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ABSTRACT

Turbulence measurements of wind and temperature were
made by sonic anemometer-thermometers in the first thirty
meters of the atmosphere. Direct measurements of turbu-—
lent fluctuations are possible to present the data in the
context of the Monin—Obﬁkhov similarity theory. This ex-
periment has allowed a detailed study of the turbulent
energy budget as well as turbulence statistics in the
surface boundary laver.

Firstly, turbulence statistics are analyzed and inter-
preted in relation to measured parameters such as height,
mean wind speed and stability conditions. The values for
the friction velocity u, increase linearly with the mean
wind speed U. The standard deviations of the velocity
components have close relations to mean wind speed, fric-
tion velocity and stability. The data for the horizontal
components are rather scattered in comparison with those
for the vertical component. The normalized intensity of
turbulence for the vertical component, Uw/u*, shows the
dependence on the stability parameter z/L, and is given
by a universal function of z/L according to the similarity
theory. The values for 6.,/Uy in neutral conditions are
in agreement with the results obtained by other investi-
gators. The spectral analysis of turbulent fluctuations
reveals that the spectra of the velocity components on

the high-frequency side have the slope of -~5/3 corre-

sponding to Kolmogorov's hypothesis. The -5/3 region is



assumed to be the inertial subrange, where the ratio be-
tween the spectra of the longitudinal component u and the
vertical component w is found to be 4/3. 1In addition,
the spectral analysis shows that the horizontal scale of
turbulence is larger than the vertical one, and that the
scale of turbulence increases with both height and sta-
bility, and decreases with the mean wind speed.

Secondly, terms in the budget equation of turbulent
energy were derived from turbulence statistics, and their
behaviors were examined. The vertical structure and time
change of the turbulent energy budget are shown for un-
stable and stable conditions in comparison with the budget
in the planetary boundary layer, obtained previously by
other investigators. The behavior of each term in the budget
equation was considered for a wide range of stability
conditions.

The values for viscous dissipation were obtained from
the inertial-subrange levels of the longitudinal velocity
spectra with a value of 0.50 for the spectral constant.
Viscous dissipation increases with the third power of mean
wind speed at any height, and decreases with height. For
unstable conditions, mechanical production and viscous
dissipation of turbulent energy are a main energy source
and sink, respectively. They decrease with height,
Turbulent transport of turbulent energy is an energy sink
to approximately balance buoyant production which may be
a source or sink depending on stability. For stable con-

ditions, the magnitude of each term is wvery small and



almost constant with height.

Thirdly, a model of turbulent energy was deduced from
the results, and presented in the context of the Monin-
Obukhov similarity theoxry. A general specification of the
turbulent energy budget including the case of stable con-

ditions has been achieved through this model.
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CHAPTER 1

INTRODUCTION

i-1 Background of the study

Over the past two decades, there have been nume rous
experimental studies of profiles, fluxes, variances, spec~-
tra and other statistics of wind and temperature in the
surface boundary layer. Since most of the transfer of
romentum and heat is due to the turbulent fluctuations of
wind and temperature, it seems obvious that the energy bud-
gets of the fluctuations are important areas for study.
The most important of these budgets is the budget of tur-
bulent energy, which provides some information about the
dynamics of these quantities in a turbulent flow.

It is helpful for understanding the budget concept to
present the mathematical expression of the turbulent enerqgy
budget, which can be written for the case of horizontally

homogeneous turbulence (see Lumley and Panofsky, 1964)

9 g?_ — 38U g =5 _ B8 wWjg?_ 3 Wp _

—— = —-uw + = wh £

t 2 oz gz 2 5z p

’ . T. . . ————(1-1}
(TE) MP)  (BP) (TT) (PT) (VD)

where u, v, w are the three components of the wind fluctu-
ation (u=v=w=0) in directions x, y, 2, respectively; U is
the mean wind speed; 8, p are the fluctuating temperature
and pressure, respectively; g’=u’+v®+w? is twice the tur-

bulent energy per unit mass; T and p are the means of
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temperature and density; and ¢ is the rate of viscous
dissipation of turbulent energy. The terms in Eq. {1-1)
can be identified as {from the left) the instantaneous
turbulent energy TE, mechanical production MP, buoyancy
production BP, turbulent transport TT, pressure transport
PT, and viscous dissipation VD. Brief interpretation of

these terms is as follows:

TE: the local rate of change of turbulent energy,
which is zero for steady-state conditions.

MP: mechanical production of turbulent energy by
the Reynolds stress, which is normally positive.

BP: thermal production of turbulent energy by the
buoyancy forces, which is positive under unstable
conditions and negative under stable conditions.

TT, PT: transport of turbulent energy by turbulence

and by the pressure forces.
VD: transformation of turbulent energy to heat by

the viscous forces.

Fig. 1~1 shows a schematic diagram of the turbulent energy

budget.

1-2 Purpose of the study

There are three purposes of this study. The first is
to analyze and interpret turbulence statistics in relation
to measured parameters, such as height, wind speed and
stability conditions. fThe second is to investigate the

time change and vertical structure of the turbulent energy

16
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budget. The third purpose, the main one, is to make a
model of the turbulent energy budget over a wide range of
stability conditions by means of the similarity theory
proposed by Monin and Obukheov (1954), which explains the
behavior of each term in.the budget egquation in relation
to stability.

In cocrder to carry out these purposes, turbulence
measurements of wind and temperature were made in the
first thirty meters of the atmosphere. Four sonic ane-
mometer-thermometers were used for turbulence measurements,
This experiment has allowed a detailed study of the turbu-
lent energy budget in the surface boundary layer. In the
present study it is possible to make measurements of all
terms except the pressure transport term in the budget,
allowing a quantitative determination of the terms over a

wide range of stability conditions.

1-3 Review of the recent research

Since the early 1960's, when modern instrumental,
recording and computing techniques became available, the
small-scale structure of atmospheric turbulence has been
the subject of extensive research. Numerous experiments
were carried out in order to obtain a comprehensive set of
data on wind and temperature fluctuations in the lowest
thirty meters, or so, of the planetary boundary layer.
Most of the results were systematically analyzed, using
the framework of similarity which was put forward origi-

nally by Obukhov (1946). The first experimental evidence

13



for the similarity theory was given by Monin and Obukhov
{(1954) . The Monin-Obukhov similarity theory permitted a
concise representation of the effects of stability.

These previous efforts made it possible to predict the
general behavior of atmospheric turbulence described in
terms of simple turbulence statistics to a fair degree of
accuracy. Previous studies were reviewed thoroughly in
the books by Lumley and Panofsky (1964), Haugen (1973) and
Pasquill (1974).

Theoretical studies have shown qualitative charac-
teristics of turbulence to a certain degree, but not for
quantitative ones. Experimental studies are necessary for
acquiring information with regard to the quantitative char-
acteristics. Since the main purpose of the present study
is to establish a model of the turbulent energy budget,
this review will be limited to the experimental studies
concerning these experiments, as summarized in Table 1-1.
Since Panofsky (1962) suggested that the budget concept is
useful for presenting dynamic effects of turbulent fluctu-
ations, there have been several experimental studies on
the turbulent energy budget in the surface boundary layer
(Panofsky, 1962; Busch and Panofsky, 1968; Wyngaard and
Coté 1971; etc.). In spite of these experimental studies,
there is still not complete agreement on the relative im-
portance of each term in the budget equation.

Panofsky (1962) stated that the flux of turbulent
energy was upward and that turbulent transport was an

important term in the budget equation under unstable

19
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conditions. Busch and Panofsky (1968), however, concluded
that viscous dissipation was balanced by mechanical and
buoyant productions and that turbulent transport was un-
important in the case of a homogeneous terrain.

Instrumented aircrafts were used to estimate directly
the budget of turbulent energy in the planetary boundary
layer by Lenschow {1970, 1974). Lenschow (1970) reported
that viscous dissipation was almost constant with height
between the lowest flight level of 100 m above the ground,
and the highest flight level of 1000 m, which was just
below the top of the planetary boundary layer, while tur-
bulent transport increased with height to balance the de-
crease in buoyant production. Lenschow (1974) proposed
a model of the height variation of the turbulent energy
budget in the unstable planetary boundary layer.

In 1968, the Air Force Cambridge Research Laboratories
carried out an extensive experiment of the surface boundary
layer at a site in Kansas (Haugen, 1973); one outcome of
this experiment was the paper by Wyngaard and Cote (1971)
on the budgets of turbulent energy and temperature variance,
as shown in Fig. 1-2. The study was the most complete that
has ever been reported. Wyngaard and Cote showed that the
turbulent energy budget in the surface boundary layer ap-
peared to follow the Monin-Obukhov similarity theory quite
well. Under stable conditions, viscous dissipation essen-
tially balanced mechanical production, while turbulent
transport was of secondary ilmportance. Under unstable

conditions, viscous dissipation exceeded the total of
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mechanical and buoyant productions by a significant amount
and turbulent transport was important. The large imbalance
among the measured terms in the budget under unstable con-
ditions was discussed. The cause of the imbalance could
not be determined with certainty, but an interesting pos-
sibility was that pressure transport was significant under
very unstable conditions,

McBean et al. (1971) reported that for slightly un-
stable conditions the total production was balanced by
viscous dissipation and that for more unstable conditions
viscous dissipation exceeded the production. Garratt
(1972) found that viscous dissipation and turbulent trans-
port was significant on occasions but small on the average.
From the standpoint of the budget relations of turbulent
energy and temperature variance, Monji (1973) discussed
the transition from the surface layer to the free convec-
tion layer of the unstable planetary boundary layer.
Maitani (1977) showed the characteristics of the turbulent
transport and viscous dissipation were the main loss terms
under unstable conditions and that these terms increased
in magnitude with increasing instability.

The imbalance (or residual) of the budget eguation
can be attributed either to pressure transport or to ex-
perimental difficulties such as horizontal inhomogeneity.
Conclusions from recent experiments have tended to confirm
the existence of the imbalance and have more closely iden-—
tified this with pressure transport. Pressure transport

has been measured directly only by Elliot (1972).
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He constructed and tested an instrument for measuring
pressure fluctuations within the surface boundary layer.
His results indicated that pressure transport was about
one-tenth of mechanical production for near neutral con-
ditions, but no measurements were made for stable and un-
stable conditions. It is possible that pressure transport
could be more important under unstable conditions. McBean
and Elliott (1975) examined the transport of turbulent
energy by turbulence and pressure for a surface boundary
layer over a dry prairie grassland. They found that for
unstable condition turbulent transport was about equal to
minus buoyant production, and that pressure transport was
of opposite sign and of about equal magnitude to turbulent
transport.

The 1968 Kansas experiment was unique in providing
direct measurements of all terms except pressure transport
in the budget. Wyngaard and Coté established the model of
the turbulent energy budget for unstable conditions, but
a general specification of the turbulent energy budget
including the case of stable conditions has not vet been
achieved {(Fig. 1-2). The emphases in this study will be
on the behavior of the turbulent energy budget under stable

conditions as well as under unstable conditions.
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CHAPTER 2

EXPERIMENTAL METHODS

This experiment was designed to deduce each term in
the budget equation of turbulent energy from the measure-
ments of turbulence statistics and their profiles. This
chapter describes the essential details of the experiment,
including the experimental site, instrumentation, data
collection and reduction. The detailed descriptions have

been given by Kotoda et al. (1978) and Kai (1978).

2-1 Experimental site and instrumentaticn

The site is the hydrometeorological observation field
of the Environmental Research Center, the University of
Tsukuba, at Sakura-mura, Ibaraki-ken, Japan (36° 05' N,
140° 06" E; see Fig. 2-1). Fig. 2-2 shows a view of the
site and the 30 m tower. The field is circular in shape
with a radius of 80 m and is covered by grass about 50 cm
tall. The neighboring area is not completely homogeneous
due to gome buildings and forests. This implies that terms
in the budget arising from horizontal inhomogeneity could
perhaps be significant on occasion and that deductions
about the nature of the imbalance quatities must be con-
sidered somewhat tentative.

The 30 m tower was bullt at the center of the circular
field. Fig. 2-3 shows a horizontal cross section of the
1 m square lattice-type tower with boom arrangements for

the sonic anemometers and the resistance thermometers at the
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Fig. 2-1 Location of the experimental site. A=Grass field,

B=Buildings, C=Coniferous wood.
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i ite.
Fig. 22 View of the experimental si
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levels of 1.6, 4.3, 12.3 and 29.5 m above the ground.
The booms for the four sonic anemometers extended 2.0 m
to southeast. The desired wind direction for data collec-
tion was from southeast, to avoid distorting influences of
the tower structure on the wind sensors. The booms for the
resistance thermometers extended 2.0 m to northeast.
Fluctuating velocity components and temperature fluc- -
tuations were measured with three-component sonic anemometer—
thermometers (Kaijo Denki Model PAT 311). The sonic ane-
mometer has become a prime research instrument for turbulent
velocity measurements in the atmosphere. A collection of
studies on the development, comparison and use of this
instrument is given by Mitsuta (1966, 1971). Mitsuta (1966)
employed the propagation of a sound wave in order to measure
the velocity and temperature of the atmosphere. The oper-
ation of the sonic anemometer is based on the dependence
of the transit time of the sound pulse propagating between
source and receiver transducers on the velocity component
along the path of known length as shown in Fig. 2-4.
Usually two parallel paths with pulses propagating in op-
posite directions are used, and the difference between the
transit times is approximately proportional to the velocity
vector component averaged over the path length. The sens-
ing head of the anemometer has three 20 cm sound paths to
measure the wind, one for the vertical component and two
for the horizontal components. The frequency response of
the sensors is about 20 Hz. The high wavenumber response .

is limited by averaging over the 20 cm sound paths of the
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SOUND PATH--

SOUND WAVE

»: sound source
>: sound receiver

Fig. 2-4 Diagram showing the principle of the sonic

Anemometer-thermometer operation.
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probe, but is adequate to measure spectra up to a frequency
of 10 Hz. Electronic zero and full-scale adjustments were
recorded on magnetic tapes in the same format as the field
data. A computer was programmed to calculate calibration
coefficients.

Mean profiles of wind and temperature were measured
with sonic anemometers and resistance thermometers at 1.6,
4.3, 12.3 and 29.5 m (Figs. 2-5 and 2-6}. Solar radiation
was measured with a pyranometer, net radiation with a net
radiometer, and heat f£flux into the soil with a heat flux
plate embedded 2 cm below the ground.

Fig. 2~7 shows a block diagram for the entire experi-
mental system, The output signals from these sensors were
transmitted through cables to a building outside the field
and recorded on a computer-controlled data acguisition
system (Kaijo Denki Model GP-1100), which consists of a
analog-to-digital converter, a multiplexor for multichannel
analysis, a microcomputer for system control and a magnetic
tape unit (Fig. 2-8). The signals were continuously mon-

itored on chart recorders.

2-2 Data collection and reduction

The experimental runs are listed in Table 2-1. Data
collection was restricted to periods when the wind was
mainly from southeast and constant in speed and direction.
An experimental period was terminated when either wind
speed or direction became unfavorable, i.e., to avoid the

tower influence on wind speed measurements and the effect
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Fig. 2-5 View of the sensor probe of the sonic

anemometer~thermometer.
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Fig. 2-6 View of the sensor probe of the resistance

thermometer.
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of nonstationarity.

A typical run length was 90 min, occasionally short-
ened to 10, 30 or 60 min during the actual experiment or
during subseguent analyses. The basic averaging period
used for the statistical analyses was 10 min. The mean
and linear trends were removed from the turbulent velocity
and temperature signals in order to reduce the effect of
ultra-low-frequency fluctuations. Unless otﬁerwise noted,
the results to be presented will be based on £he basic 30
min-averaged data which is the average of three consecutive
10 min-averaged groups of data.

Analog signals from the sonic anemometer-thermometers
were sampled 20 times a second, digitized and stored on
magnetic tapes by means of the 100-channel data acqusition
system. The data were filtered with a band-pass digital
filter with a frequency range from 0.0024 to 10 Hz in order
to give good spectral resolution and to minimize the effect
of aliasing.

Data reduction was performed on an ACOS—?OO computer,
using the statistical and spectral programs déveloped for
this study.

The signals from the sonic anemometer-thermometers
were combined to produce the mean wind speed, fluctuations
in the three orthogonal components and fluctuations of
temperature. The longitudinal and lateral ve;ocity com-
ponents were transformed to make them correspbnd to the
conventional meteorological coordinate system} The x axis,

which defines the u component, is in the dire@tion of the
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mean wind; the z axis, which defines the w component, 1is
in the vertical direction; the y axis, which defines the

v component, 1is perpendicular to x and z in a right-handed
coordinate system.

Turbulence statistics, such as variances, covariances,
triple moments and their gradients were computed directly
from the simultaneously-sampled time series of u, v, w and
8, which represent the departures of the longitudinal,
lateral and vertical velocity components and temperature
from their respective means.

The power spectra of the turbulent velocity andé tem-
perature were obtained using the Fast Fourier Technique
(Hino, 1977) . The resulting spectra were smoothed with a
3-point running average, to cover the 0.01 to 5 Hz. They

were used to estimate the dissipation rate.
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CHAPTER 3

THEORETICAL:, RELATIONS AND METHODS OF ANALYSIS

The surface boundary layer is governed by a set of
flow parameters. This flow structure is quite similar to
that in the turbulent boundary layer along a flat plate
in a wind tunnel.. This analogy is essential for theoret-
ical studies.

According to flow properties, the vertical structure
of the atmosphere may be classified into three layers as
shown in Fig. 3-1. The free atmosphere is free from the
influence of surface friction on air motieon, and its mo-
tion is treated as laminar flow. The planetary boundary
layer, in which the influence of surface friction is ap-
preciable, is analogous to the turbulent boundary laver
found on a flat plate, and its motion is treated as turbu-
lent flow. The surface boundary layer is the lowest thirty
meters, or so, of the planetary boundary layer, where the
motion is controlled predominantly by the presence of sur-
face friction. This layer is also referred as the
" constant flux layer ", where the vertical fluxes of
physical properties by turbulence, such as the Reynolds
stress and sensible heat flux, are assumed to be constant
to a good approximation.

Basic equations and the methods of obtaining the
model of the turbulent energy budget will be outlined in
this chapter, including the Navier-Stokes equations for

laminar flow, the Reynolds equations for turbulent flow,
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Fig. 3~1 Vertical structure of the atmosphere.
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the equation for the constant flux layer, the equation for
the turbulent energy budget, the flux-profile relationships,
Kolmogorov's -5/3 power law, the Monin-Obukhov similarity
theory, etc. The relations among the basic equations are

schematically given in Fig. 3-2.

3-1 Theoretical relations

a) Fquations of motion in the surface boundary layer

The structure of the surface boundary layver will first
be explained with the aid of the fundamental principle
governing the motion of the atmosphere near the surface of
the ground.

This principle is expressed by the Navier-Stokes equa-
tions for a viscous, imcompressible, Newtonian medium in a
uniform gravitational field, in a rotating system, which

may be written in the form

U ay ol U 1l 9P 2

LA i it — = == 2= 4 vwY°U + £V

ST + Uax + vay + Waz 7 5% v

av av AV av 1l 3P 2

— + U + V= 4+ We = == — + VWW*°V - fU0 = . -
3t UBX Vay a2 P Ay (3-1)
oW oW 3W oW 1 3P 2

— t Uz~ + V— + Wee = = = 4+ YV W -

2t Uax Vay waz P 3z ¢

where (U, V, W) are the velocity components of the instanta-
neous wind vector, f is the Coriolis parameter, (x, y, z)
represent the Cartesian coordinate system, P is the pres-
sure, p is the air density, g is the acceleration due to

gravity, Vv 1s the kinematic viscosity and V%?is Laplacian
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Fig. 3-2 Relation of the equations used in the present study.




operator. The first, second and third terms on the right-

hand side express the pressure pradient forces, the fric-

tion, and the Coriclis forces or the acceleration due to

gravity, respectively.

Egqs. (3-1) represents the instantaneous motion of the

atmosphere. It is convenient to describe the mean motion

of the atmosphere rather than the instantaneous one for

turbulent flows. In the following paragraphs, the mean

forms of Egs. (3-1) are shown.

The instantaneous velocity components and pressure

may be expressed as the sum of mean and the fluctuation

from the mean:

U =10 +
vV =V 4
W =Wu +
P =P +

where the overbar indicates

a time mean,

(U, V, W) are the

components of the mean wind vector, P is the mean pressure,

(u, v, w) are the components of the turbulent wind vector

and P is the fluctuating pressure.

By substituting Egs. (3-2)

aging, we obtain

}
I
|

o0 =30 | 3 =3 5 —
- HUSS 4+ VES o+ WES o+

5t 03 5y © oz T 3xd
3T 527 , g0V L ool , b
¥ +UaX “+ Vay + N + §§Vu
oW L GaW | W L g 89—
3 +U3x *+ Vay + 02 + ax
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In arriving at Egs. (3-3), use has also been made of the

eguation of continuity:

Egs. (3-3) are referred to as the Reynolds equations.
Each equation in Egs. (3-3) has the same form as Egs. (3-1),
except that certain additional terms depending on the fluc-

tuations, viz.,
-puu, -pvv, —pwWW, —puUV, =pUW, —ODVW  ———e—=— (3-5)

have been added. These terms, called the Reynolds stress,
indicate that velocity fluctuations, like the molecular
process, cause transport of momentum across a surface in
the atmosphere. In general, the Reynolds stress outweighs
in importance the purely viscous stress, which often may be
neglected in problems of turbulent motion. The bar above
each term of Eg. {(3-5) indicates an integral mean, which

may be approximated by the arithmetric mean of the form
—puw = -p{u1wi+ UgWat-- e +ou, W)/N e (3-6)

Within the planetary boundary layer the vertical vari-
ation is usually considerable greater than the horizontal
variations, and the fields of meteorological variables are
approximately horizontally homogeneous. Taking these as-
sumptions together with the stationary conditions, the

following equations in the planetary boundary layer are
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obtained:

1 3P 5 — =
0 = —-= 25 4 (- +
5 + az( puw) fv
19 4 . TTTmTmmmes (3-7)
3P 3 — =
0 = == — + —|(~ - fU
5 oy T a2 TPV
By analogy to the molecular stress, the Reynolds
stress is written as follows:
- T = 3T
T = —puw = pK o e (3-8)

where T is the Reynolds stress and Km is the turbulent
diffusivity of momentum. Eqg. (3-8) means that the Reynolds
stress 1s a measure of the vertical transport of momentum.
Similarly, the vertical transport of sensible heat may be
estimated by an analogous equation;

ST

B = pc.we = pcpKh Y

p

where H is the sensible heat flux, Ky is the turbulent
diffusivity of sensible heat and ¢ is the fluctuating tem-
perature.

The surface boundary layer is the shallow layer imme-
diately adjacent to the ground in which the frictional drag
force T is the dominant force on the layer. Fig. 3-1 sche-
matically shows this layer, together with the planetary

boundary layer and the free atmosphere. To a good approxi-

mation, the equation of motion in the surface boundary
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layer is derived by neglecting the pressure gradient term

and the Coriolis force term in Egs. (3-7):

3 _—
gy (-puw) = 0 mmmmmmee—— oo (3-10)

Rewriting the above equation,

g

— AT ]
T = —puw me

|

= constant (z)  =-—-—- (3~-11)
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This means that the surface boundary layer is characterized

essentially by the "constant flux layer".

b) The structure of the surface boundary layer

The wind profile in the absence of buoyancy is given

by

r
!
o
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(¥4
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n
[8%]
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=
B2

Kz T TTTTTTTTTTTTTTT

. I . 3 .
where k is the Karman constant and u, is the friction ve-

locity, which is defined by the equation
u, = vY1/p = Y-uw  --memeeeosooo—- (3-13)

u, is employed as the reference velocity in the study of
fluid flow over a rough surface, and generally increases
with the mean wind speed and with the roughness of the

surface (z¢). Integration of Eg. (3-12) leads to:

46



where zois the height above the ground where the velocity
of air vanishes and is known as the roughness length, a
characteristic of the surface.

Monin and Obukhov (1954) modified Eq. (3-12) for use

under all stability conditions by

where ¢M (z/L) is a universal function of z/L, and L (the

Monin-Obukhov stability length) is given by

With the upward heat flux taken as positive, L is negative.
In terms of Bg. (3-15), ¢M(2/L) has been set equal to unity
in neutral conditions (z/L = 0).

Another important parameter of atmospheric stability,
the Richardson number, designated Ri and defined as the

non-dimensional guantity

AL,
R, = L 2% (3-17)
1 T (?_T:J__)Z

3z

where g is the gravitational acceleration, and 3T7/9z and

3U/d8z are the gradients of mean temperature and wind speed,

respectively.

An equivalent "flux form" of the parameter is
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R_iﬂ gH
T gyl CpTT(%E) ———————— {3-18)

where Re is the flux Richardson number, H is the vertical
flux of sensible heat and 1t the Reynolds stress.

The sign of Ri is determined by the gradient of mean
temperature which is, by convention, negative in lapse and
positive in inversion profiles. A Ri of zero indicates
neutral conditions, negative Ri unstable conditions, and

positive Ri stable conditions.

The three stability parameters are related as follows:

%
R, = ==& R, = =2 —mcmmmmme e (3-19)
£ Km i L¢M

Of these parameters z/L is now widely preferred as the most
basic for the surface boundary layer, L being independent
of height, whereas generally Ri and Rf vary with height,
in non-linear way.

According to the Monin-Obukhov similarity theory, the
standard deviation, a measure of intensity of turbulence,

may be expressed as follows:

U,
L = F, (2/L), i=u, v, W  —==mmo-—wm=os (3-20)
* 1

where og. is the standard deviation of the velocity compo-
i
nent and F.{(z/L) is the universal function of z/L.
i

Taylor's hypothesis of frozen turbulence derives the
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following relation

where Kk is the wavenumber and n is the frequency.
Kolmogorov stated that "isotropy of turbulence" stands
for the high-frequency region of turbulent fluctuations,
where spectra of turbulence follow the -5/3 power law.
Detailed treatments of them will be given in the following

section.

3-2 Surface-layer similarity

Some of the results will be presented in dimensionless
form, and it is appropriate to review the basis for the
surface—-layer similarity theory.

Dimensional analysig is based on the fact that the
fundamental physical laws are dimensionally homogeneous
(in mass, length and time, or their combinations), and is
used to obtain partial information about the nature of the
relation existing among any given set of physical variables.

Similarity theory is a dimensional approach in which
characteristic scales of velocity, length, etc., are form-
ed from the physical guantities which are reasoned to de-
termine the properties of flow. Vertical gradients of mean
gquantities (wind, temperature, etc.) and statistical prop-
erties of turbulence (variances, spectra, etc.) are then
expressed in dimensionally appropriate combinations of these

scales and universal functions of nondimensional parameters. .
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Similarity theory is essentially a restatement of the
cause and effect relation; the result must always be test-
ed experimentally. If conditions surrounding two experi-
ments are identical, the results should be similar. In
many micrometeorological cases, however, very little con-
trol over experimental conditions is possible. Fortunately,
it is not necessary to keep all the variables constant at
two sites or at the same site on two different occasions.
Complete similarity is achieved if any independent set of
dimensionless products of the variables remains constant.
For example, a number of pipes with different diameters
have similar flows if the Reynolds numbers are all the same.

Dimensional analysis and similarity thecry are exten—
sively used in micrometeorology. It 1s no exaggeration to
state that practically the whole theory of the surface
boundary layer is derived from these two fundamental prin-—
ciples.

One of the most successful tools in the analysis of
turbulence in the surface boundary layer has been the
Monin-Obukhov similarity theory. This similarity theory
has been widely used as a basis for the description of mean
wind and temperature as a function of height in the surface
boundary layer, defined as the layer near the earth's sur-
face in which the turbulent fluxes are approximately con-
stant with height. The similarity theory suggested that
the average wind and temperature fields of the surface
boundary layer should depend only on the sensible heat flux

H, height from the ground z, the buoyancy parameter g/T,
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and the Reynolds stress 1. ‘These define the fcllowing

velocity, temperature and length scales:

u, =/{1/p)

Ty = “H/(peguy) oo (3-22)
3 —

z and L = - UxPCpT
kgH

Therefore, the four governing surface-layer pafameters
(H, z, g/T, T) yield a total of four independent velocity,
temperature and length scales. It is customary to use one
velocity scale (u,), one temperature scale (T,) and two
length scales (z and L). Dimensional analysis then pre-
dicts that flow properties, after nondimensionalization
with these scales, are functions only of z/L. ‘The terms
in the budget equation of turbulent energy (1-1), when
nondimensionalized, appear to be functions only of z/L.
The results have been analyzed in dimensionless form,

using the following dimensionless quantities:

z/Li Monin-Obukhov stability parameter

ke dimensionless viscous dissipation

li

¢ (z/1)
of turbulent energy

dimensioniess term of mechanical

kz 30
by (2/L) = o= 57 ‘
* production of turbulent energy
kz — dimensionless term of buoyant
¢B(2/L) = = 2 wo
u ¥ procuction of turbulent energy
Kz 3 Wl dimensionless term of turbulent
2 wQ 2
z/L) = =% S S
b l2/T) ul 8z 2 transport of turbulent energy
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dimensionless term of the

¢ (z/L) =

o IW
Nt | N
—

imbalance

3-3 Turbulent energy budget

In this study it 1s possible to determine all terms in
Eg. (1-1) except the pressure transport, which is too dif-
ficult to measure. The assumptions of horizontal homogeneity
and stationarity are primarily responsible for the simpli-
fication of Eg. {(1-1) for the turbulent energy budget.

The assumption of stationarity leads to:

3 A% _ g .
3t 2 0 (3-24)
It seems preferable to lump possible inhomogeneity effects
together with the pressure transport, and call this the

imbalance term IM. For our idealized conditions, we there-

fore take as our model of the turbulent energy budget

T RCAE - R & -
-aw 7= +* & wWf - = - € + I 0
2
.az T. BZ. . ——={3~25)
(MP)  (BP) (TT) (VD) (IM)

The terms in Eqg. (3-25) can be identified as (from the left)
mechanical production, buoyant production, turbulent trans-
port, viscous dissipation and the imbalance.

In the surface boundary layer, Eg. (3-25) may conven-
iently be expressed in dimensionless form, by multiplying

through by kz/ul, where u, = (J1/p) = (/-uw) and k is

r r
Karman constant,
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or -(3-26)

¢M(z/L) - z/L - ¢T(2/L) - ¢E(Z/L) + ¢I(z/L) =0

It has been assumed that the surface laver is a "constant
flux layer". That is, the turbulent fluxes uw and W& are
approximately independent of height from the swurface.

For these conditions, the Monin-Obukhov similarity theory
predicts that the terms in the budget should be universal
function of z/1L, which will be determined experimentally

and tested in the following chapter.

3~4 Determination of viscous dissipation

Turbulence spectra computed from the measurements are
used to estimate viscous dissipation by Kolmogorov's hy-
pothesis on the spectra in the inertiél subrange.

Some information about the shape of the spectrum is
given by Kolmogorov's hypothesis; energy enters the spec-
trum at relatively low fregquencies and is transferred to
higher frequencies until it is finally dissipated. This
is called a cascade. All turbulent motions possess local
isotropy in the high frequency end of the spectrum. In
the local isotropy region, the spectrum of the turbulence,
S(k) is determined by viscosity v and viscous dissipation

€. Dimensional arguments leads to

S(k) = e &% Glk,v)  —e=mmmmmeo (3-27)
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where G (k, v} 1is an undetermined dimensionless function.
At the low fregquency end of the local isotropic range,
viscosity has little effect on S{k). This region is called
the inertial subrange and in ‘it, G{k, v) is constant.

Hence,
S(x) = Ae®? ¥ L (3-28)

where A is a universal constant. Schematic representaion
of energy spectrum of turbulence is given by Fig. 3-3.

The estimates of viscous dissipation were obtained
by assuming that Kolmogorov's law for the inertial subrange

was valid, i.e.,

where k is the wavenumber ( « = 2m/U by Taylor's hypoth-
esis). The -5/3 power law was fitted to the spectra of
velocity components and € was evaluated with Au = 0,50 and
AV = AW = 0.67, which were universal constants estimated

from various experiments (Pond et al., 1966; McBean et al.,

1971; Wyngaard and Cote 1971).
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CHAPTER 4

RESULTS AND DISCUSSION

Section 4-1 describes statistical characteristics of
turbulence. Turbulence statistics are analyzed and inter-
preted in relation to measured parameters, such as height,
mean wind speed and stability conditions. Terms in the
budget equation of turbulent energy were derived from tur-
bulence statistics, and their behaviors are examined in
Section 4-2. The model of the turbulent energy budget is

presented and discussed.
4-1 Statistical characteristics of turbulence

a) Mean profiles of turbulence statistics and wind direction
Turbulent statistics were measured at the four levels
(1.6, 4.3, 12.3, 29.5 m) of the tower. Table 4-1 gives the
resulting data with respect to the 90-min mean. Six runs
were selected as representative of typical conditions during
the experiment; Run 760 and 770, which represent unstable
conditions, and Run 780 and 980, which represent almost
neutral conditions, and Run 790 and 830, which represent
stable conditions.
Fig. 4-1 shows the profiles of mean wind speed, turbu-
lent energy and standard deviation of temperature.
Profiles of other statistics will be presented in the follow-
ing sec£ions. According to the stability parameter z/L,

each profile was divided into the following three cases of
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‘Fig. 4-1 Profiles of mean wind speed, turbulent energy
and standard deviation of temperature. Each
run is classified into three stability groups
according to the stability parameter z/L as
follows: ® = unstable conditions, 4 = neutral

conditions, O = stable conditions.
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unstable, neutral and stable conditions. As can be seen
in the figure, the mean wind speed increases linearly with
the logarithm of height. Turbulent energy increases with
height to reach its maximum at 12.3 m. It seems that tur-
bulent enexrgy is closely related to the mean wind speed.
Temperature fluctuations decrease with height, and for
stable conditions temperature fluctuations are wvery small,
compared with those for unstable conditions. It seems that
the effect of stability is clearly reflected in the magni-
tude of temperature fluctuations.

Fig., 4~2 shows wind directions at 1.6 m and 29.5 m
during the experiment. Most of the wind directions ranged
from the east to south; the data used for analysis are
limited to these directions in order to avoid tower influ-

ence on wind speed measurements.

b) Friction velocity
The friction velocity u, is an important parameter of
turbulent flow. wu, is introduced into the previously-
mentioned similarity theory as the basic velocity scale.
The determination of u, is based on the eddy correlation

method given by Eg. (3-8);

ue = f1/p = JouW mmmmmemeee (4~1)

The property of -uw is related to the gradient of mean wing

speed U as follows:
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where Km is the turbulent diffusivity for momentum. In

order to examine the above relation, the values for u? at

12.3 m are plotted against the gradients of mean wind speed,
3U/3z calculated from the data at 4.3 m and 29.5 m. The
result is shown in Fig. 4-3. It appears from the figure
that uf is proportional to the gradient of mean wind speed,
and the coefficient K is about 4 m?2/s,

Fig. 4-4 shows the friction velocity u, as a function
of mean wind speed U. fThese values were evaluated at four
levels (1.6, 4.3 12.3, 2%.5 m). As can be seen in the figure,
u, increases linearly with U at each level, and this relation

between u, and U is consistent with pervious studies. The

relation between u, and U at each level is expressed by:

u, = 0.10 U at 1.6 m

u, = 0.12 U at 4.3 m

u, = 0.12 U at 12.3 m  =—-==—--—-—-= (4-3)
u, = 0.09 U at 29.5 m

u, = 0.11 U in the whole layer

¢} Intensity of turbulence
The standard deviations of the velocity components
Ui(i=u, v, w) represent the magnitude of turbulent fluctua-
tions. Generally speaking, turbulent fluctuations are
closely related to the atmospheric stability and the mean
wind speed. In this section, these relationships will be

examined.

Fig. 4-5 shows records of the instantaneous velocity
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components (U, W)} for unstable and stable conditions .

From the figure it is seen that the fluctuations of the
longitudinal component U are larger than those of the ver-
tical component W, and the fluctuations of turbulence for
stable conditions are considerable smaller as compared with
those of the unstable case.

Fig. 4-6 shows profiles of the ratio 0./0 (i=u, v, w)
classified into three cases of unstable, neutral and stable
conditions. The ratio is regarded as the intensity of tur-
bulence. It can be seen from the figure that the ratios
for horizontal components, Uu/ﬁ, dv/ﬁ decrease with height,
but the ratio for the vertical component, aw/ﬁ is almost
constant with héight.

Fig. 4-7 shows the standard deviations of the velocity
components Ui(izu, v, W) as functions of mean wind speed
U at the four heights. It may be seen that Gi(i=u, v, W)
increase with U. It is noticed that the scatter for the
vertical component is relatively small as compared with
those for the horizontal components. The ratios of Gi/ﬁ
{i=u, v, w) are listed in Table 4-2. The ratio at the
highest height (2=29.5 m) is slightly smaller than those
at the lower heights (z=1.6 to 12.3 m). The vertical varia-
tion of Gw/ﬁ is rather small.

Fig. 4-8 shows the standard deviations of the velocity
components oi(izu, v, w) as a function of friction velocity
u, at four heights. It may be secen that oi(i=u, v, w) in-
crease with the friction velocity u,. It is noticed that

for the cases of the horizontal components there is a great
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deal of scatter in comparison with the case of the vertical
component. The vertical component near the ground does
not contain the low frequency components of fluctuations,
which are affected by the variation of wind direction and
the stability of the atmosphere, and so o, has the simple
dependence on u, .

The relations between Ui(izu, v, W) and u, are ex-

pressed by

9; = Ciu* » (i=u, v, W) o (4-4)

where C, is the coefficient. The values for C;, are listed
in Table 4-2. As can be seen in the table, the ratios vary
with height. The ratio of Uu/u* at the lower level (1.6 m)
is 20% larger than one at the upper level (29.5 m). This
trend is recognized for the horizontal components, but not
for the vertical component.

The value for Gw/u* in neutral conditions is listed in
Table 4-3 and is compared with other results. Values ob-
tained in the present study are in agreement with the re-
sults by other researchers. Pond et al. (1971) showed the
value of 1.32 + 0.26 over the sea, and McBean (1970) of
1.53+ 0.16 over land.

The ratio Ow/u* may be given by a universal function
of the stability parameter z/L according to the similarity
theory. Fig. 4-9 shows Uw/u* versus z/L, in order to clar-
ify the features of the ratios over a wide range of z/L.
The data for the vertical component show the dependence on

the stablility parameter z/L. The behavior of Gw/u* on the
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unstable side is well expressed by the following equation

proposed by Fanofsky et al. (1977} -

1:3
O/Us = 1.3(1-3 2/L)  —mcemmmmee (4-5)

Summarizing the results for turbulence statistics, the
following features are shown:
(1) The standard deviations of the velocity components
are closely related to mean wind speed, friction velocity
and stablility. Data for the horizontal components are
much more scattered in comparison with those for the ver-
tical component.
(2} The ratio Oi/ﬁ {i=u, v, w}) at the higher levels are
rather smaller that those at the lower heights.
(3) The ratio Ow/u* depends on stability. Values obtained
in the present study agree well with the results by other

researchers.

d) Spectra of the velocity components
The spectra were computed using the Fast Fourier
Technique. The resulting spectra were obtained by dividing
each 90-min record into 9 consecutive 10-min blocks of data
and constructing a composite spectrum by averaging the 9
separate spectra. The composite spectrum was then smoothed
by averaging spectral estimates over fregquency bands.
Data for stability and profile are presented in Table 4-1.
The results of this experiment provide an opportunity
v's hypothesis for the behavior of the

to examine Kolmogoro

Spectra in the inertial subrange. Fig. 4-10 shows the
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spectra for the longitudinal component u and for the ver-
tical component w at the four levels of the tower, which
are plotted in a log-log representation against frequency
n (Hz) and divided into three groups according to the sta-
bility parameter z/L indicated in the figure. The broken
line in the figure have a slope of ~5/3 corresponding to
Kolmogorov's hypothesis. Stability effects for the spectra
are clearly recognized for unstable and neutral to stable
conditions. The spectra of u and w show a well-developed
~-5/3 slope of inertial subrange on the high-frequency side.
The u spectra are found to obey the -5/3 power law at much
lower frequencies than the w spectra. The position of the
inertial subrange shifts to lower frequencies as increasing
height. These results indicate that the horizontal scale
of turbulence is larger than the vertical one and that the
scale of turbulence increases with heilght.

The low-frequency limit of the inertial subrange in
the atmosphere has been investigated in various ways,
On the theoretical side, Hinze (1959) stated that in the
inertial subrange the one-dimensional velocity spectra

should obey the relation:
— 4/7  emm—mmemem e ———— 4-6
s (n) /s (n) = 4/3 (4-6)

In order to identify the onset of the inertial subrange,

the ratio between the spectra of u and w was calculated

and shown in Fig. 4-11. It appears that the inertial sub-

range shifts to lower freguencies as increasing height;

for example, the low-frequency limits of the inertial
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subrange at the levels of 1.6 and 29.5 m are about 1.0 and
0.1 Hz, respectively. The frequency n; o at which the
inertial subrange starts was evaluated from Fig. 4-11, and
the vertical profiles of Ny g, @re classified into three
stability categories and shown in Fig. 4-12. It can be
seen that the inertial subrange shifts to lower frequencies
as increasing stability and height.

Fig. 4-13 shows nSi(n) (i=u, v) plotted against log n.

In this figure the area between two frequencies represents

variance contributed by that frequency interval, so that
f‘fsi(n)dn = /onS,(n) d(log n) 2 o}  mem-- (4-7)

where i=u, w. Each curve in the figure is classified into
three stability categories. The shape and scale of the
spectra will be discussed. As can be seen in the figure,
the magnitude of the spectra clearly depends on both sta-
bility and mean wind speed; the greater the instability,
the more energy is produced. Under all conditions the u
spectra contain considerable energy at low frequencies.

The major peak in the spectra is of special interest because
the freguency of this peak is generally a good indicator of
the characteristic scale of the turbulence. The peak for

W as well as u is found to shift systematically to lower
frequencies with height. The values of n_ listed in Table
4-4 are from ‘'eye' estimates of the position of the maximum
ns_(n), and the vertical profiles of n_ are shown in Fig.

4-14, Tt appears that the vertical profiles of n_ are very

imi FPig. 4-15 the peak frequency
similar to those of ng oo In )
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Fig. 4-14 Vertical profiles of the frequency n, at which

nS (n) is a maximum. symbols are the same as
w

those in Fig. 4-1.
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Fig. 4-15 Relationships between n_ and U at the four

levels of the tower. Symbols are the same

as those in Fig. 4-4.
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nm is plotted against the mean wind speed U. nm increases

with U, so that the scale of turbulence decreases with the
mean wind speed. The relationships between n_ and U at the
m

four levels of the tower are expressed as follows:

n_ = 0.13 U + 0.015 at 1.6 m
n_ = 0.06 U + 0.004 at 4.3 m
U e (4-8)
n = 0.030 + 0,002 at 12.3 m
n = 0,01 U + 0.033 at 29.5 m

There have been several attempts to generalize on the po-
sition no of the spectral peak (Pasquill, 1974) and the
availlable estimates are collected in Table 4-5, where the
wavelength A = fj/nm is tabulated as ratio to the height z.
Fig. 4-16 shows a plot of Am against z. For neutral con-
ditions most of Am/z are between 2 and 4 (Table 4-4).

This is in accordance with the previous studies by other
investigators (Pasguill, 1974).

To enable comparison with other atmospheric and labo-
ratory data, we apply the Monin-Obukhov similarity theory
to the spectra. Each spectrum nSi(n) {i=u, w) was divided
by the variance 0; (i=u, w), and the n-scale was converted
to a f-scale; the nondimensional frequency f is expressed

as follows:

According to the similarity theory such normalized spectra

may be functions of both the stability parameter z/L and

the non-dimensional frequency f:
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Table 4-~5 Comparison of the spectral scale Ay of the
vertical component with other results under

neutral conditions

Near—-neutral

Reference z (m) ‘m/z
Panofsky and McCormick, 1954 91 3
Panofsky and McCormick, 1960 0.2-600 4
Smith, F.B., 1961 150,600 2
Pasquill and Butler, 1264 2 3-3.5
Busch and Panofsky, 1968 3=137 3
Miyake et al., 1970 1.4-4.5 4
Kaimal et al., 1972 5.7-22.6 2
This study 1.6-29.5 3.3
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Fig. 4-16 Vertical profiles of the spectral scale Am.
Symbols are the same as those in Fig. 4-1.

The diagonal lines correspond to Km/z = 2 or 4.
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2 _
nSi(n)/Oi = Gs;i(f’ z/LL i=u, w @ —m——— (4-10)

where Gs,i is the universal function of the spectra. In
Fig. 4-17 the normalized spectra of u and w at the four
levels of the tower are shown against f. The straight lines
have a slope of -2/3 corresponding to Kolmogorov's -5/3
power law. These spectral curves show the same general
characteristics as found by othér investigators, in partic-
ular the -2/3 slope on the high-frequency side. Stability
effects can be seen in the figure; the spectral peak shifts
to high frequencies as increasing stability. The values
for the spectral peak fm in Table 4-4 are between 0.2 and
¢.8. fm has a tendency to shift toward higher values of

f as the height increases.

4-2 Turbulent energy budget

At first, the variations of the turbulent energy bud-
get with height and time will be shown in this section.
Next, the behavior of each term in the budget equation of
turbulent energy will be examined in relation to stability
and other parameters. Finally, a model of the turbulent
energy budget will be presented by means of the Monin-
Obukhov similarity theory. The results will be discussed
in comparison with previous studies (Wyngaard and Cote,
1971; McBean and Elliott, 1975; Garratt, 1972).

The values for each term in the budget equation were

evaluated in the following six layers;

(1) a layer between the levels of 1.6 and 4.3 m

86



TSUCT3ITPUOD 9TCeIs (---) S84AIND UBYOIQ

ay3 pue ‘SUOTITPUOCD TRIINOU (.—.-) S$DAIND UTRYD sy3 ‘suocriThuUcD

STqe3sun moys (——) SAIND PTITOS YL *I9MO3 By} IO sT=2ADT IN0Y au3

3e (M kﬂnﬂvwo\ﬁmvﬂmq ‘syusuodwods £3T00T3A U3 JO eI30ods POZTTRWION LT-F *bta

D \Nﬁ_ H"*

ol i 10 100 Cl l {0 100

100

10

87



(2) a layver between the levels of 4.3 and 12.3 m
(3) a layer between the levels of 12.3 and 29.5 m
(4) a layer between the levels of 1.6 and 12.3 m
(5) a layer between the levels of 4.3 and 29.5 m

{6) the whole layver between the levels of 1.6 and 29.5 m

a) Vertical structure of the turbulent energy budget

Fach term in the budget equation of turbulent energy
(3-25) was computed for the data runs, and examples are
shown in Fig. 4-18 for unstable conditions and Fig. 4-19
for stable conditions.

From Fig. 4-18, it is clear that for unstable condi-
tions buoyant production and turbulent transport are ap-
proximately balanced, and also mechanical production decreases
with increasing height and the absolute value of viscous
dissipation decreases with height. Mechanical and buoyant
productions are sources of turbulent enexrgy. The former is
much larger than the latter in the surface boundary laver.
Viscous dissipation and turbulent transport are energy sinks.
The fact that turbulent transport is an energy sink means
that near the surface, energy is exported upward by turbu-
lence at double the rate it is produced by buoyancy.

Viscous dissipation and mechanical production decrease
markedly with height. This is caused by the effect of the
surface boundary.

For stable conditions, each term of the turbulent energy

budget is very small as compared with that for unstable
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Fig. 4-18 Vertical structure of the turbulent energy

budget in unstable conditions.
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Fig. 4-19 As in Fig. 4-18 except for stable conditions.
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conditions, and is almost constant with height (Figq. 4-10) .
Mechanical production is the only energy source and +he
others energy sinks.

It can be concluded from Fig. 4-18 and Fig. 4-19 that
mechanical production and viscous dissipation are a main
energy source and sink, respectively. They decrease with
height. Turbulent transport is an energy sink to approxi-
mately balance buoyant production which may be a scurce or
sink depending on stability. For stable conditions, the
magnitude of each term is very small and almost constant
with height.

In Fig. 4-20, the result for unstable conditions is
compared with data from Lenschow (1970), who provided the
vertical structure of the turbulent energy budget from 100
to 1000 m above the surface. In contrast to the budget in
the surface boundary layer, buoyant production is a main
source of turbulent energy in the planetary boundary layer.
Mechanical production is less important than the other
terms. Turbulent transport increases with height to have
a positive value above 500 m. This is cxpected because
the energy exported from the lower layer has to appear as
a local import at the upper layer. Viscoug dissipation is

almost constant with height above 200 m.

b) Time change of the turbulent energy budget
Each term in the budget equation of turbulent energy
(3-25) was computed for 9 consecutive 10-min blocks of

data, and an example is shown in Fig. 4-21 for unstable
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conditions. The budget in the figure shows one within the
layer between the levels of 1.6 and 12.3 m. Turbulent
energy is also plotted against time.

As can be seen in Fig. 4-21, mechanical production
appears to correspond to viscous dissipation. The magni-
tudes of these two terms tend to increase with turbulent
energy. Buoyant production and turbulent transport are
generally of similar magnitude.

By comparison, the time change of the budget within
the upper layer between 50 and 150 m is shown in Fig. 4-22
obtained by Rayment and Caughey (1977). In contrast to
the budget for the surface boundary layer, mechanical pro-
duction is less important than other terms, and buoyant
production is a main source of turbulent energy.

Fig. 4-23 shows the time change of the turbulent en-
ergy budget in the course of the destruction of the inver-
sion layer. Fig. 4-24 shows the isopleths of mean wind
speed and temperature for this case. When the inversion
is well developed, the mean wind speed is very small.
During the inversion, each term in the budget is very small,

but increases in magnitude while the inversion breaks down.

c) Model of the turbulent energy budget
The budget equation of turbulent energy (3-25) can be
made dimensionless through multiplication by kz/ul to ob-
tain Eg. (3-26). The results are presented in dimension-
less form, and kz/u! is used as a normalizing factor.

Since all terms are normalized with the same factor, their
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relative magnitudes are unchanged. In all cases we refer
to the terms on the left of Egq. (3-26), and if a term re-
presents an energy gain, it is positive. The values for
each term in Eg. (3-26) were evaluated in the previously-
mentioned six layers.

We now proceed to a discussion of the behavior of the
terms in Bg. (3-26) at all stabilities. The results are
summarized by the Monin-Obukhov similarity theory for com-
parison with previous studies.

(1) Viscous dissipation

Viscous dissipation is most important among the terms
in the budget equation. As mentioned above, the estimates
of viscous dissipation were obtained by assuming that

Kolmogorov's hypothesis was wvalid, i.e.,

} f iI=w, v, w -——(4-11)

for a range of wavenumber x in the inertial subrange.
The ~5/3 power law was fitted to u, v, w spectra and ¢ is
evaluated for each with Au = 0,50 and Av = Aw = 0,67
(Haugen, 1973). Fig. 4-25 compares the estimate €L obtained
from the u spectrum with the estimate ew,from the w spec-
trum. As can be seen in the figure, the agreement between
€ and £y is good, so that = is used as the estimate of €.
Fig. 4-26 shows the vertical profiles of viscous dissi-
pation, classified into three cases of unstable, neutral
and stable conditions. For unstable and neutral conditions,

viscous dissipation decreases with height.
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Fig. 4-27 shows viscous dissipation as a function of
mean wind speed at the four levels. From the figure, vis-
cous dissipation increases with the third power of mean
wind speed at a given height, but decreases with increasing
height along the tower. 7The relation between £ and U at

each level is expressed as follows:

e = 16,5 U°% at 1.6 m

£ = 8.3U0% at 4.3 m
s (4-12)

e = 4.7 0% at 12.3 m

e = 1.20% at 29.5 m

Assuming the neutral case of Egq. (3-25), the follow-

ing equation may be obtained:

3

M
H
gﬁ

by (2/L)  mmmmmmmm e (4-13)

e

p A

where Py is a function of stability z/L, and is unity when
z/L = 0. Fig. 4-28 shows the relationship between e and
ul/kz. It may be seen that there is some scatter in the
figure because of the difference of stability, but a one-
to-one relationship exists between ¢ and ui/kz for the
cases of near neutral conditions.

In order to examine the scatter seen in Fig. 4-28, €
normalized by ul/kz is plotted against stability z/L in
Fig. 4-29. The solid curve is fitted to the data, and the
dashed curve was obtained by Wyngaard and Cote (1971) .

The curve fitted through the unstable data has the form

$.(2/T) = (L + 1.4 [z/L|¥)y3% oo (4-14)
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Fig. 4-28 Comparison of the measured viscous dissipation
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production of turbulent energy for neutral con-
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in Fig. 4-1.
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DISSIPATION

Dimensionless viscous dissipation plotted

against the stability parameter z/L.

represent different layers as follows:

A

fl

it

1'6 - 4.3 m,
12-3 - 29.5 m,

4.3 - 29.5 m,
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v

4.3 ~ 12.3 m,
1.6 - 12.3 m,

1.6 - 29.5 m.
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The curve had been assumed to go through 1.0 at the origin,
in keeping with traditional thinking. The curve £fitted

through the stable data has the form
¢ (z/1) = {1 + 2.2(2z/L)¥° )37 e (4~15)

The other investigators proposed the equations for

viscous dissipaticn as follows:

Wyngaard and Cote {(1971)

9. (z/L) = (1 + 0.5 lz/L]%2)3 (z/1L.<0)
-——(4-16)
= {1 + 2.5 (z/L)%°}¥ (2/L>0)
Busch and Pancfsky (1268)
¢E(z/L) =1 +4+9% z/L (z2/L>0)  -——~—o—m—m—————— (4-17)
Garratt (1972)
¢ (z/L) = (1 - 16 2/LYY - z2/L (2/L < 0}
~——(4-18)

It

1+ 4 z/L (z/L > 0)

Resutls for viscous dissipation in this study are
generally consistent with the previous results, and the
departures from them may be due to the differences of
surface roughness.

{2) Mechanical production

Measurements of the dimensionless rate of mechanical
production are shown in Fig. 4-30. The average properties
of this curve should be those of the dimensionless wind

shear ¢M(Z/L), where
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RUN 760 - 980 MECHANICAL PRODUCTION

Fig. 4-30 Dimensionless rate of mechanical production of
turbulent energy plotted against the stability

parameter z/L. Symbols are the same as those

in Fig. 4-29.
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_ k= 3u
¢M(Z/L) = u—: T, 0 O Teemm e (4-19)

Qs
]

The curve fitted through the unstable data has the form

¢y (2/L) = (1 - 7 2/Ly - 0,2 ~co—ee (4-20)

Under stable conditions, the form of the curve is

Py(2/L) = 0.8 + 2 2/L  ———m—=mm (4-21)

These interpolation formulas are shown in Fig. 4-30 as
well as those obtained by Businger et al. (1971).
(3} Buoyant production

Buoyant production is simply normalized as
¢M(z/L) = —z/L e (4-22)

and 18 a gain under unstable conditions and a loss under
Stable conditions.

(4) Turbulent transport
Turbulent fluctuations in the atmosphere act to trans-

fer vertically turbulent energy in addition to momentum and

heat. Tn this section we examine the flux of turbulent

energy and its divergence, or turbulent transport.

Fig. 4-31 shows the vertical profiles of the flux of

turbulent energy, wqg2/2, for unstable, neutral and stable

conditions. As can be seen in the figure, the vertical

variation of wq2/2 between the lower levels (1.6-4.3 m) is

rather small., but at the upper levels wgz2/2 increases with

height. fThe fact that the values for upper levels are
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Fig. 4~31 Vertical profiles of the flux of turbulent energy
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Symbols are the same as those in Fig. 4-1.
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larger than those for the lower levels indicates that tur-
bulent energy produced in the lower layer is transported
to the upper levels. This trend is striking for unstable

and neutral conditions, but wq2/2 is almost constant with

height for stable conditions.

Fig. 4-32 shows the relation between wq2/2 and u, for
the case of wgz/2 > 0. This shows that wq?/2 increases ra-
pidly with the third power of u, .

The dimensionless flux of turbulent energy wq?/2ul is
plotted against the stability parameter z/L in Fig. 4-33.
The results show a marked trend with z/L for unstable condi-
tions, though there is no trend in stable conditions. The
flux of turbulent energy is positive in most unstable cases.
This feature implies upward energy transport, particularly
in unstable conditions. In Fig. 4-33, the results are com-
pared with the results from three other studies: the data
of Garratt (1972) plotted here are the sums of w(u?+ w?)/2u}
against z/L. Garratt did not measure the lateral component.
The results of Wyngaard and Cote (1971) imply a curve of
wq?2/2ul = -2.5 z/L + B, where B is not given. The thixd
data set by Banke and Smith (1973) was collected over arctic
sea ice. The difference in slopes is partially a reflection
of the different range of z/L used for linear regression.

Turbulent transport (flux divergence of turbulent

energy) were estimated by approximating the vertical deriv-

ative of wqz/2. The results show some evidence of obeying

similarity on the unstable side, although the scatter is

109



1 -
— RUN 760-980
_ ;. /
OJE“ ./
- o 0@
Wgt T /\0
2 i matﬁ 0.9143
(nfysg) a/oa ©
001
: . 0 o 16m
|/ °° s 4.3m
o ¢ o 12.:3rn
/ * 29.5m
0.001 N L1l
0.1 1
ll*-(rnls)

Fig. 4-32 Flux of turbulent energy plotted against the
friction velocity. Symbols are the same as

those in Fig. 4-4.

110



4___\\ —4 B ] Bm
oz | RUN 760—880 A 4.3m
I~ \ .U) P 0 123m
3 o % * 20.5m
%)
% .
N U
\\ (%\
TR
T PN N\ \ et
2 Ux \\::\ \\ oy
1 \Qk‘ - . .
L \:\ g
0 A ;fa\o :
i ‘g \% DN
°l et I
- HIERN ey
n d\\{§~ \\\\
o \\ N
) ! NSy { \\531_
-1 0 1 2

Fig. 4-33 Dimensionless flux of turbulent energy plotted
against the stability parameter z/L. Symbols

are the same as those in Fig. 4-4.

111



large (Fig. 4-34). The solid line in the figure is a fit
to the data on the unstable side. For unstable conditions,

turbulent transport behaves approximately as
6, (2/L) = 2 2 cemmmeee
T i ———=(4=-23)

Some of the scatter in the figure is probably due to the
crude derivative approximation. Also, part of the scatter
is probably caused by the inherently large uncertainty in
the third moments; the statistical reliability of any esti-
mate of a turbulent property will decrease, for a given
averaging time, as the order of the property increases.
Turbulent transport on the stable side of Fig. 4-34
does not show any clear trend. There 1s scatter around
zero for small z/L. At large z/L, almost all the estimates
are smaller in magnitude than z/L. It appears that turbu-
lent transport is small compared to the dominant terms in
the budget of turbulent energy.
{5) The imbalance
Fig. 4-35 shows the dimensionless imbalance term as
a function of z/L. As can be seen from the figure, the
imbalance is zero for near neutral conditions (z/L = 0).
As the magnitude of z/1 increases, the imbalance becomes
considerably larger. The curve fitted to the data on the

unstable side 1is
¢ (2/L) = (1 + 0.5 [z/L["*)* -1 —=wmm (4-24)

and the curve on the stable side is
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Fig. 4-35 Dimensionless imbalance of the turbulent energy
budget plotted against the stability parameter

z/L. Symbols are the same as those in Fig. 4-29.

114



oy (z/L) = {1 + 2.4 (z/1) *F}¥2 - ~———(4-25)

Several factors arise as possible contributors to the
imbalance. Firstly, it is recognized that any budget term
found by difference contains the accumulated errors of the
measured terms, which show scatter about their fitted curves.
Buoyant production, a second moment measured at a point,
shows the least scatter and is accurate. Turbulent trans-
port, a spatial derivative of a third moment, shows the most
scatter and its fitted curve is least certain.

For wery stable conditions, the imbalance shows to be
a large gain. The stable dissipation could be overestimated,
and the mechanical production could be underestimated be-
cause of a relatively crude estimation of the wvertical
derivative of mean wind speed. These errors could account
for most of the imbalance under stable conditions.

For very unstable conditions, the unmeasured terms,
those reflecting possible horizontal inhomogeneity and
pressure transport, would naturally be suspected of causing
the imbalance.

(6) Model

The model of the turbulent energy budget was deduced
from the results. Fig. 4-36 shows the trend lines of all
terms in the budget eguation against z/L. In neutral con-
ditions, mechanical production and viscous dissipation are
approximately in balance, while turbulent transport and
buoyant production are not important. The imbalance is

zero. 1In unstable conditions, each term in the budget
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Fig. 4-36 A propcsed model of the turbulent energy budget.
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equation is significant, and buoyant production is a gain.
In this case the imbalance increases with the magnitude of
absolute stability. Mechanical production becomes less
important as instability increases, and buoyant production
assumes a dominant role as the energy source. In addition,
energy 1is exported upward by turbulence (turbulent trans-
port) at double the rate it is produced by bucoyancy. 1In
stable conditions, all terms except turbulent transport
are significant, and buoyant production is a loss. For
both stable and unstable conditions, the imbalance increases
with the magnitude of absolute stability.

The general features of the model for unstable condi-
tions correspond approximately to those in Fig. 1-2, which
was obtained by Wyngaard and Coté (1971). Some departures
from them may be due to the difference of roughness of the
surface. For very unstable and stable conditions, the un-~
measured terms, which reflect possible horizontal inhomo-
geneity and pressure transport, would be suspected of

causing the imbalance.
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CHAPTER 5
CONCLUSIONS

Turbulence measurements of wind and temperature were
made by sonic anemometer-thermometers in the first thirty
meters of the atmosphere. This experiment has allowed a
detailed study of the turbulent energy budget as well as
turbulence statistics in this layer.

Turbulence statistics were analyzed and interpreted
in relation to measured parameters, such as height, mean
wind speed and stablility conditions. Summarizing the re-
sults for turbulence statistics, the following features are
shown:
(1) The values for the friction velocity u, at four levels
of the tower increase linearly with the mean wind speed U.
(2) The standard deviations of the wvelocity components,
ci(i=U, v, W) are closely related to the mean wind speed
U, the friction velocity u, and the stability parameter z/L
for the case of a stationary boundary layer. The data for
the horizontal components u, v are rather scattered in com-—
parison with one for the vertical component w.
(3) The ratios oi/ﬁ (i=u, v, w) at the upper levels are
smaller than those at lower levels.
(4) The ratio ow/u* shows a dependency on stability. The.
values agree well with the results by other investigators.

Spectral analysis of turbulent fluctuations shows the

following features:
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(5) The spectra of the velocity components on the high-
frequency side have the slope of -5/3 corresponding to
Kolmoegorov's hypothesis; the -5/3 region is assumed to be
the inertial subrange. The spectra of the longitudinal
component u are found to obey the ~5/3 power law at much
lower frequencies than those of the vertical component w.
The position of the inertial subrange shifts to lower fre-
quencies as increasing height and stability. In the iner-
tial subrange, the ratic between the spectra of u and w is
4/3.
{6) The magnitude of the spectra depend on both mean wind
speed and stability. Under all conditions, the u spectra
contain much mere energy at low frequencies than the w
spectra.
(7) The horizontal scale of turbulence is larger than the
vertical one. The scale of turbulence increases with height
and stability, and decreases with the mean wind speed.
(8) The peak frequency of the spectra, n. has a close
relation to the lower limit of the inertial subrange, ng oo -
The ratio of the wavelength Am = G/nm to the height 2z is
between 2 and 4 and approximately constant with height in
the surface layer.
(9) The normalized spectra nSi(n)/oi(i=u, w) have the slope
of ~2/3 corresponding to Kolmogorov's -5/3 power law.

Each term in the budget equation of turbulent energy
was estimated from the measurements of turbulence statistics
and their profiles. The vertical structure and time change

of the turbulent energy budget were examined and compared
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with the budget in the planetary boundary layer, obtained
by other investigators. The estimates of viscous dissipa-
tion were obtained from the inertial-subrange levels of the
spectra of the longitudinal velocity with a value of 0.50
for the spectral constant. The results are summarized as
follows:
(10) For unstable conditions, mechanical production and
viscous dissipation are a main energy source and sink,
respectively. They decrease with height because of the
surface boundary. Buoyant production is an energy source,
and is smaller than mechanical production in the surface
boundary layer. Turbulent transport is an energy sink.
This means that near the surface, turbulent energy is ex-
ported upward by turbulence.
(11) For stable conditions, each term of the budget is very
small as compared with that for unstable conditions, and is
almost constant with height. Mechanical production is the
only energy source and the others energy sinks.
(12) The turbulent energy budget in the surface boundary
layer is different from that in the planetary boundary layer,
where buoyant production is a main source of turbulent en-—
ergy. Mechanical prcduction is less important than the other
terms. Turbulent transport increases with height to have a
positive value above 500 m from the ground. This is expected
because the energy exported from the lower layer has to ap-
pear as a local import at the upper layer.

The behavior of each term in the budget equation of

turbulent energy was examined in relation to stability and
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other parameters. The results are summarized as follows:
(13) Viscous dissipation increases with the third power of
mean wind speed, and decreases with height. For near neu-
tral conditions, viscous dissipation is balanced with me-
chanical production.

(14) The flux of turbulent energy has a positive value, and
increases with height. This trend is obvious for neutral
and unstable conditions, but the flux is almost constant
with height for stable conditions. This fact indicates
that the turbulent energy produced in the lower layer is
transported to upper levels. The flux increases with the
third power of friction velocity. The divergence of this
tlux, or turbulent transport shows some evidence of obeying
similarity on the unstabie side, although the scatter is
large. Turbulent transport does not show any clear tendency
on the stable side.

(15) The behavior of the imbalance can be expressed as a
function of stability. The imbalance is zero for near neu-
tral conditions. As the magnitude of stability increases,
the imbalance becomes considerably larger. The imbalance
may be attributed either to pressure transport (which was
not measured ) or to experimental difficulties such as
horizontal inhomogeneity.

A model of the turbulent energy budget was deduced
from the results. A general specification of turbulent
energy budget including the case of stable conditions has
been achieved through the present model. Under near neutral

conditions, mechanical production and viscous dissipation
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are dominant and essentially in balance, while turbulent
transport and buoyant production are not important. 1In
unstable conditions, each term in the budget is important,
and buoyant production is a gain. In stable conditions,
all terms except turbulent transport are significant, while
buoyant producticon is a loss. Mechanical production is

the only source of turbulent energy and the others energy
sinks., For both stable and unstable conditions the im-

balance term increases with the magnitude of stability.
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