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PREFACE

Environmental Research Center of the University of Tsukuba is a research center for the study
of various natural phenomena on and near the earth’s surface, especially those studies related to
geomorphology, hydrology, climatology and meteorology. The center is composed of two sec-
tions: a hydraulics section and heat and water balance section. Although construction of facilities
is not yet complete, research and data acquisition is being actively pursued by the Center’s staff
and other users. The staff is composed of: 1 professor (joint appointment), 1 associate professor,
1 lecturer, 1 assistant, 5 technical assistants and 1 secretary.

The results have been published annually in the Bulletin of the Environmental Research
Center in Japanese since 1977 and in Observational Data of Heat Balance and Water Balance
since 1980. New series named Environmental Research Center Papers, which is written in English,
is an irregular publication of a monographic work such as a doctoral thesis or a project report.

The two sections of the Environmental Research Center mentioned above have major facilities
respectively: one is the large (4 m wide, 2 m deep and 160 m long) flume and the other one is
the heat and water balance experimental field. Objectives of the large flume are: 1) to simulate
the changing inclination of natural stream beds, 2) to simulate variations in textural proportions
of bottom materials in natural beds, 3) to have the flowing water in the flume sufficiently deep
so that turbulence can be examined, 4) to reduce the side friction of the flume to a minimum,
5) to conduct long-period experiments without interrupting the sediment or water supply, and
6) while achieving the above objectives, maintain a reasonable operating cost. The heat and water
balance experimental field is facilitated by a grass covered field 160 m in diameter. At its center is
a 30 m high meteorological observation tower. On the tower and in the field are number of
instruments including: 1) sonic anemometer thermometers at 4 levels on the tower, 2) resistance
thermometers at 3 levels, 3) dew point thermometers at 3 levels, 4) resistance thermometers at
4 levels in the ground, 5) heat flux plates at 2 levels in the ground, 6) groundwater level guages at
3 levels, 7) pyrheliometer, 8) total hemispherical radiometer, 9) net radiometer, 10) weighing
lysimeter, 11) evaporation pan, 12) rainfall intensity recorder, 13) rain guage, and 14) discharge
meter. The main purpose of this system is to acquire the long term basic data needed to aid in
the understanding of the heat and water balance under natural conditions and to clarify the
transfer processes of heat and water energy in and near the surface boundary layer.

It is our great pleasure to be able to contribute the respective research fields with these
facilities. Number 1 of the Environmental Research Center Papers is a work on micrometeorology
by Dr. K. Kai, analysing the values measured at the 30 m tower of the experimental field. We are
expecting that the following Numbers will be published soon. Taking this opportunity, we wish
to express our hearty thanks for his effort to accomplish the facilities of the Center during the
beginning years to Professor Masao Inokuchi, former Director of the Center.

December 1981 Masatoshi M. Yoshino
Director of the Environmental
Research Center

[We send our publications for exchange purpose only]




STATISTICAL CHARACTERISTICS OF TURBULENCE AND
THE BUDGET OF TURBULENT ENERGY IN THE SURFACE
BOUNDARY LAYER"

By Kenji Kai

Environmental Research Center, the University of Tsukuba
Ibaraki, 305 Japan
(received 1 August 1981)

ABSTRACT

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

Firstly, turbulence statistics are analyzed and interpreted 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 compo-
nents have close relations to mean wind speed, friction velocity and stability. The data for the
horizontal components are rather scattered in comparison with those for the vertical compenent.
The normalized intensity of turbulence for the vertical component, ow/u «» Shows the depend-
ence on the stability parameter z/L, and is given by a universal function of z/L according to the
similarity theory. The values for aW/u* in neutral conditions are in agreement with the results
obtained by other investigators. 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 between the spectra of the longitudinal component u and the vertical component
w is found to be 4/3. In addition, the spectral analysis shows that the horizontal scale of turbu-
lence is larger than ;he vertical one, and that the scale of turbulence increases with both height
and stability, 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 unstable 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

* Doctor of Science Thesis in the Institute of Geoscience, the University of Tsukuba.




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 conditions, the magnitude of each term is
very 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 theory. A general specification of the turbulent energy
budget including the case of stable conditions has been achieved through this model.
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CHAPTER 1

INTRODUCTION

1-1 Background of the study

Over the past two decades, there have been numerous experimental studies of profiles, fluxes,
variances, spectra and other statistics of wind and temperature in the surface boundary layer. Since
most of the transfer of momentum and heat is due to the turbulent fluctuations of wind and
temperature, it seems obvious that the energy budgets of the fluctuations are important areas for
study. The most important of these budgets is the budget of turbulent 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 energy budget, which can be written for the case of horizontally homogeneous
turbulence (see Lumley and Panofsky, 1964)

p) q2 oU g — 0@ wq2 0 wp
—_— Y = - _— = -_— T = T = € i i e e s e e e e e e 1'1
at 2 W tFY o2 T e € (-1

(T.E) (MP) (ﬁP) (T.T) (P.T) (Vb) '

where u, v, w are the three components of the wind fluctuation (u = v = w = 0) in directions
x, ¥, z, respectively; U is the mean wind speed; 0, p are the fluctuating temperature and pressure,
respectively; g° = u? + »? + w? is twice the turbulent energy per unit mass; 7 and p are the means
of 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: turbulent transport, or the divergence of turbulent energy.
PT: pressure transport, or the divergence of the rate of working 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 statis-
tics in relation to measured parameters, such as height, wind speed and stability conditions. The
second is to investigate the time change and vertical structure of the turbulent energy 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 Obukhov
(1954), which explains the behavior of each term in the budget equation in relation to stability.
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Fig. 1-1  Schematic diagram of the turbulent energy budget.

In order to carry out these purposes, turbulence measurements of wind and temperature were
made in the first thirty meters of the atmosphere. Four sonic anemometer-thermometers were
used for turbulence measurements. This experiment has allowed a detailed study of the turbulent
energy budget in the surface boundary layer. In the present study it is possible to make measure-
ments of all terms except the pressure transport term in the budget, allowing a quantitative deter-
mination 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 originally by Obukhov (1946). The first experimental
evidence 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 characteristics of turbulence to a certain degree,
but not for quantitative ones. Experimental studies are necessary for acquiring information with
regard to the quantitative characteristics. Since the main purpose of the present study is to estab-
lish 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 fluctuations, there have



2IM10N1}S [BONIIA

a8ueyo awl], $'6C e wo oS
Jepouwt ‘g'q'L 104 (06)0€ S0°0 IVS ‘€TI€P 9T  Inoqessern Bqnns Apmis STy,
€1€ '081
EICLENY 0oy€8 STS00 LVS ‘06 ‘St ‘0T ueqif) rgondemey  L/6] ‘ojowewex
a[qeisun) (113 LT0 LVS €TI pIay Apped Aeg ewitfoy LL6T ‘TuBllRy
aqoid
8:2:@3« puejdug LL6T ‘Asysne)
a8ueyo swl], 9[qeISU() 0Z1 uoj3urpre) ZST ‘16 ‘19 [einy  ‘owooI) so[req P Juowihey
_ [ennaN B1I3qIV SL6T ‘nomd
[opow [eroads  S[qesuf) 0S¢ S0'0 LVS LL'S  sseidouneld ‘prenyyng ¥ UBgON
sjdnooouray], yein
alqesuf) (014 LVS ST'TY [e18410 1[BS ‘a[asuuog €L6T Muol
puepa1]
anm-10H UIdYION
/2 °sA 2 nv ST 10 aueArg (AN Iajem I9A0 ‘ySeaN ysnog TL6T ‘neuren
Anm-10H 9'ct jeaym 1L61 910D
[epowt ‘gL SIqEISUf) 09 S0°0 LVS ‘€TT99°S wrogrup) sesued] % preeduim
TerinoN oIm-}0H 1L61
s[qeisun ST STI10°0 1LVS 7  sse1d umop ISANOJUBA ‘e 10 uBSgOW
aueAlq ‘AN
v 09 S SUBAOIY 16°91°€T aurd qniog ‘uaseyyoorg 7961 ‘Aysyourd
(098) (ur)
(urur) urerrs)
Auqqe auwr I0SU9 uswaInseaw UOI}BI0O I9AIRS
sjUaWIWIo) HnMqels uoneIn( meﬁ.w>< S 1 o 1Bl 30 odAL I T q0
‘108pnq AS10us JUa[NQIN] Y} YIM PIIBIOOSSE SJUSWIIadXS SnOlIeA Jo ArewiwngS -] d[qeL




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 importance of each term
in the budget equation.

Panofsky (1962) stated that the flux of turbulent energy was upward and that turbulent trans-
port was an important term in the budget equation under unstable conditions. Busch and Panofsky
(1968), however, concluded that viscous dissipation was balanced by mechanical and buoyant
productions and that turbulent transport was unimportant 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 1,000 m, which was just below the top of the planetary
boundary layer, while turbulent transport increased with height to balance the decrease 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 Coté (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 Coté showed that the turbulent energy budget in the surface boundary layer
appeared to follow the Monin-Obukhov similarity theory quite well. Under stable conditions,
viscous dissipation essentially balanced mechanical production, while turbulent transport was of
secondary importance. Under unstable conditions, viscous dissipation exceeded the total of
mechanical and buoyant productions by a significant amount and turbulent transport was impor-
tant. The large imbalance among the measured terms in the budget under unstable conditions was
discussed. The cause of the imbalance could not be determined with certainty, but an interesting
possibility was that pressure transport was significant under very unstable conditions.

McBean et al. (1971).reported that for slightly unstable conditions the total production was
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Fig. 1-2 Dimensionless energy budget under unstable conditions (from Wyngaard and Coté,
1971).



balanced by viscous dissipation and that for more unstable conditions viscous dissipation exceeded
the production. Garratt (1972) found that viscous dissipation and turbulent transport was signi-
ficant 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 convection 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 equation can be attributed either to pressure trans-
port or to experimental difficulties such as horizontal inhomogeneity. Conclusions from recent
experiments have tended to confirm the existence of the imbalance and have more closely
identified this with pressure transport. Pressure transport has been measured directly only by
Elliot (1972). 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 conditions, but no measurements were made for stable and
unstable 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 énergy
budget for unstable conditions, but a general specification of the turbulent energy budget includ-
ing the case of stable conditions has not yet 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.




CHAPTER 2

EXPERIMENTAL METHODS

This experiment was designed to deduce each term in the budget equation of turbulent energy
from the measurements of turbulence statistics and their profiles. This chapter describes the
essential details of the experiment, including the experimental site, instrumentation, data collec-
tion and reduction. The detailed descriptions have been given by Kotoda et al. (1978) and Kai
(1978).

2-1 Experimental site and instrumentation

The site is the hydrometeorological observation field of Environemntal 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 some 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 quantities must be considered somewhat tentative.

The 30 m tower was built 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

} “3?\;}”0;?{(\%” E.R.C. = X
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Mt. Tsukuba (876m)
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Tsukuba Academic
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Fig. 2-1 Location of the experimental site. A = Grass field, B = Buildings, C = Coniferous
wood.




Fig.2-2  View of the experimental site.
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Fig.2-3 30 m tower and the arrangement of sensors.

and the resistance thermometers at the 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 collection 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 fluctuations were measured with three-
component sonic anemometer-thermometers (Kaijo Denki Model PAT 311). The sonic anemometer
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 operation 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 opposite directions are used, and
the difference between the transit times is approximately proportional to the velocity vector
component averaged over the path length. The sensing 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 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.

SOUND PATH

SOUND WAVE

»: sound source
>: sound receiver

Fig.2-4  Diagram showing the principle of the sonic anemometer-thermometer operation.

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 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 experimental system. The output signals from
these sensors were transmitted through cables to a building outside the field and recorded on a
computer-controlled data acquisition 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 monitored 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 of nonstationarity.

A typical run length was 90 min, occasionally shortened to 10, 30 or 60 min during the actual
experiment or during subsequent 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
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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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Fig. 2-7  Block diagram for the entire experimental system.
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Fig.2-8  Block diagram of the computer-controlled data acquisition system (GP-1100).
Table 2-1 Selected runs for analysis
Run No. Date Starting Ué?l/z)m WD T(Lg)m Stability D‘(’fna‘i‘rg’"
h m
230 1/25/79 04 00 0.5 -4.2 Stable 30
240 " 05 00 0.8 -4.4 " "
250 " 06 00 0.5 -4.8 " "
260 " 07 00 0.3 -4.6 " "
270 " 08 00 1.0 -0.2 Neutral "
280 " 09 00 1.4 4.5 Unstable "
290 " 10 00 22 6.3 " "
760 7/26/79 11 00 3.5 E 28.1 " 90
770 " 1240 4.3 E 29.8 " "
780 ' 14 20 5.3 E 29.2 Neutral "
790 o 2302 21 E 23.1 Stable "
830 7/29/79 2220 2.4 ESE 24.1 " "
980 8/1/79 14 00 5.0 SSW 31.2 Neutral "




temperature signals in order to reduce the effect of ultra-low-frequency fluctuations. Unless other-
wise noted, the results to be presented will be based on the 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 acquisition 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-800 computer, using the statistical and spectral
programs developed 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 velocity components were transformed to make them correspond to
the conventional meteorological coordinate system. The x axis, which defines the u component, is
in the direction of the mean wind; the z axis, which defines the w component, is in the vertical
direction; the y axis, which defines the component, is 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 0, 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 and temperature 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.




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 theoretical 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 motion, and its motion is treated as laminar flow. The planetary boundary layer, in which
the influence of surface friction is appreciable, is analogous to the turbulent boundary layer found
on a flat plate, and its motion is treated as turbulent flow. The surface boundary layer is the
lowest thirty meters, or so, of the planetary boundary layer, where the motion is controlled pre-
dominantly by the presence of surface 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.

i
FREE ATMOSPHERE
(REGION OF GEOSTROPHIC BALANCE )
500-1000m
PLANETARY BOUNDARY LAYER
(TURBULENT BOUNDARY LAYER) (O OO
30-100m , QOO0
T H £ | SURFACE BOUNDARY LAYER | QOO
(CONSTANT FLUX LAYER) oo
THE GROUND

Fig. 3-1  Vertical structure of the atmosphere.

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, 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) Equations of motion in the surface boundary layer
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where (U, V, W) are
parameter, (x, y, z) represent the Cartesian coordinate system, P is the pressure, p is the air
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Fig. 3-2 Relation of the equations used in the present study.

The structure of the surface boundary layer will first be explained with the aid of the funda-
mental principle governing the motion of the atmosphere near the surface of the ground.

This principle is expressed by the Navier-Stokes equations for a viscous, incompressible,

Newtonian medium in a uniform gravitational field, in a rotating system, which may be written in

the form
g—[tj+Ug—g+ Va—U+W?5—£]=—i%+uV2U+fV
%}’+U%’+Vﬂ’+w"g—;’=_ig—i’+vvw-m ........ (3-1)
%V+U2—:/+V%+wg—?/=-ig§+"\vzw‘g

the velocity components of the instantaneous wind vector, f is the Coriolis

density, g is the acceleration due to gravity, v is the kinematic viscosity and V?is Laplacian
operator. The first, second and third terms on the right-hand side express the pressure gradient

J— 13 J—




forces, the friction, and the Coriolis forces or the acceleration due to gravity, respectively.

Egs. (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=U+u
V=V+v
Wom Woh o e (3-2)
P=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, (4, v, w) are the components of the turbulent wind vector and P is the
fluctuating pressure.

By substituting Eqs. (3-2) into Eqs. (3-1) and averaging, we obtain

oU . —dU _oU _oU 9 __ 0 _ 0 __ 1 0P o __
- - _— —_— —_— —— —_— = e — v V
ar U T T T T e VU
14 oV . oV _ oV 0 0 9 1 0P =
— — — — + Pt —Wt+—w = -—— + vV -
3t+Uax+V8y+waz+axvu ay” az”" p oy Y v
oW, GO, pOW poW 3 a3 1P
T P L P AL MR M PR AL
.................. (3-3)
In arriving at Eqgs. (3-3), use has also been made of the equation of continuity:
a_U a_V+§.£/=0 (3_4)

+ =0 e
0x oy oz
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 fluctuations, viz.,

~PUU, = PVV, = PWW, = DUV, = PUW, =PVW . o o oo et 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 Eq. (3-5) indicates an
integral mean, which may be approximated by the arithmetric mean of the form

—puw = -puywy tugwy +. . Fugwn )N (3-6)
Within the planetary boundary layer the vertical variation is usually considerable greater than
the horizontal variations, and the fields of meteorological variables are approximately horizontally

homogeneous. Taking these assumptions together with the stationary conditions, the following
equations in the planetary boundary layer are obtained:
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0=-— a— + — (-puw) + fV
p Ox
O I I 3-7
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By analogy to the molecular stress, the Reynolds stress is written as follows:
oU
T = =puW = PR o (3-8)

where 7 is the Reynolds stress and K, is the turbulent diffusivity of momentum. Eq. (3-8) means
that the Reynolds stress is a measure of the vertical transport of momentum. Similarly, the vertical
transport of sensible heat may be estimated by an analogous equation;

— oT
H = pcpw0 = pcpKhE ............................. (39)

where H is the sensible heat flux, K}, is the turbulent diffusivity of sensible heat and 0 is the
fluctuating temperature.

The surface boundary layer is the shallow layer immediately adjacent to the ground in which
the frictional drag force T is the dominant force on the layer. Fig. 3-1 schematically shows this
layer, together with the planetary boundary layer and the free atmosphere. To a good approxima-
tion, the equation of motion in the surface boundary layer is derived by neglecting the pressure
gradient term and the Coriolis force term in Egs. (3-7):

0
32 —puW) = 0 e (3-10)
Rewriting the above equation,
_ oU
T = -puw = meE =constant(z) ............. ... .... (3-11)

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:
g—g = % ....................................... (3-12)
where k is the Kdrman constant and u, is the friction velocity, which is defined by the equation

Uy NTIP = VW o (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¢). Integra-
tion of Eq. (3-12) leads to:

T =t B (3-14)
k Zo

where z, is 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




by

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

Another important parameter of atmospheric stability, the Richardson number, designated R;
and defined as the non-dimensional quantity

oT
i T(a—ﬁ)z ...................................
0z

where g is the gravitational acceleration, and d7/0z and dU/dz are the gradients of mean tempera-
ture and wind speed, respectively.
An equivalent “flux form” of the parameter is

_&_wi__ gH .
Rf-T_a_U T(i’ﬁ ......................... (3-18)
u 0z p'T 0z

where R; is the flux Richardson number, H is the vertical flux of sensible heat and 7 the Reynolds
stress.

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

The three stability parameters are related as follows:

- Kn z
Ko 0 Loy

m

Rs

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 R ; and R¢ 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:

Ti= FEIL), =0 W (320)

*

where 0; is the standard deviation of the velocity component and F; (z/L) is the universal function
of z/L.
Taylor’s hypothesis of frozen turbulence derives the following relation



where K 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 treat-
ments 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 analysis is based on the fact that the fundamental physical laws are dimen-
sionally 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 varia-
bles.

Similarity theory is a dimensional approach in which characteristic scales of velocity, length,
etc., are formed from the physical quantities which are reasoned to determine the properties of
flow. Vertical gradients of mean quantities (wind, temperature, etc.) and statistical properties of
turbulence (variances, spectra, etc.) are then expressed in dimensionally appropriate combinations
of these scales and universal functions of nondimensional parameters.

Similarity theory is essentially a restatement of the cause and effect relation; the result must
always be tested experimentally. If conditions surrounding two experiments are identical, the
results should be similar. In many micrometeorological cases, however, very little control over
experimental conditions is possible. Fortunately, it is not necessary to keep all the variables con-
stant 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 theory are extensively used in micrometeorology. It is no
exaggeration to state that practically the whole theory of the surface boundary layer is derived
from these two fundamental principles (Munn, 1966).

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 surface in which the turbulent fluxes are
approximately constant 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, and the Reynolds stress 7. These define
the following velocity, temperature and length scales:

u, = V(7/p)

Tu = =H/(PCpUsy) oot (3-22)
3 _
_ _us pcpT
z and L ———kgH




Therefore, the four governing surface-layer parameters (H, z, g/T, 7) yield a total of four independ-
ent 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 predicts 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/L Monin-Obukhov stability parameter
kz . . . L
¢ (z/L) = E € dimensionless viscous dissipation of turbulent energy
*
kz U . . . .
Oy (z/L) = w. o7 dimensionless term of mechanical production of turbulent energy
%
kz g§ — . . .
¢g(z/L) = w37 wb dimensionless term of buoyant production of turbulent energy
*
kz 0 wq? . .
dr(z/L) = 239 2 dimensionless term of turbulent transport of turbulent energy
*
kz . . .
¢y(z/L) = W3 I dimensionless term of the imbalance

*

3-3 Turbulent energy budget

In this study it is possible to determine all terms in Eq. (1-1) except the pressure transport,
which is too difficult to measure. The assumptions of horizontal homogeneity and stationarity are
primarily responsible for the simplification of Eq. (1-1) for the turbulent energy budget. The
assumption of stationarity leads to:

24
ot 2

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 therefore take as our model

of the turbulent energy budget

(MP) (BP) (TT) (VD) (M)
The terms in Eq. (3-25) can be identified as (from the left) mechanical production, buoyant
production, turbulent transport, viscous dissipation and the imbalance.

In the surface boundary layer, Eq. (3-25) may conveniently be expressed in dimensionless
form, by multiplying through by kz/u,>, where u, = (\/7/p) = (\/-i#zw) and k is Karmén constant,

_18__
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or ....(326)

Oum (2/L) - z/L - ¢7(z/L) - ¢e(z/L) + ¢1(z/L) = 0

It has been assumed that the surface layer is a “‘constant flux layer”. That is, the turbulent fluxes
7w and w@ are approximately independent of height from the surface. For these conditions, the
Monin-Obukhov similarity theory predicts that the terms in the budget should be universal func-
tion of z/L, 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 hypothesis on the spectra in the inertial subrange.

Some information about the shape of the spectrum is given by Kolmogorov’s hypothesis;
energy enters the spectrum at relatively low frequencies 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 turbu-
lence, S(k) is determined by viscosity v and viscous dissipation €. Dimensional arguments leads to

S(k) = €2Pk™SBGK, V) .. (3-27)

where G (k,v) is an undetermined dimensionless function. At the low frequency 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(k) = Ae3y~53

where A is a universal constant. Schematic representation of energy spectrum of turbulence is
given by Fig. 3-3.
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Fig. 3-3  Schematic representation of the energy spectrum of turbulence (from Hinze, 1959).




The estimates of viscous dissipation were obtained by assuming that Kolmogorov’s law for the

inertial subrange was valid, i.e.,

S;(k)k >3 32 . _

A, ’

where Kk is the wavenumber (k = 2mn/U by Taylor’s hypothesis). The -5/3 power law was fitted to
the spectra of velocity components and € was evaluated with A4, =050and 4, =4, = 0.67,
which were universal constants estimated from various experiments (Pond et al., 1966; McBean et

al., 1971; Wyngaard and Coté 1971).



CHAPTER 4

RESULTS AND DISCUSSION

Section 4-1 describes statistical characteristics of turbulence. Turbulence statistics are
analyzed and interpreted 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
turbulence statistics, and their behaviors are examined in Section 4-2. The model of the turbulent

energy budget is presented and discussed.

Table 4-1 Turbulence statistics (with respect to the 90-min mean) at the four levels of the tower.
Each run is classified into three stability groups according to z/L.

Run No. z (m) 760 770 Mean 780 980 Mean 790 830 Mean
1.6 -0.12 -0.12 -0.12 -0.05 -0.04 -0.04 0.15 0.18 0.16
2/L 4.3 -0.16 -0.22 -0.19 -0.05 -0.05 -0.05 0.17 0.34 0.26
12.3 -0.18 -0.20 -0.19 -0.03 -0.08 -0.05 0.09 0.68 0.39
29.5 -0.27 -0.25 -0.26 -0.07 -0.07 -0.07 1.03 3.21 2.12
1.6 220 2.53 2.37 2.86 2.95 291 1.07 1.18 1.13
7 m/s) 43 249 290 2.70 332 349 341 1.14 1.29 1.22
12.3 2.96 342  3.19 399 427 413 1.55 1.79 1.67
29.5 3.51 437 3.94 530 504 517 2.13 242 2.28
T (CC) 1.6 28.1 29.8  29.0 29.1 31.2 302 23.1 24.1 23.6
1.6 0.22 026 0.24 0.29 030 0.29 0.09 0.11 0.10
u. (m/s) 4.3 0.28 032 0.30 0.38 042 040 0.12 0.14 0.13
* 12.3 036 047 042 0.56 0.50 0.53 0.17 0.17 0.17
29.5 032 040 0.36 041 0.56 049 0.15 0.14 0.15
_ 1.6 0.54 0.79 0.67 0.89 1.07 0.98 0.09 0.11 0.10
q%/2 43 0.62 092 0.77 1.05 1.24 1.15 0.11 0.14 0.13
(m?/s?) 123 0.69 1.04 0.87 1.25 1.52 1.39 0.14 0.19 0.17
29.5 0.70 099 0.84 1.07 1.49 1.28 0.14 0.19 0.16
1.6 063 0.76 0.69 0.84 1.01 0.93 0.29 0.31 0.30
o.. (m/s) 4.3 0.66 083 0.75 0.92 1.07 1.00 0.33 0.34 0.34
u 12.3 0.72 0.89 0.81 1.00 1.18 1.09 0.34 0.41 0.38
29.5 0.71 0.85 0.78 0.95 1.17 1.06 0.35 0.39 0.37
1.6 0.75 0091 0.83 0.95 0.95 0.95 0.27 0.30 0.29
oo (m/s) 4.3 0.76 092 0.84 0.95 096 0.96 0.27 0.33 0.30
v 12.3 0.74 092 0.83 0.97 1.02 1.00 0.32 0.36 0.34
29.5 0.74 091 0.83 090 0.96 0.93 0.31 0.37 0.34
1.6 032 039 035 0.41 044 043 0.15 0.17 0.16
oo (m/s) 4.3 044 052 048 0.58 0.62 0.60 0.20 0.23 0.22
w 12.3 0.53 0.65 0.59 0.73 0.76  0.75 0.25 0.27 0.26
29.5 0.53 0.63 0.58 0.65 0.80 0.72 0.24 0.28 0.26
1.6 0.55 0.66 0.60 049 045 047 0.22 0.24 0.23
o CC) 4.3 0.41 0.50 045 040 042 041 0.19 0.24 0.22
T 12.3 0.34 042 038 | 038 . 042 0.40 0.21 0.26 0.24
29.5 0.32 0.38 0.35 0.35 040 0.38 0.21 0.25 0.23




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, turbulent energy and standard deviation of
temperature. Profiles of other statistics will be presented in the following sections. According to
the stability parameter z/L, each profile was divided into the following three cases of 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 turbulent energy is closely related to the mean wind speed. Temperature
fluctuations decrease with height, and for stable conditions temperature fluctuations are very
small, compared with those for unstable conditions. It seems that the effect of stability is clearly
reflected in the magnitude of temperature fluctuations.

(m)
o RUN 760—980

295

(m) 2

295

3
Q

® UNSTABLE
A NEUTRAL
O STABLE

- G
§8g 3

’._

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, A = neutral conditions, O = stable condi- .
tions.



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 influence on wind speed measurements.

N
RUN 760—980 T
o 1.6m tH
. 29.5 m \ I
W * -
S &
/‘. 5
Imls
S

Fig.4-2 Mean wind directions during the experiment.

b) Friction velocity

The friction velocity u, is an important parameter of turbulent flow. u, 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 Eq. (3-8);

U SNTIP = NV-UW (4-1)

The property of —uw is related to the gradient of mean wind speed U as follows:

where K, is the turbulent diffusivity for momentum. In order to examine the above relation, the
values for u,,g2 at 12.3 m are plotted against the gradients of mean wind speed, oU/dz 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 u*2 is proportional to the gradient of mean wind speed, and the coefficient K, is about
4 m?/s.

Fig. 44 shows the friction velocity u, as a function of mean wind speed U. These values were
evaluated at four levels (1.6, 4.3, 12.3, 29.5 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:
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Fig. 44  Friction velocity as a function of mean wind
Fig.4-3  u,? at 12.3 m against the gradient of speed. Symbols represent different heights as
mean wind speed between 4.3 m and follows: O0=16m,A=43m,0=123m,® =
29.5 m. 29.5 m.
u, =0.10Uat1.6m
Uy =0120at43m
uy =0120at123m (4-3)
u, =0.09Uat29.5m

Uy = 0.11 U in the whole layer

c) Intensity of turbulence

The standard deviations of the velocity components 0; (i=u, v, w) represent the magnitude of
turbulent fluctuations. Generally speaking, turbulent fluctuations are closely related to the atmos-
pheric stability and the mean wind speed. In this section, these relationships will be examined.

Fig. 4-5 shows records of the instantaneous velocity 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 vertical 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 oi/l—f (i =u, v, w) classified into three cases of unstable,
neutral and stable conditions. The ratio is regarded as the intensity of turbulence. It can be seen
from the figure that the ratios for horizontal components, ou/ﬁ, ov/l.—/ decrease with height, but
the ratio for the vertical component, 0,,/U is almost constant with height.

Fig. 4-7 shows the standard deviations of the velocity components 0; (i = u, v, w) as functions
of mean wind speed U at the four heights. It may be seen that 0; i=u, v, w) increase with U.ltis
noticed that the scatter for the vertical component is relatively small as compared with those for
the horizontal components. The ratios of Oi/(7(i =u, v, w) are listed in Table 4-2. The ratio at the
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highest height (z =29.5 m) is slightly smaller than those at the lower heights (z = 1.6 to 12.3 m).
The vertical variation of 0,/ U is rather small.

Fig. 4-8 shows the standard deviations of the velocity components 0; (i =u, v, w) as a function
of friction velocity u, at four heights. It may be seen that 0; (i=u, v, w) increase with the friction
velocity u,. It is noticed that for the cases of the horizontal components there is a great 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 0; (i = u, v, w) and u,, are expressed by

0, = Citty, 15U, ), W .. (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 0,/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 0, /u, in neutral conditions is listed in Table 4-3 and is compared with other
results. Values obtained in the present study are in agreement with the results 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 0y, /u, may be given by a universal function of the stability parameter z/L according



Table 4-2 Data summary for the ratios of ai/l7 and ai/u* (i

Each run is classified into three stability groups according to z/L.

=y, v, w) with respect to the 90-min mean.

RunNo. z(m) 760 770 Mean 780 980 Mean 790 830 Mean
1.6 -0.12 -0.12 -0.12 -0.05 -0.04 -0.04 0.15 0.18 0.16
/L 4.3 -0.16 -0.22 -0.19 -0.05 -0.05 -0.05 0.17 0.34 0.26
z 12.3 -0.18 -0.20 -0.19 -0.03 -0.08 -0.05 0.09 0.68 0.39
29.5 -0.27 -0.25 -0.26 -0.07 -0.07 -0.07 1.03 3.21 2.12
1.6 0.28 0.30 0.29 0.29 0.34 0.32 0.27 0.26 0.27
Vi 43 0.27 0.29 0.28 0.28 0.31 0.29 0.29 0.26 0.28
%u 12.3 0.24 0.26 0.25 0.25 0.28 0.26 0.23 0.23 0.23
29.5 0.20 0.29 0.20 0.18 0.23 0.21 0.16 0.16 0.16
1.6 0.34 0.36 0.35 0.33 0.32 0.33 0.26 0.26 0.26
v/l_/ 43 0.30 0.32 0.31 0.28 0.28 0.28 0.25 0.26 0.25
o 12.3 0.25 0.27 0.26 0.25 0.24 0.24 0.21 0.20 0.21
29.5 0.21 0.21 0.21 0.17 0.19 0.18 0.15 0.16 0.15
1.6 0.15 0.15 0.15 0.15 0.15 0.15 0.14 0.14 0.14
o JT 4.3 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18
w 12.3 0.18 0.19 0.18 0.18 0.18 0.18 0.16 0.15 0.16
29.5 0.15 0.15 0.15 0.12 0.16 0.14 0.11 0.11 0.11
1.6 2.77 2.99 2.88 2.90 341 3.16 3.15 2.97 3.06
o Ju 43 2.37 2.74 2.56 2.42 2.60 2.51 2.69 2.54 2.62
ux 12.3 2.06 1.95 2.01 1.79 2.37 2.08 2.10 2.53 2.32
29.5 2.29 2.15 2.22 2.37 2.10 2.24 2.31 2.99 2.65
1.6 3.30 3.57 3.44 3.29 3.18 3.24 3.04 2.01 2.98
ouju 4.3 2.72 3.06 2.90 2.51 2.34 2.43 2.33 2.50 2.42
Vi 12.3 2.13 2.09 2.11 1.73 2.06 1.90 1.94 2.28 2.12
29.5 2.39 2.38 2.39 2.26 1.73 2.00 2.11 2.82 2.47
1.6 1.44 1.50 1.47 1.43 1.49 1.47 1.65 1.57 1.61
o fu 4.3 1.57 1.72 1.65 1.53 1.52 1.53 1.66 1.73 1.70
Wi 12.3 1.50 1.44 1.47 1.31 1.53 1.42 1.52 1.67 1.60
29.5 1.69 1.64 1.67 1.62 1.44 1.53 1.61 2.06 1.84
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Fig. 4-8 Standard deviations of the velocity components as a function of friction velocity.

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




Table 4-3 Comparison of the ratio 0y /U, With other results under neutral conditions

Reference for estimate aw/u* Site Height of measurements (m)
Naito 1978 1.23 Over the sea 12.5,6.4
Pond et al. 1971 1.32 Over the sea 8
Miyake et al. 1970 1.47 Over the sea 14 -45
McBean 1970 1.53 Over land 1.4
This study 1.32 Tsukuba 1.6,4.3,12.3,29.5

Estimates are obtained by the eddy correlation method.

to the similarity theory. Fig. 4-9 shows Ow/uy versus z/L, in order to clarify the features of the
ratios over a wide range of z/L. The data for the vertical component show the dependence on the
stability parameter z/L. The behavior of Oy /u, on the unstable side is well expressed by the
following equation proposed by Panofsky et al. (1977):

- 1/3

Owluy = L3(1=3z/L)'P (4-5)
10 -
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S . X |

Ux f 2% o2 Q’G’_,,. fa °
T W3 (1-32L)" =
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Fig. 49 Relationship of the ratio 0/t to the stability parameter z/L. Symbols are the same
as those in Fig. 4-4.

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 stability. Data for the horizontal components are much more
scattered in comparison with those for the vertical component.
(2) The ratio Ui/U (i = u, v, w) at the higher levels are rather smaller that those at the lower
heights.
(3) The ratio 0., /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 construct-
ing a composite spectrum by averaging the 9 separate spectra. The composite spectrum was then
smoothed by averaging spectral estimates over frequency bands. Data for stability and profile are
presented in Table 4-1.

The results of this experiment provide an opportunity to examine Kolmogorov’s hypothesis
for the behavior of the spectra in the inertial subrange. Fig. 4-10 shows the spectra for the longi-
tudinal component u and for the vertical component w at the four levels of the tower, which are
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Fig. 4-10  Spectra of the velocity components, S;(r) (i = u, w) at the four levels of the tower.
Symbols are the same as those in Fig. 4-1.

plotted in a log-log representation against frequency n (Hz) and divided into three groups accord-
ing to the stability 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 height.

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:

S IS (1) = 43 (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 subrange shifts to lower fre-
quencies as increasing height; for example, the low-frequency limits of the inertial subrange at
the levels of 1.6 and 29.5 m are about 1.0 and 0.1 Hz, respectively. The frequency n; ; at which
the inertial subrange starts was evaluated from Fig. 4-11, and the vertical profiles of n; ; are
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 nSj(n) (i = u, w) plotted against log n. In this figure the area between two

frequencies represents variance contributed by that frequency interval, so that
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[2sin)dn = f7nS(n)dlogn) = 0 .. (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 stability 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 frequency 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 w(n), and the vert1cal profiles of n are
shown in Fig. 4-14. It appears that the vertical profiles of n, are very similar to those of nig.-
In Fig. 4-15 the peak frequency Ny, is plotted against the mean wind speed U. n., increases with
U, so that the scale of turbulence decreases with the mean wind speed. The relatlonshlps between
ny, and U at the four levels of the tower are expressed as follows:

013U + 0.015at 1.6 m
=0.06U + 0.004at43 m

0037 + 0002at 123 m " e
=001TU+0033at295m

m
m
m
m

S S 3

There have been several attempts to generalize on the position n, of the spectral peak (Pasquill,

Table 44 Data summary for the spectral scales with respect to the 90-min mean.
Each run is classified into three stability groups according to z/L.

RunNo. z(m) 760 770 Mean 780 980 Mean 790 830 Mean
1.6 -0.12 -0.12 -0.12 -0.05 -0.04 -0.04 0.15 0.18 0.16

2/L 4.3 -0.16 -0.22 -0.19 -0.05 -0.05 -0.05 0.17 0.34 0.26
12.3 -0.18 -0.20 -0.19 -0.03 -0.08 -0.05 0.09 0.68 0.39

29.5 -0.27 -0.25 -0.26 -0.07 -0.07 -0.07 1.03 3.21 2.12

1.6 220 253 237 28 295 291 1.07 1.18 1.13

T (m/s) 4.3 249 290 2.70 332 349 341 1.14 1.29 1.22
12.3 2.96 342 319 399 427 4.13 1.55 1.79 1.67

29.5 3.51 437 394 530 504 517 2.13 2.42 2.28

T(C) 1.6 28.1 298  29.0 29.1 31.2 30.2 23.1 24.1 23.6
1.6 0.35 025 0.30 0.35 0.49 042 0.17 0.16 0.17

n_ (Hz) 4.3 0.10 0.15 0.12 0.18 035 0.22 0.08 0.09 0.09
m 12.3 0.09 0.08 0.08 0.10 0.16 0.13 0.06 0.05 0.06
29.5 0.04 0.06 0.05 0.09 0.08 0.85 0.06 0.06 0.06

1.6 6.29 10.1 8.20 8.17 6.02 17.10 6.29 7.38 6.84

A (m) 4.3 24.9 19.3 221 18.4 14.0 16.2 14.3 14.3 14.3
m 12.3 322 428 375 399  26.7 333 25.8 35.8 30.8
29.5 878 720 799 589 630 61.0 35.5 40.3 37.9

1.6 393 6.33  5.13 5.11 376 444 393 461 4.27

Az 4.3 5.79 4.50 5.15 4.29 3.25 3.77 3.31 3.33 3.32
m 12.3 2.67 3.48 3.08 3.24 2.17 2.71 2.10 291 2.51
29.5 297 244 271 2.00 214 207 1.20 1.37 1.29

1.6 0.26 0.16 0.21 020 027 0.23 0.25 0.22 0.24

f 4.3 0.17 022 0.20 0.23  0.31 0.27 0.30 0.30 0.30
m 12.3 0.37 0.29 0.33 0.31 0.46 0.39 0.48 0.34 0.41
29.5 0.34 0.23 0.28 050 047 048 0.83 0.73 0.78

1.6 0.50 0.55 0.53 070 0.83 0.77 0.20 0.37 0.29

(Hz) 4.3 0.17 017 0.17 0.23 024 0.24 0.11 0.15 0.13
Mis. 12.3 0.12 0.09 0.11 0.12 0.17 0.15 0.09 0.11 0.10
29.5 0.08 0.10 0.09 0.13 0.12 0.13 0.11 0.12 0.12
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1974) and the available estimates are collected in Table 4-5, where the wavelength Ay = Ulng,
is tabulated as ratio to the height z. Fig. 4-16 shows a plot of A, against z. For neutral conditions
most of A\, /z are between 2 and 4 (Table 4-4). This is in accordance with the previous studies by
other investigators (Pasquill, 1974).

To enable comparison with other atmospheric and laboratory data, we apply the Monin-
Obukhov similarity theory to the spectra. Each spectrum nS;(n) (i = u,w) was divided by the

Table 4-5 Comparison of the spectral scale A, 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, 1964 2 3-35
Busch and Panofsky, 1968 3-137 3
Miyake et al., 1970 14 -45 4
Kaimal et al., 1972 5.7 -22.6 2
This study 1.6 —29.5 3.3
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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:

nSimfol? = Gg(fiz/L),i=u,w (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 corre-
sponding to Kolmogorov’s -5/3 power law. These spectral curves show the same general character-
istics as found by other investigators, in particular 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 f,, in Table 4-4 are between 0.2 and 0.8. fm has a
tendency to shift toward higher values of f as the height increases.

nS(n)/ ¢

001 01 1 10 001 01 1 10

f=nz/U

Fig.4-17 Normalized spectra of the velocity components, nS;(n)/o;*> (i = u, w) at the four '
levels of the tower. The solid curves (—) show unstable conditions, the chain
curves (—- —) neutral conditions, and the broken curves (----) stable conditions.

4-2 Turbulent energy budget

At first, the variations of the turbulent energy budget 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 Coté, 1971; McBean and Elliott,
1975, Garratt, 1972).

The values for each term in the budget equation were evaluated in the following six layers;

(1) alayer between the levels of 1.6 and 4.3 m

(2) alayer between the levels of 4.3 and 12.3 m



(3) alayer between the levels of 12.3 and 29.5 m

(4) alayer between the levels of 1.6 and 12.3 m

(5) alayer between the levels of 4.3 and 29.5 m

(6) the whole layer between the levels of 1.6 and 29.5 m

a) Vertical structure of the turbulent energy budget

Each 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.
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Fig. 4-18 Vertical structure of the turbulent energy Fig.4-19  As in Fig. 4-18 except for stable conditions.
budget in unstable conditions.

From Fig. 4-18, it is clear that for unstable conditions buoyant production and turbulent
transport are approximately 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 energy. The former is much larger than the latter in the
surface boundary layer. 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 turbulence 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 conditions, and is almost constant with height (Fig. 4-19). Mechanical
production is the only energy source and the 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 approximately balance buoyant production which may be a source
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 1,000 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 impor-
tant than the other terms. Turbulent transport increases with height to have a positive value above
500 m. This is expected because the energy exported from the lower layer has to appear as a local
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import at the upper layer. Viscous 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 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 dissipa-
tion. The magnitudes of these two terms tend to increase with turbulent energy. Buoyant produc-
tion 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 production 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 energy budget in the course of the destruc-
tion of the inversion 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 multi-
plication by kz/u,,‘3 to obtain Eq. (3-26). The results are presented in dimensionless form, and
kz/u,,g3 is used as a normalizing factor. Since all terms are normalized with the same factor, their
relative magnitudes are unchanged. In all cases we refer to the terms on the left of Eq. (3-26), and
if a term represents an energy gain, it is positive. The values for each term in Eq. (3-26) were
evaluated in the previously-mentioned six layers.

We now proceed to a discussion of the behavior of the terms in Eq. (3-26) at all stabilities.
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The results are summarized by the Monin-Obukhov similarity theory for comparison 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 valid, i.e.,

(w53 32
€ = {—SJ%—} IS U VW 4-11)

1



for a range of wavenumber K in the inertial subrange. The -5/3 power law was fitted to u, v, w
spectra and € is evaluated for each with 4, =0.50 and 4, = 4, = 0.67 (Haugen, 1973). Fig. 4-25
compares the estimate €, obtained from the u spectrum with the estimate €, from the w spec-
trum. As can be seen in the figure, the agreement between €, and €, is good, so that €, is used as

the estimate of €.
Fig. 4-26 shows the vertical profiles of viscous dissipation, classified into three cases of
unstable, neutral and stable conditions. For unstable and neutral conditions, viscous dissipation

decreases with height.
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295~ qQ
W\ RUN 760—980
— A\
AN
Eas B
N /1
/i
()] I
O a3 4 ¢
| \\ ® UNSTABLE
‘,' \ A NEUTRAL .
16 o 5 O STABLE F}g. 4-26 Vertical profiles of viscous dissi-
il T pation in unstable, neutral and
10 100 1000 stable conditions. Symbols are
€ (emts?) the same as those in Fig. 4-1.




Fig. 4-27 shows viscous dissipation as a function of mean wind speed at the four levels. From
the figure, viscous dissipation increases with the third power of mean wind speed at a given height,
but decreases with increasing height along the tower. The relation between € and U at each level
is expressed as follows:

1650 at 1.6m

6 =
e= 830%at 43m
o (4-12)
€= 47U atl123m
e= 120%at295m
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Fig. 427 Viscous dissipation as a function of mean wind speed at the four levels of the tower.

Assuming the neutral case of Eq. (3-25), the following equation may be obtained:

where ¢y is a function of stability z/L, and is unity when z/L = 0. Fig. 4-28 shows the relationship
between € and u*3/kz. It may be seen that there is some scatter in the figure because of the dif-
ference of stability, but a one-to-one relationship exists between € and u*a/kz for the cases of near
neutral conditions.

In order to examine the scatter seen in Fig. 4-28, € normalized by u*s/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 Coté (1971). The curve fitted through the unstable data has the form

de(z/L) = (1 + LA4lz/LPRY2 (4-14)

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

belz/L) = {1 +22(z/L)35)32 (4-15)

The other investigators proposed the equations for viscous dissipation as follows:
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Wyngaard and Coté (1971)

$e(z/L) = (1 + 0.51z/LI*P)*?  (z/L < 0)
={1+25G/L)*5)3% @r>o0 ... .. (4-16)

Busch and Panofsky (1968)

Ge(z/L) = 1+ 9z/L  (z/L>0) . ........ .. ... .. ... ... (4-17)

Garratt (1972)

(1 - 16z/L) Y% - z/L (/L < 0)
1 + 4z/L (Z/L>0) ... ... ... (4-18)

be(z/L)

Results 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 ¢y (z/L), where

kz dU
dpm(z/L) =u_* Bz e (4-19)
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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.

The curve fitted through the unstable data has the form
dmG/L) = (1 - Tz/Ly M —02 o (4-20)

Under stable conditions, the form of the curve is

OdmE/L) =08 + 2z/L ... (4-21)
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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

¢p(z/L) = -z/L

and is a gain under unstable conditions and a loss under stable conditions.
(4) Turbulent transport

Turbulent fluctuations in the atmosphere act to transfer vertically turbulent energy in addi-
tion to momentum and heat. In 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, w—c12/2, for unstable,
neutral and stable conditions. As can be seen in the figure, the vertical variation of W /2 between
the lower levels (1.6 — 4.3 m) is rather small, but at the upper levels wq? /2 increases with height.
The fact that the values for upper levels are larger than those for the lower levels indicates that
turbulent energy produced in the lower layer is transported to the upper levels. This trend is

striking for unstable and neutral conditions, but wq? /2 is almost constant with height for stable
conditions.
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Vertical profiles of the flux of turbulent energy in unstable, neutral and stable condi-
tions. Symbols are the same as those in Fig. 4-1.

Fig. 4-31

Fig. 4-32 shows the relation betweenTv_q_z/2 and u, for the case of Wﬂ > 0. This shows
that —\4?/2 increases rapidly with the third power of u .

The dimensionless flux of turbulent energy Wﬂu*?’ is plotted against the stability para-
meter z/L in Fig. 4-33. The results show a marked trend with z/L for unstable conditions, though
there is no trend is 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 compared with the results from three other studies: the data of Garratt (1972)

plotted here are the sums of w(u2 + w2 )/214*3 against z/L. Garratt -did not measure the lateral

component. The results of Wyngaard and Coté (1971) imply a curve of wq2/2u,,=3 =-25z/L +B,
where B is not given. The third data set by Banke and Smith (1973) was collected over arctic sea
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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 derivative of M?/Z The results show some evidence of obeying similarity on the un-
stable side, although the scatter is 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

or(z/L) = 2% ................................... (4-23)
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Fig.4-34 Dimensionless rate of turbulent transport of turbulent energy plotted against the
stability parameter z/L. Symbols are the same as those in Fig. 4-29.

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 estimate 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 is
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 turbulent 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/L
increases, the imbalance becomes considerably larger. The curve fitted to the data on the unstable
side is

biz/L) = (1L +05)z/LPPY32 1 oo (4-24)
and the curve on the stable side is
Giz/L) = {1+ 24P -1 oo (425)

Several factors arise as possible contributors to the imbalance. Firstly, it is recognized that any
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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.

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 transport, a spatial derivative of a third moment,
shows the most scatter and its fitted curve is least certain.

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

For very unstable conditions, the unmeasured ternis, 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 equation against z/L. In neutral conditions, mechanical
production and viscous dissipation are approximately in balance, while turbulent transport and
buoyant production are not important. The imbalance is zero. In unstable conditions, each term
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in the budget 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 is exported upward by turbulence (turbulent transport) at double the rate it is
produced by buoyancy. In 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 conditions 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
unmeasured terms, which reflect possible horizontal inhomogeneity 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 stability conditions. Summarizing the results for turbulence

statistics, the following features are shown:

(1)

(2)

(3)
4)

The values for the friction velocity u, at four levels of the tower increase linearly with
the mean wind speed U.

The standard deviations of the velocity components, 0; (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 comparison with one for the vertical component w.

The ratios oi/U (i=u, v, w) at the upper levels are smaller than those at lower levels.

The ratio 0, /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:

(5)

The spectra of the velocity components on the high-frequency side have the slope of -5/3
corresponding to Kolmogorov’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 frequencies as increasing height and stability. In the
inertial subrange, the ratio between the spectra of # and w is 4/3.

(6) The magnitude of the spectra depends on both mean wind speed and stability. Under all

)

(8)

©)

conditions, the u spectra contain much more energy at low frequencies than the w
spectra.

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.

The peak frequency of the spectra, n,, has a close relation to the lower limit of the
inertial subrange, n; ¢ . The ratio of the wavelength Ay, = (7/nm to the height z is between
2 and 4 and approximately constant with height in the surface boundary layer.

The normalized spectra nSi(n)/oi2 (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 with the budget in the planetary boundary layer,
obtained by other investigators. The estimates of viscous dissipation 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)

1y

(12)

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 exported upward by turbulence.

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.

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
energy. Mechanical production is less important than the other terms. Turbulent trans-
port 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 appear 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 other parameters. The results are summarized as follows:

(13)

(14)

(15)

Viscous dissipation increases with the third power of mean wind speed, and decreases
with height. For near neutral conditions, viscous dissipation is balanced with mechanical
production.

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 flux, or turbulent transport shows some evidence of
obeying similarity on the unstable side, although the scatter is large. Turbulent transport
does not show any clear tendency on the stable side.

The behavior of the imbalance can be expressed as a function of stability. The imbalance
is zero for near neutral conditions. As the magnitude of stability increases, the imbalance
becomes considerably larger. The imbalance may be attributed either to pressure trans-
port (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 are

dominant and essentially in balance, while turbulent transport and buoyant production are not
important. In 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
production is a loss. Mechanical production is the only source of turbulent energy and the others
energy sinks. For both stable and unstable conditions the imbalance term increases with the

magnitude of stability.
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