolmogoroff's second hypothesis is that, for Reynolds number

still larger, a region exists which is locally isotropic, but where

dependence on the viscosity is no longer important and the form of the

second-order structure function becomes

= (10)

where C is a universal constant. This region is called the inertial

subrange because inertial (non-linear) forces dominate viscous effects.

By dimensional analysis the third-order structure function

3
[u(x+r) - u(x)] (11)

is proportional to r. One-dimensional energy spectra and

covariance f(r) (r is in the x direction) are also used to describe

turbulent flows, they are both related to the structure function
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in the following way for isotropic turbulence (Hinze, 1959).

coo (k)dk
2=u (12)

u

f(r) u(x+r)u(x) (13)

= 2[u2-f(r)] (14)

f(r) = uco5 krdk (15)

'-$00

2
4) (k) = f(r)cos krdr (16)
U

In the inertial subrange 4) has the form

2/3 -5/3
4) =K' k

u
(17)

where K' is a universal constant called the Kolmogoroff constant

for velocity fluctuations and k is the x component of the vector

wave number, k.

Scalar Fluctuations in Isotropic Turbulence

For the fluctuations of a scalar quantity such as tempera

ture or humidity in the atmosphere (or salinity in the ocean) one can

make arguments similar to the Kolmogoroff Hypotheses to determine
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a form of the spectra of these scalars (Obukhov, 1949; Corssin,

1951). For large Peclet number (Pe = -, i kinematic diffusivity

of y) and Reynolds number the scalar fluctuations are 'cascaded

to smaller and smaller scales until they are dissipated by molecular

action (Lumley and Panofsky, 1964). In direct analogy to Kolmog-

oroffs first hypothesis a locally isotropic region exists where the

statistics of the scalar fluctuations are dependent only upon c, v,

and N the total dissipation of per unit mass. For

isotropic turbulence,

N = k2 (k)dk (18)
'V 'V

where 4 is the one-dimensional spectrum of 'y fluctuations,

S(k)dk (19)

For Reynolds number and Peclet numbers still larger, a region exists

(analogous to the region where Kolmogoroff's second hypothesis holds)

where the statistics are determined by N and only. The

form of i4i will be
'V

(k) = B'N E'k' (20)
'V
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where B' is the universal Kolmogoroff constant for y fluctua-

tions. This region is called the inertial-convective subrange. If the

Prandtl number (o v/il) is approximately unity, as in the atmos-

phere, this subrange will about coincide with the inertial subrange.

For the structure function

2
D [(x+r)-(x)] (21)

the form in the inertial-convective subrange is

D C N Er (22)
'1

where C is a universal constant. The forms of Equations (20)

and (22) are obtained by dimensional analysis. The third-order

structure function

D [u(x+r)-u(x)][y(x+r)-(x)}2 (23)

is proportional to Nr in this subrange. Batchelor (1959) has

shown that if the Prandtl number is much greater than unity, there is

a region in the spectra of scalar fluctuations beyond the -5 /3

region where k' vice k5 The region probably does

not exist in the atmosphere for temperature and humidity since o - 1,

but is important in oceanic spectra for temperature and salinity
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(o . 8 and 800, respectively).

Determination of Kolmogoroff Constants from
Structure Functions

Karman and Howarth (Hinze, 1959) have shown that in isotropic

turbulence all double velocity covariances can be related to the single

scalar covariance f(r) and similarly all triple velocity covariances

can be related to the scalar k(r) where

k(r) = u2(x)u(x+r) (24)

and r is in the x direction.

The equation relating f(r) and k(r),

2v a 4 af(r)Df(r) -----[r4k(r)] :-;; ar+ [r (25)
at 4arr r

is known as the Karman-Howarth equation and is obtained from the

Navier-Stokes equation using the assumptions of incompressibility

and isotropy.

By letting r 0 this equation becomes (Batchelor, 1953)

E (26)

Using these equations a relation between K' and C can be
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obtained. Using homogeneity a relation between and f(r) can

be obtained, the result is Equation 14. Following Pond etal. (1963),

is independent of large scale size variations (k << Z1T/r) since

the contribution from these scales to u is nearly the same at both

x and x+r. is also independent of small eddies (k >> Zirlr)

since they are incoherent at a distance r. In the inertial subrange

= K1E2/3k5/3 (17)
U

and by Equations 14, 12 and 15, for r in the inertial subrange,

,100

ZK?E2/3
\ (1-cos kr)k'dk. (27)
.10

Letting y kr and dy rdk

2/3 2/3 -5/3
coo2K r (1-cos y)y dy. (28)

Integrating by parts

(

-5/3
/

-2/3
cQ coo1 cos y)y dy = 3 2 y sin ydy. (29)

Evaluating the right-hand integral results in
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2/3 2/3= 4.02K'E r (30)

Hence the structure function constant C is related to K' by

4.02K' = C.

For the third-order structure function

(31)

3 3 3 2 2
= [u(x+r)-u(x)] = u (x+r) - u (x) - 3u (x+r)u(x) + 3u(x+r)u (x)

(32)

but, u3(x) u3(x+r) = 0 by invariance under reflections, so that,

= -3u(x+r)u(x) +3u(x+r)u(x). (33)

By invariance under rotation and reflection of coordinate axes

so that

u2(x+r)u(x) = -u(x+r)u2(x) (34)

6u(x)u(x+r) 6k(r). (35)

Subtracting Equation (25) from (26)

[u-f(r)] -2/3 E - [r k(r)] -
a 4 2v a 4 af(r)

(36)4ar r ar
r r

The last term in this equation is determined by very large wave
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numbers near the dissipation peak so that it is negligible if r is in

the inertial subrange. In a steady state the first term vanishes so

that

3 4 4(r k) = -2/3 Er

Integrating (37) yields

(37)

k(r) = 2/is Er + const X r. (38)

But k(r) is an odd function of r (Hinze, 1959) and therefore, the

constant in (38) must be zero and

D1 -4/5Er (39)

in the inertial subrange. Thus, the third-order structure function

constant

C' = -4/5. (40)

An analogous derivation can be done for the scalars (Monin and

Yaglom, 1967). The scalar covariances

f(r) = y'(x)y(x+r)

and

k(r) = u(x)y(x)y(x+r)

are related by

(41)

(42)
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f (r) f (r)
a a [r2k (r)] + 2 1 8 Z y 1

"l'

[r j (43)rr r

and again letting r 0

2

= ZN
dt

(44)

The equation for the second-order structure function is by derivation

similar to Equation (30) for

and thus

D = 4.OZB'N El/r/ (4)
'Y Y

4.OZB = C (46)
'V 'V

For the scalar third-order structure function

2
D = [u(x+r)-u(x)] [(x+r)-y(x)]

u(x+r)'V2(x+r) - Zu(x+r)'V(x)'V(x+r) + u(x+r)'V2(x)

-u(x)'V2(x+r) + Zu(x)y(x)y(x+r) u(x)y2(x) (47)

In isotropic turbulence

2 2u(x+r)y (x+r) = u(x)'V (x) = 0 (48)

by invariance under reflection, and



2 2u(x+r)y (x) = u(x)y (x+r) = 0 (49)

by incompressibility, so that

D -Zu(x+r)y(x)y(x+r) + Zu(x)'(x)y(x+r). (50)

By invariance under rotation and reflection Equation (50) becomes

D = 4u(x)y(x)y(x+r) 4k (r) (51)

Subtracting Equation (43) from (44) gives

f (r)[r 1[-f(r)] = ZN - [r2k(r)] 1 a z

28r 8r

(52)

which for r in the inertial-convective subrange in a steady state

results in

z a 2
: -;: {r k(r)} = ZN (53)
r

Integrating (53) and substituting into Equation (51) gives

D = -4/3N r, (54)

so that the third-order structure function constant C' is -4/3.

With the above equations, expressions for the Kolmogoroff con-

stants can be obtained in terms of the structure functions by eliminat-

ing E and N from Equations (30), (39), (45) and (54). This
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o. lOOK' (55)S(r) 3/2
D
fl

D 1/2 -1F (r) =
D D 1/2 = -O.167K' B' (56)

V

'r

where S and F are referred to as skewnesses. Thus, from
V

measurements of the appropriate second and third-order structure

functions the Kolmogoroff constants for velocity and scalar fluctua-

tions can be determined.

In practice, variables are measured as a function of time;

time separations, t, are converted to space separations using

Taylor's hypothesis, r = -UL,t, where U is the mean wind

speed. Lin (1953) has shown that Taylor's hypothesis is valid in a

shear flow provided that u2 << U2 and that r < 271z, where z

is the distance to the boundary. Both these conditions are satisfied

for the data considered. Pond etal. (1963) have shown that isotropy

is possible only if r < z and thus S and F values are used to

obtain K' and B' only for r < z.



Determination of the Fluxes from Second-Order
Structure Functions

From Equations (30) and (45) it is clear that once the

Kolmogoroff constants are known, a measure of E and N can be
V

obtained from the second-order structure functions. From Equations

(39) and (54), one could obtain E and N from third-order struc-
V

ture functions without a knowledge of the Ko]rnogoroff constants.

However the third-order quantities require much longer records to

obtain reliable estimates because the third-order structure functions

are dependent on larger scale motions than the second-order struc-

ture functions, as pointed out by Stewart (1963). A demonstration of

the variability of the second and third-order structure functions will

appear later.

The production of mechanical energy is given by (Lumley and

ZdU 2 -
Panofsky, 1964) u* where u(u), = -uw) is termed the friction

velocity. According to Monin-Obukhov similarity theory (Lumley

and Panofsky, 1964), the velocity gradient for near neutral conditions

in the atmosphere is

dU
dz

(57)

where K is von Karman's constant (K = 0.4). If it is assumed that

the production of mechanical energy is equal to the dissipation of

mechanical energy, then
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K. (58)
dz

dUSubstituting for we havedz

and therefore,

3
U,

K
=__::, (59)
KZ

2 2/3
T/p = u = (KEz) , (60)

where the stress -r -puw and p is the density of air. This

equation permits computation of T from the second-order structure

function D.

In the case of temperature, the profile is given by

dO
T

dz z
(61)

where 9 T + Fz is absolute potential temperature (°K) and F is

the adiabatic lapse rate of temperature (-. O1C° /m) (Lumley and

Panofsky, 1964). T is a quantity analogous to u;

T, = . (62)

Again equating production to dissipation

2
Ku

wT = N . (63)
dz z T



22

The flux of sensible heat, H, is given by

H pC wT, (64)
S p

where C is the specific heat at constant pressure for air. Thus,

KUT, = N /ZE 1 /6(Kz)2 /.
(65)

pC - T
p

Similarly for humidity the latent heat flux, HL can be shown to be

HL 1/2 1/6 2/3
-j-- = Kuq = N E (Kz) , (66)

q

where L is the latent heat of evaporation for water, q is analo-

gous to T,

and

= b,-, (67)

(68)

The above relationships apply when the stability of the atmosphere is

very close to neutral, that is, when the vertical gradient of potential

density is near zero. (Potential density, like potential temperature,

takes into account the changes caused by different heights, and hence

different pressures.) A measure of stability is the Richardson number
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Ri = (69)
2

0 (8U/8z)

and it represents the ratio of buoyancy to inertial forces. When Ri

is zero, stability is neutral. When Ri > 0 the atmosphere is stable;

it is unstable for Ri < 0. Another stability parameter commonly

used is z/L where

zLwT (70)
L

u /KZ
*

z is the height in the boundary layer, T is the mean absolute

temperature (°K) and L is the Monin-Obuhkov scaling length

3U/K
L = - . (71)

gff wT

The dimensionless buoyancy parameters Ri and z IL as written

above, use the temperature variations of the atmosphere to represent

density variations. In cases where the humidity variations are large

enough to have a significant effect on density, this effect must be

included. Temperature is replaced by a virtual temperature, T,
which accounts for the humidity effects



T = T(l+O. 6lq)1
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(72)

where is specific humidity expressed in grams of water vapor

per gm of the air water-vapor system. Thus z/L including humidity

effects is

Z KZ wT T -4g[+--x 4.7X 10 wq], (73)
T

where the factor (T/273) X 4. 7 X 10 results from converting

humidity from gm gm 1, the units usually used in expres sions for
-3T, to p.gm cm , the units used in this thesis. In this equation a

term which is of order (T12)2/T (typically < 1%) times the wq

term is neglected. Similarly the Richardson number is modified for

humidity effects on density by using 0 = T + Fz. With the form of

the velocity and temperature gradients given in Equations (57) and

(61) (neglecting the difference between 0 and T, which is very

slight), the Richardson number and z/L are equal for near neutral

conditions.

In unstable conditions (conditions for BOMEX and pre-BOMEX

measurements were unstable with z IL varying from -0. 11 to

-0. 33), the kinetic energy balance must include buoyant production of

energy as well as mechanical production and dissipation. Buoyant

production is given by



-4wT 47X10 wq],B = g[ +
273

T

which leads to the energy balance

dU 2 2/3
-uw = E - B; u = {( _B)Kz]

dz

Unstable conditions also tend to reduce the gradients of velocity,
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(74)

(75)

temperature and humidity (Lumley and Panofsky, 1964). There is

some disagreement on the exact form of this correction. Following

Pond, etal. (1971), the forms used by Miyake etal. (1970b) which

lead to successful comparisons between eddy correlation and profile

measurements of the fluxes are used:

and

dU
u,

-1=a (7b)
dz z

= a2, (77)

where the gradient correction factor a (1_l6Ri)1/4. With profiles

of this form we again have RI z/L. With this correction, the flux

from the dissipation method becomes

2 2/3
= [(E ._B)cikz]

Note that the fluxes computed from Equations (75) and (78) differ by a
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factor of a . This factor has not been included in the calculation

of momentum flux by the dissipation method; if it were included, the

dissipation technique would overestimate the directly measured

momentum flux by about 25%. The omission of this factor may be

justified according to Pond etal. (1971). Equation (78) does not con-

sider the effect of vertical diffusion of turbulence energy; as insta-

bility increases, the velocity gradient decreases, the production rate

at lower levels is relatively greater which may increase the upward

flux. An increased upward flux might compensate for the reduced

local production, making a correction to the velocity gradient unnec-

es sary.

For the scalar fluxes, the gradient correction factor enters in

the following way: equating production and dissipation with the scalar

gradient given by Equation (77) leads to

2 -2 -1a z = N , (79)

and using Equation (75) gives

KU = a(Kz)2/3Nh/2(B)h/6. (80)

Note that if Equation (78) had been used in deriving (80) the gradient

correction would be a7 /6 vice a, a difference of only 5% for the

data considered. The factor a has been included in the calculation
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of temperature and humidity fluxes by Equation (80). In the tempera-

ture fluctuation energy budget, Wyngaard and Cote (1971) have found

that the flux divergence term is always small compared to local pro-

duction and thus it cannot compensate for decreased local production

caused by the decrease in the temperature gradient in unstable cases.

Thus, the gradient correction factor is necessary in this case.

Determination of the Fluxes by the Eddy Correlation Techniaue

The covariances uw, wT and wq are computed by integrat-

ing the cospectra 4 (a may be u, T or q). The cospectra
w a

'4'
have the property that

wa
p00

i= \ (f)df (81)
wa

The cospectrum is a measure of the contribution of various frequencies

to the covariance. In practice, the cospectrum cannot be integrated

from zero to infinity, and the upper and lower limits of the above inte-

gral are determined by the record length and the frequency response

of the instruments used. The cospectra are examined, however, to

insure that all frequencies that make a significant contribution to the

fluxes are included. Wave-induced platform motion can be removed

from the integral by correcting the cospectrum in the wave frequency

band. Details of the flux computation by the direct technique are

given by Phelps (1971) and Pond etal. (1971).



III. EXPERIMENTAL OUTLINE

The instrument arrangement for the FLIP experiment is shown

in Figure 1. The instruments were about eight meters above the

water surface (for San Diego, 8. 5 m, for BOMEX, 8. 1 m for runs 5

to 11 and 8.6 m for runs 1 to 15) and about 14 m from FLIP. It was

planned to have FLIP oriented with the main deck facing the wind;

however, the orientation could not be maintained exactly and data

were selected from cases where the angle was within 300 of the

desired angle.

Instrumentation

Three components of velocity were measured from FLIP with a

Kaijo Denki model PAT-3ll ultrasonic anemometer described by

Miyake etal. (1970c). This instrument measures both fluctuations

and mean velocity. The circuitry for measuring mean wind is inde

pendent of the fluctuations circuitry. The mean wind obtained from the

sonic anemometer was checked by comparison with a Beckman and

Whitley cup anemometer (operated by the University of Washington

group) and corrected where necessary (Pond etal. , 1971). The ultra-

sonic anemometer has an averaging distance of about 20 cm, so that

fluctuations with scale sizes of this order and smaller are not accu-

rately measured. Fluctuating velocities for the South Beach
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Figure 1. The instrument arrangement for the FLIP experiment.
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experiment were obtained from a continuous-wave sonic anemometer

designed by Dr. S. Pond and built at Oregon State University. A

diagram of the instrument is shown in Figure 2. The transmitter

cluster consists of three Glennite HD 11 BaTi piezo-electric crystals

which operate continuously at a frequency of 96. 5 KHz. The receivers

are the same type of piezo-electric crystals; they are located in a

right-handed coordinate system and measure the fluctuating velocity

by comparing the phase of the received signals between two crystals

along a coordinate path. The averaging distance of this instrument is

about 20 cm also. Mean velocity data for the South Beach experiment

were obtained from Thornthwaite cup anemometers located above

and below the sonic anemometer.

During BOMEX and at South Beach, temperature fluctuations

were measured with a platinum resistance thermometer (Phelps et al.,

1970) with a calibration accuracy of 3-5% and 3db point at 80 Hz.

During the pre-BOMEX experiment, (runs 14) temperature fluctua-

tion data were obtained from a small thermocouple with a calibration

accuracy of 5% and a 3db point at about 3 Hz (operated by the Univer-

sity of Washington group).

Humidity fluctuation data for all runs were obtained from an

a-Lyman humidiometer manufactured by Electromagnetic Research

Corporation. The instrument is described by Phelps etal. (1970)

with further comments about its operation in Pond etal. (1971). The
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calibration is good to within 5-10% and its frequency response is

estimated to be 3db down at about 10 Hz. It is difficult to determine

the frequency response of the humidiometer accurately since there is

no better responding instrument to compare it with.

Data Handling

The signals from the instruments on FLIP were recorded on an

analog magnetic tape recorder (Ampex FR-1300) and later digitized

at the University of British Columbia. For the South Beach experi-

ment, the signals were recorded on an analog tape recorder (Hewlett

Packard 3955) and digitized at Oregon State University. Analog filter-

ing was done on all signals prior to A/D conversion to eliminate

electronic noise at frequencies above those of interest. Digitization

was done at a rate of ten samples /second. For BOMEX and pre-

BOMEX data, the runs were broken down into blocks of 8192 samples

(approximately 13 minutes long) and a fast-Fourier transform applied

to give spectra and cospectra over a range of about . 001 to 5 Hz. For

South Beach data the blocks were 4096 samples in length. Structure

functions were calculated for all data on blocks of 4096 samples.

Coordinate Rotations

The measured velocity components are rotated to the coordinate

system described in Section II. The coordinate rotations for the
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BOMEX and pre-BOMEX data are described by Pond etal. (1971).

The velocities for each block are first rotated in the horizontal (uv

plane) to make V = 0 by the following formulae

and

= u cos 0 + v sinO

v' = v cos 0 - u sin 0, (82)

where the primes refer to the new coordinate system and unprimed

quantities refer to the coordinate system of measurement. It was

previously mentioned that the presence of FLIP in the flow field dis-

torted the flow in the vertical so that the criterion for vertical rotation

is not as straightforward. To get accurate flux values, particularly

for momentum, the coordinate system in the vertical should be within

1 to 2° of the correct system. The criterion of the vertical rotation

was based on making the correlation coefficient Ruw uw'u' /2

approximately equal to -0.5 in the band 0. 01 < fz/U < 0. 1. The

selection of the value -0. 5 is based on the results of Smith (1967) and

Weiler and Burling (1967). The rotations used are then

u' u cos 0 + w sin 0,

w' = w cos 0 - u sin 0, (83)

122u'w' uw cos 28 (u -W ) sin 20,



2 2 2 2 2
= e + e + 20

2 22 2 2 + u sin e - uw sin 20.w w cos 0

Since these mean square and flux values are formed from sums of

cospectral and spectral values, the cospectra and spectra may be

rotated in a similar fashion replacing for example, for u2

etc. in the above formulae. A further complication to the coordinate

rotation for FLIP data is that the rotation of FLIP sometimes appears

to effect the values of R for normalized frequencies fz/U <0.03.
uw

In spite of these difficulties, Pond etal. (1971) estimate that the

vertical angle is correct to within 10 _0, giving the values of momen-

turn flux a possible error of 15-25% for a particular run and the

scalar fluxes a possible error of 5-10%. The coordinate rotations for

the South Beach data are much more straightforward. The instru-

ments were mounted on a rigid piling so that no motion effects were

present, the mean wind direction for a block of data was taken from a

Thornthwaite wind vane mounted near the sonic anemometer and the

measured velocities rotated according to Equation (82) to the meas-

ured wind direction. In the vertical, the instrument arm had a meas-

ured downward tilt of 2. 50 and the velocity signals were rotated

according to Equation (83) to remove this tilt.
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The Effect of Misorientation on the Measured
Structure Functions

As mentioned in the preceding sub-section, a small misorienta-

tion in the vertical causes fairly large errors in the values of the

fluxes. The structure functions, however, are quite insensitive to

small errors in orientation. The error in horizontal orientation for

the FLIP data is estimated to be 100 at worst, with the vertical orien-

tation being more accurate after the corrections described in the last

sub-section. The possible effect of misorientation for the worst case

(10°) is estimated below (following Paquin and Pond, 1971).

Let unprimed quantities denote measured values after the

co-ordinate rotations described in the last sub-section, and primed

quantities values in a properly aligned coordinate system. The meas-

ured second-order velocity structure function is then

2 2
cos 0 + D? sin 0 + 2DT cos U sin U (84)

vv

where 0 is the angle between the measured and true coordinates.

For 0 < 10°, 1 > cos20 >0.97. The quantity is about equal

in magnitude to D and sin2(lO°) is 0.03 so that the second

term on the right-hand side in the above expression contributes a

small amount to D which tends to compensate for the effect of

the cos20 factor of the first term. The term D' can be written
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= UBVB UBVA + UAVA UAVB (85)

where the subscripts B and A refer to positions a distance r

apart. Terms such as uBvB etc. are components of the double

covariance tensor, and all vanish in isotropic turbulence (Hinze,

1959). Actual measurements of these covariances from spectral

techniques indicate that they are small for the data considered and

since they are multiplied by 2 cos 0 sin 0 (. 34 for 0 = 100), they

contribute small errors to D. The measured third-order structure

function can be written

D = D' cos 0 + D' sin30 + 3D' cos20 sin 0
LU LU vvv fly

+ 3D cos 0 sin20 . (86)

The term D' is of order 0. 1 D' and, in addition, is mul-
vvv

tiplied by sin30, which is very small so that this term's contribu-

tion is vanishingly small. The term D can be written

2 2 2u v Zu u v +u v -u vDy= BB BAB AB BA
(87)

2
ZUBUAVA UAVA

where the terms on the right are all components of the triple covari-.

ance tensor and all vanish in isotropic turbulence. In addition, this
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term is multiplied by 3 cos20 sin 0 (0.51 for 0 = 100) so that

contributions from D' to D should be small. Using thefly LU

properties of isotropic turbulence in analogy to the derivation relating

D to k(r), the term D' can be related to D' by theLU vv LU

following expression

3D' =D'_vv LU

Since 3D' is of order D' and is multiplied by cos 0 sin20,.vv LU

it contributes 3% or less to and the contribution is such as to

correct for the effect of the cos30 factor in the first term. Similar

arguments can be made for a vertical misorientation, and since it is

much smaller than the horizontal one, the effect is significantly less.

Correction for A.veraging Distance

The second-order velocity structure functions are corrected for

the averaging distance of the sonic anemometer by the method sug-

gested by Stewart (1963). This correction is

(Dfl)C Dfl{1 )Z/3 1 L 2
r }, (89)

where C refers to the corrected structure function, L is the

averaging distance for the instrument (20 cm) and r is the lag.

The third-order velocity structure functions do not need to be corrected
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for the averaging distance of the instrument because such effects are

negligible for the lags at which values of the third order function were

calculated (Stewart, 1963). Temperature and humidity structure func-

tions are also uncorrected for this effect since for temperature, the

averaging distance is quite small, and for humidity, it is not well

known, but is believed to be small.

Methods of Averaging

In the computation of flux values (Phelps, 1971) the cospectral

values for the individual blocks were averaged together in each fre-

quency band to obtain the final cospectra 4 , and for
uw wT wq

each run. These cospectra were then integrated to obtain the final

flux values. This procedure makes the limits of integration the same

for all runs even though their length varies (from 26-8 7 minutes for

the FLIP data).

The structure functions were calculated for blocks of 4096 data

points at various lags from 1 to 1 2 meters. To obtain skewness and

Kolmogoroff constants for the various runs, several averaging meth-

ods were used. The second and third-order structure functions for
2/3each block were divided by r and r respectively, (r = .-Unt,

n = 1, 2, 3, . . . , where Lt is the sample interval) and block values

of these quantities at fixed n were averaged together to produce

the values for a ran. From these averaged quantities, skewnesses

for each run were computed at the various r values. This
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normalization of the structure functions by and r, should

2/3
produce quantities which are proportional to in the case of

second-order velocity structure functions and E in the case of

third-order velocity structure functions; for temperature and humidity

these quantities should be proportional to N. This method of

averaging is referred to as the B method.

The quantities (D2)/r and D/r which are both

proportional to , were also averaged. In the case of the second-

order structure functions for scalars this method of averaging

referred to as the A method is proportional to N
3'2 Note that the

A and B methods are identical for the third-order structure functions.

A third method of averaging is to compute the skewnesses S

and F for each block and then average the block skewnesses

together to obtain the skewnesses for each run.

In the region from two to five meters lag, the skewnesses for a

run were fairly constant. Below two meters lag, instrumental effects

were present and above five meters lag, the assumption of an inertial-

convective subrange becomes doubtful because of the presence of the

surface about 8 meters away. Averages of the normalized structure

functions over this two-to-five meter region are used to compute the

final skewnesses and Kolmogoroff constants. For the South Beach

data, the surface was about 4. 5 m away and averages over lags from

2 to 4 meters were used.
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IV. RESULTS

Cross-Stream and Vertical-Velocity Structure Functions

The second-order cross-stream and vertical velocity structure

functions

and

Dvv [v(x+r)-v(x)]2

D = {w(x+r)-w(x)]2

should equal 4/3 in isotropic turbulence in the inertial sub-

range. The third-order structure functions

and

D = [v(x+r)-v(x)]
vvv

D = [w(x+r)-w(x)]
www

should vanish in isotropic turbulence. The ratios of D and
vv

D to D and the ratios of D and D to D
WW vvv www . .

I,

(91)

should give an indication of the degree of isotropy in the turbulence

measured. Figure 3 is a plot of these ratios as a function of lag for

the FLIP data. It is apparent from Figure 3 that the ratios of the

second-order cross-stream and vertical structure functions to the

downstream structure function are less than the inertial subrange
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value of 4/3. This deviation from isotropy in the atmospheric

boundary layer has been noted before, for example, by Smith (1967)

and by Weiler and Burling (1967) who obtained values of

(which should be in the same ratio as D /D ) ranging from . 67
ww fl

to 1. 14. The ratios of the third-order cross-stream and vertical

structure functions to the downstream structure function are quite

scattered about the isotropic value of zero.

The Determination of Kolmogoroff Constants

The quantities D3/2/r and /r are proportional to

the total dissipation of mechanical energy according to Equations (30)

and (39) and should be independent of lag in the inertial subrange.

Figure 4 is a plot of D3/2/r and /r and the correspond-

ing skewness for three representative runs of FLIP data. Although

the magnitudes of the normalized structure functions vary consider-

ably from run to run and from lag to lag, the skewnesses are quite

alike except at the short lags. The skewness values between two and

five meters lag are quite constant for most runs, and averages over

this range have been used to compute Kolmogoroff constants. Figure

5 shows the results of the same runs for temperature and humidity

structure functions. The normalized structure functions for tempera-

ture decrease with r, except at short lags, but again, the skew-

nesses are fairly constant in the region from two to five meters.
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Humidity structure functions and skewnesses are quite well behaved

except at short lags.

Figure 6 shows composite plots FT Fq and S for all

BOMEX and pre-BOMEX runs. With the exception of a few runs,

the skewnesses for velocity, temperature and humidity are quite

constant for lags greater than two meters.

Table 1 is a summary of the results of the computations for

FLIP data using the three averaging methods previously discussed.

It should be noted that in the computation of B' a value of K' is
Y

required. B' is computed in two ways: one uses the value of K'

measured from that run; the other uses a value of K' of 0.55. The

value of K' of 0.55 was selected because it agrees with the results

of recent investigations (e.g. Nasmyth, 1970) and in using the dissi-

pation method for momentum flux, it gives good agreement with the

directly measured flux (Pond etal. , 1971). Also, 0.55 is represen-

tative of the values of K' obtained by the various methods tried

here. At the bottom of the table, values of K' and B' are cal-

culated from the average over all runs of S and F . For the B'
1 -y

values, K' = 0.55 is used.

The results of the three averaging methods and the different

methods of obtaining K' and B' clearly do not differ significantly

from one another Throughout the remainder of this thesis, the

average values of the Kolmogoroff constants considered will be the
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results of the B method of averaging. This method seems the

"natural" method to choose. The A method for K' has some

appeal, however, since D3 /2/r is proportional to E, and

therefore was also tested. K' from the A and B methods is essen-

tially the same so either may be used. For temperature and humidity,

the B method is the result of averaging quantities proportional to N.

In summary, the B average of the calculations over the 16 FLIP

runs gives a value of 0. 57 ± 0. 10 for the Kolmogoroff constant K'.

(All values are given as mean ± standard deviation.) From the aver-

age skewness, a value of 0.54 is obtained. For temperature fluctua-

tions, the value of B is 0.83 ± 0. 13 using the observed value of

K' for individual runs, and a value of 0.85 ± 0.14 using K' = 0.55;

from the average FT'S (and using K' = 0.55) the result is 0.83.

To my knowledge, only one previous estimate of the Kolmogoroff con-

stant for humidity fluctuations has been reported (Miyake etal., 1970a

by setting production equal to dissipation, estimate it as 0.63 based

on one aircraft run). For B' a value of 0.80 ± 0. 17 is obtained
q

using measured values of K' and a value of 0.81 ± 0.17 using

K' 0. 55; from the average Fq assuming K' = 0. 55, the

result is 0.78.

Similar calculations of skewnesses and Kolmogoroff constants

were accomplished for the three and one-half hours of South Beach

data collected in March, 1971. These data were collected primarily
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as a field test of the new sonic anemometer system. Because of the

irregularity of the site, assumptions of horizontal homogeneity cannot

be made for large scales. The location of the South Beach measuring

site is shown in Figure 7. The measured wind was generally from the

west. Note that the wind flowed over the sea surface, then encountered

land and then flowed over the bay to the measuring site. These

transitions from water surface to land surface and back to water, and

the accompanying change in roughness (bottom boundary condition)

could cast doubt on the velocity measurements since the boundary

layer could still be in transition, adjusting to a change in roughness.

A more serious effect could occur for the scalar measurements. Not

only did the scalars encounter changes in roughness, but the atmos-

pheric stability was probably different over the sea, the land and the

bay. In the afternoon, when most of the measurements were made,

the stability over the sea was probably near neutral; because of solar

heating, the land surface was likely warmer than the sea air, causing

unstable conditions. Then, as the heated air flowed over the relatively

cooler bay, stability may have returned to near neutral or stable.

These rapid transitions in the boundary conditions, as well as the

horizontal inhomogeneities, make the assumptions of isotropy and

similarity theory very doubtful.

Values obtained from the South Beach data by the B method of

averaging are given in Table Z. The value for K' is 0.58 ± 0. 1Z
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(4 runs) which is in good agreement with the FLIP measurements.

The value of B is 1.51 ± 0.27 using the measured value of K',

and 1.59 ± 0.34 using K' = 0.55. The corresponding values from

B' are 1 82 ± 0.37 and 1.93 ± 0.52. The values for the scalar con-
q

stants B' from this data set are quite different from the values

measured from FLIP. Only the FLIP results should be regarded as

reliable for the B' values because of the site irregularities.

Table 2. Kolmogoroff constants from South Beach data.

Time Date Duration K' B' B' 55)1 B' B'
(55)1

Run (GMT) (day/mon) (Mm) T T q q

1SB 1828 18/3
2SB 1949 18/3
3SB 2048 18/3
4SB 2350 18/3

Mean
Std. Dev.

1Using K' 0.55.

54 0.76 1.64 1.96 2.16 2.61
54 0.53 1.27 1.24 1.27 1.27
61 0.55 1.89 1.95 2. 17 2.21
27 0.47 1.26 1.22 1.69 1.62

0.58 1.51 1.59 1.82 1.93
±0. 12 ±0. 27 ±0. 34 ±0. 37 ±0.52

Flux Results

The equations for computing the fluxes by the dissipation method

and the eddy correlation method are given in Section II. The flux

results from the two methods are presented in Table 3. The units

chosen for the fluxes are as follows: the momentum flux is given in

kinematic units of cm2 sec2; the temperature flux (sensible heat

flux/pC) is given in C° cm sec1; and moisture flux in g cm2sec'



Table 3. Flux results.

Run
Duration

(Mm)

Method

U

(m/sec)
z

L

Dir.

-

2()
sec

Diss.

u
2(-)

sec2

2

-

Dir.

wq

.1:!:&. .

cm
sec

Diss.

ruq
.

cm

cm3 sec
uq
wq

Dir.

wT

C°cm
sec

Diss,

Ku,T

C°cm
sec

KuT
*

wT

1 40 5.78 0.20 533 354 0.66 3.22 2.50 0.78 1.59 1. 50 0.94
2 27 6.60 0. 12 724 459 0.63 3.38 2. 55 0.75 1. 59 1. 75 1. 10
3 40 4.78 0. 18 378 358 0.95 1.55 1.66 1.07 0. 89a 73b 1. 94
4 54 6.05 0. 16 840 920 1. 10 4.41 4. 05 0.92 2. 60b 2. 340 f:%2e
5 87 4.65 0. 27 356 416 1. 17 5.51 6. 26 1. 14 0. 92 2. 34 2.54
6 37 5.55 0. 23 369 471 1. 28 3. 96 4.64 1. 17 0. 93 2. 29 2.46
7 25 7. 22 0. 20 505 502 0. 99 6. 25 5. 00 0.80 1. 18 2. 38 2. 02
8 37 5.92 0. 14 618 729 1. 18 4. 34 7. 31 1.68 1. 30 2. 96 2. 28
9 37 7.21 0. 11 881 801 0.91 7.45 7.46 1.00 1. 51 3. 34 2.21

10 62 6.79 0. 11 664 529 0.80 4.65 4.65 1.00 1. 14 2.42 2. 12
11 75 5.31 0.22 385 376 0.98 4.27 4.76 1.11 0.89 2.40 2.70
12 62 6.51 0. 17 565 653 1. 12 6. 34 6.85 1. 08 1. 10 2. 34 2. 13
13 62 5.86 0.22 484 562 1. 16 6.51 7. 16 1.10 1.12 3 03 2.71
14 62 4.97 0.33 352 458 1.30 5.03 5.98 1. 19 1. 10 2.82 2.56
15 62 6.78 0. 15 686 751 1.09 7.95 8. 59 1.08 1.21 3. 70 3.06
Mean 1.02 1.06
Std. Dev. ±0. 20 ±0. 21 ±0. 30
aThis value based on only .13 mm. of data. p = 1. 24 x -3 -310 gm cm for
bThis value based on 27 mm. of data. San Diego (runs 1-4
cThis value based on 40 mm. of data. p = 1. 16 x 103gm cm for BOMEX
dMean and St. Dev. based on runs 5-15 only (BOMEX data) (runs 515)
eMean ± Std. Dev. for San Diego data is 1.22 ± 0.46 C = 1.00 x 1O7 ergs gm'Co'
omitting run 3 (13 mm.) gives 0.98 ± 0.09. L= 2460 x 10 ergs gm (runs 1-4)

L= 2440 io ergs gm (runs 5-15)
u-I

(j.I
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Values of p, C and L (to get the latent heat flux) are given at

the bottom of Table 3. Pond etal. (1971) list values of latent and

sensible heat flux and give some conversion factors. Table 4 gives

some supplementary results used in the computation of the fluxes by

the dissipation method.

Table 4. Supplementary results.

Run

Buoyancy
Production

From From

wT wq
(1) (1) (1)

-B
(1)

104N
q

(2)

4lON
T

(3)

a

1 5.49 1.53 26.5 19.5 4.66 1.70 1.43
2 5.49 1.61 36.2 29.1 5.17 2.45 1.31
3 3.07 0.74 23.4 19.8 2.26 2.45 1.40
4 8.97 2.10 91.8 80.7 8.56 2.84 1.37
5 3.00 2.76 31.8 26.0 25.8 3.62 1.52
6 3.04 1.99 36.3 31.3 14.6 3.56 1.47
7 3.86 3. 14 41.6 34.6 17. 1 3. 90 1. 43

8 4.25 2.18 67.9 61.5 34.1 5.54 1.34
9 4.93 3.74 78.5 69.8 37.1 7.48 1.29

10 3.72 2.34 43,5 37.4 17.7 4.79 1.29
11 2.90 2.14 26.6 21.6 17.1 4.31 1.46
12 3.59 3.18 53.4 46.6 30.0 3.50 1.39
13 3.66 3.26 45.5 38.6 32.2 5.75 1.46
14 3.59 2.52 34.6 28.5 20.3 4.48 1.59
15 3.66 3.98 68.0 60.1 45.7 8.55 1.36

(1) 2 3(cm /sec ).
(2) 3(igm/cm )

x (1/sec).
(3)(CO2/sec).

The ratio of the flux computed by the dissipation method to the

eddy correlation flux for each run is given in Table 3. Note that
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calibration factors cancel out in such ratios. For momentum flux, the

average ratio is 1.02 with a standard deviation of ±. 20. Thus, while

there is a lot of scatter between values for individual runs, the two

methods agree very well on average. For moisture flux, the ratio is

slightly higher, 1.06, with about the same standard deviation, ±. 21,

again giving good agreement between the two methods. However, the

heat fluxes measured by the two methods do not seem to agree well at

all. For the San Diego measurements, the ratio is 1. 22 ± .46 and if

run number 3 (a short run of 13 minutes duration) is excluded, the

San Diego results give a ratio of . 98 ± . 09. For runs 5 through 15 the

average ratio of heat flux from the dissipation method to directly

measured flux is 2.44 ± . 30 which indicates that under the conditions

prevailing during BOMEX, the dissipation method overestimates the

heat flux by a factor of about two and a half. This difference between

dissipation and production indicates that there is a large flux diver-

gence at the level of measurement. Phelps and Pond (1971), from a

study of the time domain traces of temperature and humidity, suggest

that the temperature gradient probably steepened above the 8-meter

level and much of the variance of temperature came from above. In

this situation, local production would be less than dissipation.

As noted in Section II, the computation of the fluxes depends

upon the assumptions of similarity theory. Similarity theory assumes

that a scalar quantity such as temperature or humidity behaves in a
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"passive" way, that is, it is transported or transferred only by fluid

motions and does not interact appreciably with the fluid motions.

Temperature, however, may also show effects of radiation (a dissipa-

tion mechanism). The importance of radiative transfer effects on

temperature depends partly on the moisture content of the air. When

the moisture content of the air is high, the air is a better absorber of

long-wave radiation than when the air is dryer. During BOMEX, the

moisture content of the air was very high (mean humidity of about

20 gm m3), relative to San Diego (mean humidity of about 8 gm

and this increase in humidity and its effect on radiative transfer of

temperature may, at least in part, explain the failure of these methods

for runs 5-15. In temperate latitudes where humidity is not extreme-

ly high, (such as San Diego) radiative transfer effects may be weak

enough so that the assumptions of similarity theory are valid.

Figure 8 is a plot of momentum flux from the dissipation method

as a function of eddy correlation flux. Since it is uncertain which of

the two techniques gives the more accurate measure of the actual flux,

a linear regression of -I on u and u on -'ii was done.

The solid line is the average of these two regression lines and has an

intercept of -14 and a slope of 1.03 with a correlation coefficient of

0. 78. One might argue that the eddy correlation technique involves

fewer assumptions than the dissipation technique and thus, should be

the best estimate of the actual flux; however, uncertainties in the
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Figure 8. Momentum flux from dissipation technique versus eddy
correlation flux.



rotations for the eddy correlation flux and the fact that the dissipation

technique depends on higher frequencies and therefore should be less

scattered, may make the dissipation method the better estimator.

The dashed line in Figure 8 is the ratio line of u to -uw.

Figure 9 is a similar plot for moisture flux; the regression line (solid

line) has a slope of 1. Zi, an intercept of -0.71 and a correlation

coefficient of 0. 88. The dashed line has a slope of 1. 06, the mean

ratio between and wq. For sensible heat flux, the San

Diego and BOMEX results have been represented by different symbols

in Figure 10 and two regression lines (solid lines) have been drawn;

for San Diego (run 3 omitted) the line has a slope of 0. 74, an intercept

of 0. 43 with a correlation of 0. 96; for BOMEX the slope is 2 89,

the intercept 0. 50 with a correlation of 0. 68. The dashed lines rep-

resent the mean ratio values.
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V. DISCUSSION

The Kolmogoroff Constants

The calculated skewness values show a considerable amount of

scatter. An inspection of the individual runs indicates that this scat-

ter arises mainly from the third-order structure function. Within

each run, 13-minute averages were computed for the quantities

and D/r as well as averages over the entire run.

The 13-minute averages were then divided by the run average and the

standard deviations of the ratios from the mean value of 1. 00 were

computed. The results are presented in Table 5. From the standard

deviations of the ratios in Table 5, it is apparent that the third-order

structure function is considerably more variable than the second-

order structure function, as one might expect. Thus, in using the

structure-function technique for computing skewnesses and

Kolmogoroff constants, long records are required to obtain reliable

estimates of the third -order structure function.

The determination of the constants presented herein is based on

the assumption of local isotropy. The scale sizes over which the

structure functions are calculated are at the large scale end of the

approach to local isotropy and therefore, some doubt is cast on the

reliability of the skewnesses reported. The skewnesses calculated
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for the short lags, (less than two meters) are not reliable since the

measuring instruments were not at the same point (the temperature,

humidity and velocity sensors were within a radius of about 50 cm).

There are also instrument-response limitations which affect the short

lags.

Table 5. Standard deviations of the ratios of 13-minute averages to
run averages.

3/2 D
D TT D

gg
2/3 2/3

Run uw r r wT r wq r

1 0. 26 0. 30 0. 07 0. 04 0. 03 0. 05 0. 09
2 0. 08 0. 10 0. 03 0. 13 0. 17 0. 12 0. 13
3 0.42 0.42 0.38 a a 0. 19 0. 11
4 0. 39 0. 74 0. 35 0. 08b

o
21b 0.05 0. 17

5 0.29 0.57 0. 15 0. 15 0. 11 0. 15 0.09
6 0.08 0. 15 0. 24 0.06 0.08 0. 16 0.08
7 0. 34 0. 17 0. 23 0.02 0. 03 0. 15 0.03
8 0.45 1.05 0.35 0.08 0.05 0.49 0.08
9 0.07 0.49 0. 22 0. 16 0.04 0. 08 0.08

10 0. 28 0.57 0. 16 0.07 0.09 0. 17 0. 13
11 0.33 0.44 0. 17 0. 16 0.21 0.44 0.28
12 0. 21 0. 32 0.07 0. 19 0. 11 0. 21 0. 13
13 0.30 0.44 0. 13 0. 19 0. 15 0. 18 0. 17
14 0. 58 0. 29 0. 12 0. 20 0. 14 0. 25 0. 08
15 0. 11 0. 25 0. 10 0. 10 0.08 0. 13 0 11
Avera2e 0.28 0.42 0.16 0.12 0.11 0.19 0.12
a01 13 mm of temperature data.
b27 mm of temperature data.

In spite of the scatter and instrument-response limitations. the

structure-function approach has permitted estimation, by an inde-

pendent method, of the Kolmogoroff constants for comparison with

other investigations. In the case of the constant for humidity, it has



provided one of the first estimates. In particular, the measurements

provide a check to see if the constant for humidity is the same as that

for temperature. If temperature and humidity behave as similar,

passive scalars, one would expect the value to be the same, but a

determination of the two constants is more satisfying.

Values obtained by this investigation are compared with other

recent investigations in Paquin and Pond (1971). A review of this

comparison follows. The value of K' obtained (0. 57) is somewhat

higher than earlier results such as those summarized in Pond et al.

(1966) (0.48 ± 0.06), and those of Grant etal. (1962). The data used

to obtain K' in Grant etal. (1962) has been reviewed by Nasmyth

(1970) and a revised value of 0. 56 is reported. Nasmyth noted that

effects of scalar fluctuation influenced the velocity fluctuation meas-

urement and, by selecting data for which these effects were the

smallest, he arrived at the new value of 0.56. Pond etal. (1971) note

that a value of K' = 0. 55 gives excellent results when comparing flux

from the dissipation technique with eddy correlation fluxes. Gibson

etal. (1970) also suggest that the "usual" value of 0.5 should be

increased to about 0. 6. Thus, the value for the velocity constant

obtained by this study is in good agreement with other recent values

in spite of its being higher than earlier values which estimate

K' 0. 5. This agreement also indicates that, although the turbulence

measured from FLIP was not exactly isotropic, the value of the
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Kolmogoroff constant agrees with values obtained in more nearly

isotropic conditions.

The values of B' and B do not differ much; 0. 80 ± 0. 17
T q

for B! and 0. 83 ± 0. 13 for B! . A Student's t test was run to
q T

see if there is a significant difference between these two means. The

t statistic had a value of 0. 53 which is a typical value one might expect

from two estimates from the same population. An overall value for

B' ( = T or q) is 0. 82 ± 0. 12.

As pointed out by Paquin and Pond (1971), not all reported

values for the scalar constant are comparable, because two systems

of defining the constant are commonly used. Some authors use the

rate of dissipation of = 2N (denoted by x or E) rather

than the rate of dissipation of y 2 /2 = N in the definition of 4,

-1/3 5/3
4:i @E Xk

Y'
1

Hence 23 = B' (the symbol K is also used for (Boston,

1970) ), and the constant they report should be multiplied by 2 for

comparison. Panofsky (1969) has pointed out that some authors use

non-radian wave number requiring a factor of 3.4 for comparison.

Also, a factor of 1/2 has sometimes been inserted with the right-

hand side of the equation
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j0
= a

Caution is required in comparing results of various authors. The

results presented here have been reduced to a comparable system.

The value obtained for B (0. 82 ± 0. 12) is consistant with the

results of Wyngaard and Cote (1971) (0.79 ± 0. 10) who obtained their

value by measuring all the terms in the energy budget for T2/2.

Gurvich and Zubkovski (1966) computed B from structure func-

tions and report a value of 0.9 and quote an earlier result of 0.7.

Panofsky (1969) estimated a B of 0.7. The above estimates were

made from atmospheric data. According to the Kolmogoroff theory,

the value of B should be independent of the fluid. Measurements

in the ocean by Grant etal. (1968) produce a value of 0.62 ± 0.12 and

Gibson and Schwarz (1963) obtain 0.70 from water tunnel measure-

ments.

The above results compare favorably with the FLIP results but

there are two sets of measurements from atmospheric data which do

not agree. Gibson etal. (1970) and Boston (1971) have measured the

whole spectrum
T

and obtained NT by integration of

(Equation (18) ). This method is based on fewer assumptions than the

structure function approach and should produce good results. Gibson

et al. (1970, and personal communication) obtain values from about



1. 6 to 2. 4 with an average value of 2. 0 from measurements on FLIP

during BOMEX. Boston obtains 1.62 ± 0. 16 from measurements over

a mud flat. It is interesting to note that the value of B' and B'
T q

from the South Beach data (1.59 ± 0.34 and 1.82 ± 0.37) are in agree-

ment with the Boston results. It is uncertain why the South Beach

results should agree; perhaps it is accidental. There are some site

similarities between the South Beach experiment and Boston's meas-

urement site, (both are in land-water areas) although Boston's site is

in much smoother terrain.

Clearly, more measurements of B' are necessary before its

value can be well established and the discrepancies between the van-

ous results resolved. The value of B' 0.8 has been used in this

work since it is based on measurements in the same region of the

spectrum from which N and N are calculated. This choice
T q

for B' is supported by the evidence that it gives good agreement

between the two techniques of determining the fluxes.

Flux Comparison

There is some uncertainty in the determination of the fluxes by

the dissipation technique because of the lack of exact isotropy in the

data considered. The eddy correlation fluxes also have uncertainties

because of the motion of the measuring platform and the flow distor-

tion by FLIP. These difficulties may, at least in part, account for
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some of the observed scatter in the ratio of flux from the dissipation

method to the eddy correlation flux. Nevertheless, the two methods

give good agreement on average for the momentum and moisture

fluxes. For the sensible heat flux, the methods do not agree for

BOMEX, apparently because temperature fluctuations do not obey the

assumptions of similarity theory. The agreement is fair for the few

San Diego results.

The average value of the directly measured flux for a 13-minute

block has been divided by the average value of the flux for the entire

run and the standard deviation of this ratio from its mean of 1. 0 for

all runs is presented in Table 5. Similar standard deviations have

been computed for quantities proportional to dissipation rates from

the structure functions. Since u, the approximate standard

deviation for momentum flux from will be about 2 /3 of the value

listed for D3 2/r. Since yu N' 2, the approximate

standard deviations for scalar fluxes by the dissipation method are

about 1/2 the values listed for D /r2/3. It is apparent from Table

5 that the statistical scatter is less for fluxes from the dissipation

technique than for directly measured fluxes. For fluxes from direct

measurement the average standard deviation is 0. 25 for momentum

and 0. 19 for moisture. The average standard deviation for fluxes

from the dissipation technique is about 0. 10 for momentum and about

0. 06 for moisture. In situations where platform motion exists and



rotations are necessary to compute the eddy correlation flux, the

structure-function approach may indeed be more reliable because it

is insensitive to tilts and since it depends on higher frequencies, has

less variability.

Summary of Conclusions

1. The Kolmogoroff constant for velocity fluctuations from the

FLIP measurements is 0.57 ± 0. 10.

2. The Kolmogoroff constant for scalar fluctuations is 0. 82±0. 12

with no difference between humidity and temperature for the

data measured. The Kolmogoroff constant for scalar fluctua-

tions requires further investigation since there is some evi-

dence that suggests a higher value.

3. The dissipation technique compares with the eddy correlation

technique for moisture and momentum fluxes within an error

of about 20%.

4. The dissipation and eddy correlation methods do not agree

for the BOMEX results, perhaps because of radiation effects

on the temperature field. Where these effects are not strong

(San Diego results), the dissipation technique may be success-

ful in predicting the heat flux.
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