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turbulente structuren.

IT
Het begrip locale isotropie impliceert niet dat de directe
koppeling tussen grootschalige en kleinschalige bewegingen
gering is.

I11
Individuele turbulente structuren in de oppervlaktegrenslaag
van de atmosfeer hebben een relatief korte levensduur, terwijl
het integrale effect van hun aanwezigheid een grotere tijdschaal
heeft.

Iv
De koppeling tussen de turbulente transporten boven en binnen
gewassen komt hoofdzakelijk tot stand via de turbulente
statische drukfluctuaties.

v
Het zou de bestrijding van winderosie van grond en windschade
aan gewassen in Afrika ten goede komen als kwantitatief onder-
zoek aan traditionele methoden zou worden gedaan.

VT
Boeren en tuinders kunnen beter gebruik maken van de landbouw-
weerberichtgeving, indien het onderwijs in de metecrologie op
land- en tuinbouwscholen wordt uitgebreid.
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Het weer is een turbulent gebeuren.
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Het begrip weersverwachting impliceert dat we van het weer nog
iets te verwachten hebben.
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baarheid van die verwachtingen.
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Preface

This thesis contains the results of research which lasted four
years. The character of the study is in part basic, as indicated
by support received from the Working Group con Meteorology and
Physical Oceanography (MFO) and financial aid from the
Netherlands Organization for the Advancement of Pure Research
(ZW0) . That the results of the present investigations also have
many applications, however, is indicated by suppoft from the
Department of Physics and Meteorclogy of the Agricultural
University of Wageningen (LHW).

I am indebted to Bert Wartena, whose effort was central in obtai-
ning financial support for the present study. He alsc gave me

the opportunity to work according to my own ideas with a large
amount of freedom. His comments during the course of this
research have been invaluable and have had a strong influence on

my viewpoints and deepened my insights into the subject.

Part of the present research was a field experiment, carried out
at one of the meteorological sites at the Minderhcudhoeve near
Swifterbant in the Oostelijk-Flevoland polder. I am very grate-
ful to Mr. E. Kloosterman and Mr. Tj. van der Wal and their
staff for the possibility of carrying out this research in their
grasslands. The enthusiasm and will power with which the members
of the department assisted me during the field measurements were
an asset to the working atmosphere. In particular, I weould like
to acknowledge the co-operation of Anton Jansen, Peter Jansen,
Dick Welgraven and Bart Verhaaf.

Knowledge and experience are two boundary conditions necessary
to carry out an outdoor experiment. These tweo prerequisites are
present in the mechanics and electronics workshops. The members
of these workshops furnished the instrumentation and data-acqui-
sition systems, which were necessary for obtaining the high gua-
lity measurements. For this reason I am grateful to Kees van
Asselt, Geerten Lenters, Teun Jansen and Willy Hillen.



Jon Krom developed the very efficient programs for running the
data-acquisition procedures and therefore I am also much cbkliged
to him.

The processing of the measurement data has been done hy a
PDP11/34 computer at the laboratory. The computersystem operates
under the. supervision of Wim Driessen, who also designed an im-
portant part of the software for the data-acquisition system.
Dimitri van den Akker was responsible for the writing of the
software programs, which were necessary to process the data.
Therefore, I thank these members of the Secfion of Measurement,

Control and Systems Engineering.

The outdoor experiments could only be done under very restricted
weather conditions. The weather forecasts were provided by John
Bernard and Wim Vaags. Their support is greatly acknowledged.

I have received additional support from people outside of the
department. Part of the data, on which this study is based, was
made available by the Royal Netherlands Meteorological Institute
(KNMI)}. I would like to acknowledge Ad Driedonks and Anton
Beljaars for their efforts in providing the data. These data
have been processed by the Burroughs 7700 computer at the
Computer Centre of the Technical University of Eindhoven
(RC-THE) . Hans Vugts lent us the inclinometers, which formed an
essential component of our measuring equipment. Infrared line
scanning {IRLS) pictures of the measuring site at the
Minderhoudhoeve have been supplied by Eurosense b.v. These
remote sensing images have been processed by Mr. J. Clevers of
the Department of Land Surveying and Remote Sensing of the LHW.
Students of the Technical University of Eindhoven (THE)} and the
Cecllege of Advanced Technology (HTS) of Eindhoven have made very
useful contributions to this research during their terms of
probation. In this respect, I am grateful to Louis Stevens,

Erik Keune, Peter van Engelen, Rob Petterson, Alex van den Berk,

Rob Boesten, Frank van Galen and Jef Hopmans.



Financial affairs have always been perfectly arranged by Bas
Lammers and Gerfriede Hoekendijk - de Wal. Travelling expenses
for the journey between the laboratory and the measuring site
have been restituted by the Fund for Agricultural Research
(LEB fonds).

The journal articles have been skilfully reviewed by my collea-
gues Leo Kroon, John Bernard and Adrie Jaccbs. An American

friend of mine, Lee Ann Weeks, has given useful comments on the
linguistic usage throughout the thesis. The writing of this
thesis also has been influenced by useful discussions with my
colleagues Cor Nieuwvelt, Rob Blokland and Hans Bessem of the
Laboratory for Fluid Dynamics and Heat Transfer of the Department
of Applied Physics of the THE.

It is worth mentioning that Paul van Espelo made the drawings
and prepared the illustrations in an outstanding manner. The
final version of this thesis was most accurately typed by Lenny
Weldring. The printing of this booklet was done by the graphic

office Ponsen & Looijen in Wageningen.

The members of the secretariate have always taken care of admi-
nistrative matters and have furnished overhead facilities. I
want to express my gratitude tc Coby v.d. Pcl - van Lienden,

Corry Pitlo, Marja van Steenbergen and Gré Heitk&nig.

I want to thank Dane Bifani& for being a pleasant car-mate during

the commuting between Wageningen and our residence Nijmegen.

Finally, I am obliged to all the people who directly or indirect-
ly have collaborated with me and whose names I have somehow
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Notation

Latin symbols

A nunerical factor (x - 0.026 ms%k")

B numerical factor (3 - 260 md1s2K)

c numerical factor (y - 3400 m_zszK)

Coh coherénce function

Coij co-spectrum between two turbulent signals
detection signal

£ frequency in Hz or turbulent quantity

fs sampling rate in Hz

Fm modified Froud number

g acceleration due to gravity (= 9.81 ns™2)

G power spectral density function

h height in m

3j imaginary unit (= v-1)

k von Karman constant (= 0.4) or
threshold level

L Obukhov length (= - ui T/(k.g. Ww'TT)) in m

1 length in m

N number of samples

n number of detected turbulent structures

P static pressure in Nm 2 or percentage

q'? specific turbulent kinetic energy in m2s

Q guadrature spectrum

r mixing ratio

Ra Rayleigh number

t time -in s

T Temperature in °C or X

T, temperature scale in ASL (= -w'T'/u,) in K or °C

U, translation speed in ms™ |

v, phase speed in ms |

u,v,w alengwind, crosswind, vertical components of wind
velocity in ms™!

u, surface friction velocity (=(-ETWT)5) in ms"

X,¥:2 alongwind, crosswind, vertical coordinate directions inm



surface roughness length in m
lowest inversion height in m

Greek symbols

<

Special
E[ ]
ln

v

overbar

prime

time fraction

Laplace operator (= v%) in m~% or increment
dissipation rate of specific turbulent kinetic energy
in m?s”3

angle

wavelength in m
3.141 ...,

air density (g 1.2 kgm_3

)

standard deviation of turbulent fluctuations
timescale in s

rhase angle or

azimuth angle

dimensionless temperature gradient

(= (kz/T,)3T/3z)

dimensionless wind shear

{= (kz/u*)aﬁfaz)

notation

ensemble average
natural logarithm
gradient operator in m_1

time average over a time which is long compared to the
largest turbulence timescale and short compared to the
timescale of the mesoscale variations of the flow field

turbulent fluctuation

underbar vector quantity

var{ ) short-time variance




I. General introduction

Knowledge of the structure of turbulence in the planetary boun-
dary layer (PBL) in the daytime leads to many applications in a
variety of fields such as aviation, air pollution dispersion,
agriculture, wind engineering, wind energy and urban planning.
The exchange of mass, momentum and heat between the earth's sur-
face and the atmosphere is mainly governmed by the turbulent
transport in the PBL. The turbulent transport mechanism has a
marked effect on atmospheric motions. In order to reach the
objectives of accurate long range numerical forecasts it is
necessary to be able to model the turbulent exchange effectively.
Because of the low resolution of numerical models the turbulent
exchanges must be expressed in terms of large scale parameters.
Another important application of the knowledge of the structure
of turbulence in the PBL is in the field of transmissions. In the
propagation of electromagnetic radiation through the atmosphere
the largest changes in refractive index, which account for a
significant fraction of signal degradation, will occur at the
temperature and humidity discontinuities at the boundaries of
turbulent structures. Turbulent structures are defined as spa-
tially cocherent, organized flow motions. 'Organized' means that
characteristic patterns, observed at a peint in space, occur al-
most simultanecusly in more than one turbulence signal and are
repeated periodically.

1. Background of the present study

Turbulence is non-predictive and is still one of the major un-
solved problems of classical physics. This type of fluid moticn
is described by Newton's second law of motion and is basically
deterministic. However, strong non-linear interactions between
the various scales of motion cause the turbulent field to appear

as a chaotic motion.

From an engineering point of view one is generally only interes-
ted in the mean quantities of the turbulent flow field, such as
I.1



mean profiles of wvelocity, temperature and humidity, and coeffi-
cients of heat transfer and surface friction. A large part of the
study of turbulence is concerned with the development of models
which are used to compute these averages. The approach of the

turbulence problem is a statistical one.

Long time averages, over e.g. half an hour, rather hide than reveal
the physics of a chaotic motion. By performing a conventional
averaging process on the flow equations following Reynclds'
method (Reynolds, 1895) certain information is lost that is es-
sential to the understanding of the turbulence mechanism itself.
The statistical processing of turbulence data has been renewed
by the discovery of the intermittent ﬁature of laboratory shearx
flows. In this respect the concept of conditional averaging has
been introduced in order to study turbulent structures. Conditio-
nal averaging means that ensemble averages of the turbulent sig-
nals are computed around the time that a turbulent structure has
been detected.

Two decades have passed since the earliest observations of orga-
nized structure in turbulence. Yet progress in incorporating the
knowledge of this structure into practical engineering methods
has been slow and the connection to a truly predictive theory
has not yet been made.

2. Purpose of the present study

Most of the turbulent energy preoduction takes place in the atmos-—
pheric surface layer (ASL), which occupies only a small fraction
(about 10%) of the PBL. To get a better insight in the production
and transport of turbulence in the ASL a field experiment was
performed during daytime in which the occurrence of turbulent
structures was investigated. The experiment contained turbulence
measurements of wind velocity, air temperature and static pres-

sSure,

The measurement of turbulent static pressure fluctuations inside
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the turbulent structures in the ASL, served another goal of this
investigation, which was to resolve the mechanism of the origin

and development of the turbulent structures.

The third aim of the present research was to obtain a comparison
between the behavior of turbulent structures in the near neutral
ASL and those in the laboratory turbulent shear layer.

3. Review of recent research

This review is rather concise and biased to the author's range
of interest and views, and omits many detailed matters. However,
it is hoped that it gives an impression of some of the main to-
pics on which the current research is concentrated.

The Kansas experiments of 1968 (Haugen et al., 1971} provide a
comprehensive picture of the structure of turbulence in the ASL.
From these experiments it can be concluded that the mechanism of
turbulent transport is not a continuous process but that the lar-
gest contributions to the turbulent transports are governed by
coherent turbulent structures. Taylor (1958) already observed
saw-tooth, or asymmetric ramp patterns in registrations of tem-
perature at a height of 23 m. These ramplike patterns should be
considered as a feature of large scale structures inside the tur-
bulent flow. The exact nature of the large scale structure is not
yet known satisfactorily.

Ensemble averages of turbulent velocities and temperatures ob-
tained by the conditional sampling of turbulent structures in
both-the ASL and the laboratory turbulent shear layer closely
resemble each other {Kaimal and Businger, 1970; Chen and
Blackwelder, 1978; Phong-Anant et al., 1980). Also, greater tur-
bulence 'intensities and a higher rate of momentum transfer is
observed in both types of turbulent structures (Kim et al., 1971;
Khalsa, 1980) and both are inclined to the surface.

Although the asymmetric temperature ramps in the ASL and the

I.3



laboratory turbulent shear structures show similarities, they are
also fundamentally different in certain aspects. Perhaps the most
significant difference is the merging of ramps into structures of
more symmetrical shape above the ASL, which does not appear to
have any counterpart in the laboratory (Wilczak and Tillman,
1980). The symmetrical structures extend through the entire PBL
as the Minnesota data show (Kaimal et al., 1976). Thus in the

PBL the size of the turbulent structures tends to increase while
their number decreases with height, resulting in a smaller fre-

quency of occurrence (Lenschow and Stephens, 1980).

There are still considerable gaps in the knowledge of various
aspects of the structure of turbulence in the ASL, and many de-
tails remain to be elucidated by future investigations.

4. Organization of the thesis

The kernel of this thesis consists of three chapters, which have
been individually published or submitted as journal articles. To
underline the individual identity of each chapter separate num-

bering of pages, equations and figures has been used.

In chapter II the definition of turbulent structures and a method
to detect them in the ASL is presented. The turbulent structures
are described in a qualitative manner. Chapter III contains a
quantitative description of those turbulent structures which con-
tribute most significantly to the vertical turbulent transports
of momentum and heat. A mechanism of the formation of turbulent
structures in the ASL has also been given. Chapter IV describes
the dynamical properties of the turbulent structures in a near
neutral ASL. Special attention has been paid to the role of tur-
bulent static pressure fluctuations in the mechanism of the ori-

gin and development of the turbulent structures.

Throughout the chapters the present results have been compared
with the results of experiments in laboratory turbulent shear
layers.

I.4



II. The detection and measurement of turbulent
structures in the atmospheric surface layer *

Ahstract  Turbulence data from the planetary boundary layer
(PBL) indicate the presence of deterministic turbulent struc-
tures. These structures often show up as asymmetric ramp pat-
terns in the measurements of the turbulent fluctuations of a
scalar quantity in the atmospheric surface layer {(ASL). The sign
of the slope of the sharp upstream edge of such a triangular
pattern depends on the thermal stability conditions of the ASL.

The turbulent structures in the ASL have been tracked by a de~
tection method which searches for rapid and strong fluctuations
in a signal - the VITA {variable interval time averaging) tech-
nigue. This detection method has previously been employed in la-
boratory boundary layers. The VITA detection method performs
well in the ASL and reveals the presence of vertically coherent
turbulent structures, which leook similar to those in laboratory
shear flows. At the moment that a sharp temperature interface
appears, the horizontal alongwind velocity shows a sharp increa-
se, along with a sudden decrease of the vertical velocity, inde-
pendent of the thermal stability conditions of the ASL. The
fluctunating static pressure reveals a maximum at that moment.
The vertical turbulent transports show a twin-peak character
around the time that the sharp jumps in the temperature and the

velocity signals appear.

* Published in Boundary-Layer Meteorology 29 (1984) 39-58.

II.1



1. Introduction

Turbulence has long been described by its statistical properties
only, for example its mean, variance, probability distribution
and power spectral density function. A few decades ago, labora-
tory experiments were performed in order to visualize turbulent
flows. The results of these investigations indicated that a tur-
bulent flow contained organized, spatially coherent motions, i.e.
structures. These turbulent structures are central to understand-
ing the mechanism of turbulence. They play an important role in
the processes of production and transport of turbulence. The
transport of mass, momentum and heat in a turbulent boundary lay-
er does not occur continuously. Time intervals appear during
which very intensive transport, contained in the structures, ta-
kes place, and other time intervals appear during which very 1it-
tle transfer occurs.

Laboratory visualization experiments demonstrated that turbulent
structures, on the average, were regularly distributed in the
flow field. However, the instantaneocus distribution of the struc-
tures varied from one instant te another. The laboratory experi-
ments were carried out under well controlled conditions in wind-
or water-channels along either aerocdynamically smooth or rough
boundaries.

The question arises whether the cyclic structures cobserved in the
laborateory also appear in the ASL. Turbulent kinetic energy is
produced through the action of the shear stresses present in
boundary-layer flows. Therefore, laboratory and atmospheric shear
flows, the latter under neutral conditions, can be expected to
show common characteristics. It is reascnable to suppose that the
structures observed in laboratory shear flows also occur in a
neutral ASL. In a non-neutral ASL, the buoyancy can act as a
source or sink of turbulent kinetic energy. In a daytime PBL, the
thermally unstable stratification causes convective motions to

Gevelop. Thus, it may be expected that during the daytime when
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the atmesphere is unstable, both shear and buoyancy forces will

cause turbulent structures.

In order to find out how turbulent structures behave, they have
to be tracked and conditicnally sampled. This means that one ob-
serves the values of the flow quantities inside the structures.
In order to perform such conditicnal sampling proporly, a detec-
ticn scheme has to be used which unambiguously reveals the pre-
sence of turbulent structures. The major trouble with turbulence
signals, in general, is that the flow patterns which are to be
recovered are buried in background turbulence, which has roughly
the same freguency of occurrence and amplitude distribution as
these flow patterns.

In section 2 a description is given of turbulent structures in

the ASL, which have been tracked by visual inspection. The re-
sults of using the VITA technique to measure turbulent structures
in the ASL are discussed in Section 3. In section 4 some conclu-
sions are finally drawn and recommendations are made for future
research. Turbulent structures will be defined as spatially coher-
ent, organized flow motions. 'Organized’ means that characteris-
tic patterns, observed at a point in space, occur almost simulta-
neously in more than one turbulence signal and are repeated pe-

riodically.

2. The present investigation

Turbulence data were gathered at two different sites. One set of
data was provided by the Royal Netherlands Meteorological
Institute (KNMI). These data were obtained at a metecrclogical
tower of the KNMI, near the village of Cabauw, lcocated in the
central river delta of the Netherlands (see Driedonks et al.,
1978 for an extensive description). The data consist of turbu-
lence measurements of wind velocities, air temperatures and humi-
dity mixing ratios between heights of 20 and 200 m on August 26
and 27, 1976 and on May 30, 1978 (see Driedonks et al., 1980 for

IT.3
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a complete description of this data set).

The other set of data was collected during the spring of 1983 by
the author and members of the Department of Physics and
Meteorclegy of the Agricultural University of Wageningen (LHW).
The experiments were performed at the meteorological site of the
Minderhoudhoeve near Swifterband in the Oostelijk-Flevoland
polder, which is located in the central part of The Netherlands.
These turbulence data contain wind velocities, air temperatures
and static pressure fluctuations, measured in the lowest 10 m of
the surface layer on April 28, 1283, (A complete description of

this measuring program is in preparation).
Takle I contains a general description of the data.

Figure 1.a presents a graph of turbulent temperature fluctuations
(T') which were measured simultanecusly at five different heights
during the afterncon of May 30, 1978 {(KNMI site). Periods occur
during which the fluctuations are vertically coherent as indica-
ted by the horizontal bars. These large-scale patterns appear as
above the mean fluctuations. Approaching the surface they become
more like skewed ramplike patterns due to the increasing influ-
ence of the wind shear. The patterns at lower levels lag the
higher ones, indicating that the patterns are tilted in the di-
rection of the mean wind.

The alongwind velocity fluctuations (u'} presented in Figure 1.b
also show vertically coherent flow patterns. They are, however,
less prominent than in the temperature records. The periods du-
ring which both velocity and temperature traces show vertical
coherence roughly agree with each other. During these periods the
flow contains turbulent structures, which modulate both velocity

and temperature fluctuations.

Turbulent fluctuations of the mixing ratio (r'} and temperature
(T'), both being scalar guantities, behave identically as indica-
tors of the large-scale structures. This is shown in Figure 1 c.
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Figure 2 shows another set of turbulence data, measured around
noon on August 27 at 20 m height (KNMI site). The ramp patterns
(indicated by the horizontal bars) in the temperature trace ap-
pear on a variety of scales. They are often accompanied, at their
upstream ends, by high values of the vertical turbulent trans-
ports, which fluctuate intermittently throughout the entire
length of the observation. A necessary condition, in order to in-
fer that large transports occur, is that the turbulent velocities
and temperatures show large departures from their zero means si-
multanecusly. Figure 2 shows that this alsc happens during inter-
vals when no distinct asymmetric ramp pattern is visible in the
temperature record, but when the temperature trace shows a

'top hat' shape (indicated by chained bars). Within these inter-
vals, the transport is not concentrated at the upstream end, but
is more evenly distributed along the time intervals. At one in-
terval (indicated by a dotted line denocted with an 'a') a ramp
pattern is captured inside a 'top hat' pattern. The turbulent
transport often shows a double peaked character (dencoted by sym-
bols-'e' and 's') at the upstream interface of a temperature
ramp. Such behavicr of the u'w'-crossproduct has also been ob-
served in the laboratory (Blackwelder and Kaplan, 1976, p. 107;
Subramanian et al., 1982, p. 354) and is called a 'burst event'.
It has been explained as a sweep ('s') following an ejection
{('e') inside a turbulent structure. A laboratory turbulent struc-
ture consists of four phases. First, fluid near the wall boundary
is retarded and lifted, and a layer of low speed fluid (streak)
builds up. Second, oncoming fluid from upstream, having a higher
speed, causes a shear layer between itself and the low speed

wall fluid. Third, increasing shear causes a sudden break-up of
the wall streak during which violent ejection of the wall fluid
takes place (bursting). Finally, the wall streak is quickly re-
placed by high~speed fluid (sweep} from the outer region of the
boundary layer. The whole cycle then repeats.

From the foregoing results, it may be deduced that the PBL con-
tains turbulent structures which penetrate into the ASL where
they medulate both velocity and temperature traces and show
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Figure 1 Simultaneous measurements of turbulent temperature
fluctuations (T'), fluctuaticns of horizontal velocity in the
forward direction (u') and variations of mixing ratic (x') at
different heights. Data are normalized by their standard devia-

tion (o), and are from Run KM 30.

characteristics which are common to turbulent structures in the
laboratory shear layer. The asymmetric ramp patterns in the tem-~
perature signals tracked by visual inspection in the ASL corres-
pond to those observed by several cther investigations (Taylor,
1958; Kaimal and Businger, 1970; Antonia et al., 1979; Phong-
Anant et al., 1980). They have also been observed in laboratory
shear flows (Chen and Blackwelder, 1978).

3. Results of the use of the VITA detection technique to measure
turbulent structures in the atmospheric surface layer

To track the turbulent structures in the ASL in an objective way,
one has to look for one or more features characteristic of a tur-
bulent structure which uniquely reveals its presence in the back-
11.8
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normalized short-time variance signals of temperature and hori-

zontal velocity in the forward direction are also presented
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ground turbulence., In Section 2 it was shown that most of the
turbulent intensity is contained inside turbulent structures,
which often manifest as asymmetric triangular shapes with a sharp
upstream interface in the temperature reccrds in the ASL. It
seems straightforward, therefore, to check for rapid and strong
fluctuations in a single turbulence signal. When this is done,
using the VITA detection technique with the present data, the
results reveal the features that are generally accepted for the

description of the turbulent structures.

The VITA technigque is based on a very simple flow concept and
thus is easily applied. Subramanian et al. (1982) have shown
that of various one-point detection schemes, the VITA method cor-
related best with a visual detection technique for coherent
structures, based on examination of simultaneous temperature
traces from a rake of cecld wires inside a laboratory boundary
layer. The VITA detection technigque was first introduced by
Kaplan and Laufer (1968) in order to study the structure asso-
ciated with the motion of the turbulent/non-turbulent interface
in the outer part of a laboratory boundary layer. The VITA method
has been used here with minor modifications (cf. Chen and Black-
welder, 1978). The detection scheme computes a short-time vari-
ance signal, normalized by the long-time variance. When the nor-
malized short time variance exceeds some specified threshold le-
vel (k}, and the slope of the short-time averaged fluctuations
satisfies an additional critérion, an '‘event' is said to occur.
The normalized short-time variance signal, as also presented in
Figure 2, is defined as

t+§ta 2 t+it

I ar ds - (— I

t
at éta

var (d'} _ _1 a

1
2 %

5 d'ds)z}
ar oqe a t-éta

g

The averaging procedure acts roughly as a low-pass filter, accep-
ting frequencies helow 1/ta, where ta denotes the length of the
short averaging time. d' stands for the fluctuating turbulent

detection signal and cg, denotes its long time variance.
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A significant property of the VITA methed is that it acts as a
bandpass filter which passes time scales of the crder of ta'
Johansson and Alfredsson (1982} found that the VITA method picks
out those 'events' with a time scale of about 1.3 ta' where the
time scale of an 'event' is taken as twice the width of the sharp

fluctuation which has been detected.

In an unstably stratified ASL (such as the KNMI data presented
thus far), the temperature is used as a detection signal, since
its signal-to-noise ratio is larger than that of the velocity
signal, viz. the ramp patterns possess a markedly higher temper-
ature than outside. The slope criterion is chosen negative with
respect to time, since the ramps are marked by an abrupt decrease
in temperature at their upstream end.

Figure 3 presents some conditional averages (E[f']}, which are
basically ensemble-averaged turbulence signals (f') around the
time that a detection occurs. In Figure 4 ensemble-averages are
shown of turbulence data which were measured in a slightly stable
ASL {during the evening of August 26 on the KNMI site). This is
indicated by the inverted ramp patterns in the conditionally
averaged temperature signal {cf. Figure 4c}. The detection signal
was defined as the horizontal alongwind velocity fluctuation, and
not the temperature, because the signal~-to-noise ratio for the
velocity signal was higher than for the temperature signal. The
slope criterion was chosen positive with respect to time, since
the 'events' appeared to be marked by a sharp acceleration of the
u' velocity. Van Maanen and Fortuin (1983} used a similar detec-

tion criterion in a turbulent pipe flow.

From the definition of the short-time wvariance and the threshold
level, it can be inferred that the mean amplitude of the detected
'‘events' is proportional to the sguare root of the threshold le-
vel. The ensemble averages in Figure 4, which are normalized by
<%,/kconfirm this suggestion. The virtual collapse of the ensem-
ble-averaged data into a single curve indicates that the varia-
tion of the threshold level only affects the magnitude and not
the character of the detected 'events'. Such a picture was also

IT. 1N
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Figure 4 Conditional averages of u', w' and T' turbulent sig-
nals, normalized by the square root of the threshold level (k).
The short averaging time ta is taken as 5 s. The horizontal
alongwind velocity signal is taken as detection signal, while
the slope criterion is taken to be positive. {Run KA 26).

Ok =0.1, n = 61

Ak = 0.3, n 47

ok = 0.5, n 22,

found in the laboratory (Blackwelder and Kaplan, 1976, p. 111;
Johansson and Alfredsson, 1982, pp. 307 and 309).

During an average 'event', the horizontal veloecity in the for-
ward direction {u') shows a rapid increase, after a slow decrea-
se. The vertical velocity (w'} shows a fast decrease, after an
increase. The general shapes of both patterns, as shown in

Figures 3 and 4, are independent of the thermal stability condi-

II.15



T W=-0.97 m2g?

-15 -10 -5 0 § 10 15 20
—e 1 (8)

WiT's 0,12 Kms-

E[W' TI] 0.27
(Kms-H 326 ,
1 026 :
0241 !

0.23F

0224

0.21F

D20}

0.19f

0.181

017

c.18

0.15

014

013

Q.12F

0.11

010}

0.09

0.0B " 1 1 1 i I 1 J
-15 -10 -5 o] g 10 15 20
— 1(8)

=

T

Figure 5 Conditional averages of the turbulent kinematic
vertical transports u'w' and w'T' for the data from Run Ka27.

ta = 58, k = 0.4, n = 56.

II.186



Z=3.56M Oy =0.51ms"

[

i i—
]
ANO N
i

z=23.56m 0y, =1.09 ms-t
w B
Ou 25

1 OWWMWWW *W LJJ'"\:\‘”“WWM
_2'5 1 i J\ 1 A i 1 L. ] oY i 1 L il 1 1 —l

25 229.56m gpi=2.56 Nm?
p\ »

Tol-28) '
O
14.25#

25 1 1 1 A Il PR 1 1 1 1 1 A i 1 1 L 1 L

- L 4 ‘ “‘ f‘ Jt 1 1 1 tl 1 |*1 If*l
asbr 84 | 128 Tieall 28d T 320 384 448 si2 1 578" 640

—_— 1 (8]
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tions in the ASL. The conditionally averaged horizontal cross-
wind velocity fluctuations (v') show no particular pattern during
an 'event' (cf. Figure 3b).

Around the so-called reference time (t = 0), i.e. the time that
the sharp jumps in the various turbulent signals occcur, the en-
semble~avéraged u'w' cross product (E[u'w']) displays a twin-
peak character, as illustrated in Figure 5a. The conditionally
averaged turbulent vertical kinematic heat flux (E[W‘Tﬂ ) shows

a double peaked character arcund t = O as well (cf. Figure 5b).
However, for the slightly stable ASL data, this behavior is less
apparent. This may be due to the near neutral character of the
ASL, in which the average turbulent heat flux has a very small
negative magnitude and is mainly determined by small-scale fluc-

tuations,

In Figure 6 a series of turbulent signals, measured late in the
afternoon of April 28, 1983 (LHW site) is presented. The graphs
show turbulent velocities, temperatures and static pressure fluc-
tuations (p') measured at 3.56 and 9.56 m heights. The static
pressure fluctuations were measured with a probe designed by
Elliott (1972a) and built by members of the Department of Physics
and Meteorology of the LHW. (A complete description of the pres-
sure probe is in preparation). The VITA technique has been ap-
plied to these unstable ASL data. The resulting conditional aver-
ages are shown in Figure 7. These ensemble averages reflect the
properties that are accepted for the recognition of turbulent
structures: the coherent temperature ramp patterns at the two
levels, and the presence of characteristic patterns in the along-
wind horizontal velocity fluctuations and the vertical turbulent
velocity. The phase shift between the temperature interfaces at
the two height levels (cf. Pigure 7a and b) indicates that the
ensemble - averaged turbulent structure is inclined to the sur-

face.

The patterns in the static pressure fluctuations around t = O
(cf. FPigures 7c and d) resemble those described by Thomas and
Bull (1983), who measured wall pressure variations in a labora-
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Figure 7 Conditionally averaged T', p', u' and w' turbulence
data from Run LA 28. The temperature at 3.56 m height has been
taken as detection signal while the slope criterion has been
chosen to be negative. ta =0.8s, k =0.1, n= 23.

tory boundary layer. The vertically coherent pressure patterns
are maximum at the sharp interface of the turbulent structure,
which may be identified with the 'burst event' in a laboratory
shear layer.

The conditionally averaged quantity u'w' (¢f. Figure 7g} is high-
er than average around t = 0. Near t = 0 it is close to zero,

but it does not show a twin-peak behavior as pronounced as in

the KNMI data. On the one hand, this may be due to the phase-
shift error caused by the spatial separation of the sonic anemo-
meter sensors, used to measure the velocity components. On the
other hand, these data show many high-frequency fluctuations,

which disturbk the large-scale patterns characteristic of turbu-
Ir.z22




lent structures. The turbulent vertical kinematic heat flux is

also poorly determined because of its small magnitude.

The records in Figure 6 show the presence of individual turbulent
structures, in which the features described above show up; they

are indicated by vertical arrows on the lower axis.

The performance of the VITA detection technique is satisfactory,
when applied to ASL turbulence data. The gualitative behavior of
the conditional averages, using this method, is not sensitive to
the selection of the detection parameters, i.e. threshold level

and short averaging time.

4. Conclusions

Results of conditional averaging of turbulence data from the at-
mospheric surface layer (ASL) clearly indicate a deterministic
flow behavior in which turbulent structures are present. In the
time traces cof a scalar guantity, such as the temperature or
mixing ratio, these structures are manifest cften as asymmetric
triangular shapes with a sharp upstream edge. The sign of the
slope of that interface depends on the thermal stability condi-

tions of the atmospheric boundary layer.

The turbulent structures are objectively detected by means of the
VITA detection technique, which locks for rapid and strong fluc-
tuations in a single turbulent signal at one pocint in space. The
detected 'events' show, at the moment that the sharp temperature
interface occurs, a sudden increase of the horizontal wvelocity in
the forward direction, along with a sudden decrease of the verti-~
cal velocity, independent of the thermal stability conditions of
the ASL. This is indicative of the presence of a so-called inter-
nal shear layer, as has already been observed at the upstream
edge of turbulent structures in laboratory shear flows (cf. Chen
and Blackwelder, 1978)}. Furthermore, this dynamic flow behavior
has already bheen oObserved in the ASL by Phong - Anant et al.(1980)
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who selected the turbulent structures by visual inspection.

At the moment - the reference time - that the sharp temperature
interface appears, the fluctuating static pressure shows a maxi-
mum. This organization is also tracked in the conditionally aver-
aged turbulent shear stress, which shows a twin-peak character
around the reference time. Such a double-peaked character has al-
ready been observed in lahoratory flows and has been explained
as a sweep following an ejection ingside a turbulent structure.
The ensemble-averaged w'T' signal shows a similar behavior, also
being relatively small at reference time and relatively large
just before and just after it. The turbulent structures contain
much of the turbulent intensity. The Kansas experiments of 1968
{Haugen et al., 1971) showed that the largest contributions to
the turbulent transports in the ASL were governed by vertically
coherent turbulent structures. .

The present turbulence data set are being used to study the rela-
tionship of turbulent structures to their environment, such as
translation velocity, inclination angle to the surface, spatial
distribution and temporal behavior. The results, together with
quantitative data on the contribution of turbulent structures to
the turbulent transport processes, will be presented in a forth-
coming paper.

An interesting aspect to be studied is te find, if possible, some
links between the scaling of turbulent structures in the labora-
tory and in the ASL. The exact role of static pressure fluctua-
tions inside the turbulent structures in the ASL has to be resocl-
ved in order to understand the mechanism of the origin and devel-
opment of structures.
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III. Characieristics of turbulent structures in the
unstable atmospheric surface layer *

Absiract  An atmospheric surface layer (ASL) experiment conducted
at a meteorological site in the Oostelijk-Flevoland polder of the
Netherlands is described. Turbulent fluctuations of wind veloci-
ty, air temperature and static pressure were measured, using

three 10 m towers.

Traces of simultaneous turbulent signals at several heights on
the towers were used to investigate the properties of the turbu-
lent structures which contribute most significantly to the tur-
bulent vertical transports in the unstable ASL. These turbulent
structures produce between 30 and 50 percent of the mean turbu-
lent vertical transport of horizontal alongwind momentum and
they contribute to between 40 and 50 percent of the mean turbu-
lent vertical heat transport, both during 15 to 20 percent of

the total observation time.

The translation speed of the turbulent structures equals the wind
speed averaged over the depth of the ASL, which scales on the
surface friction velocity. The inclination angle of the tempera-
ture interface at the upstream edge of the turbulent structures
to the surface is significantly smaller than that of the internal
shear layer, which is associated with the temperature interface.
The turbulent structures in the unstable ASL are determined by

a large scale temperature field: Convective motions, which encom-
pass the whole depth of the planetary boundary layer (PBL), pene-
trate into the ASL. The curvature of the vertical profile of mean
horizontal alongwind velocity forces the alignment of the convec-
tive cells in the flow direction (Kuettner, 1971), which have an
average length of several hundreds of metres and an average width
of a few tens of metres. This mechanism leads to the formation of
turbulent structures, which extend throughout the depth of the
ASL.

* Accepted by Boundary-Layer Meteorology with A. Jansen and

J. Krom as co-authors. III.1



1. Introduction

A large part of the turbulent vertical transports of heat and
momentum in the ASL is contained in turbulent structures, which
are defined as spatially ccherent, organized flow moticons
{Schols, 1984}. The contribution cf the turbulent structures to
the turbulent transport processes has been guantified for unsta-
ble ASL data. These turbulence data were gathered at a meteoro-
logical site of the Agricultural University of Wageningen (LHW).
Section 2 contains a description of the site and data-acquisition

procedure. -

The relationship of the turbulent structures to their environment
has been investigated and has been presented in terms cof their
temporal behavior and spatial distribution. The results, to-
gether with the quantitative data on the contribution cof the tur-
bulent structures to the turbulent transport processes, are pre-

sented in Section 3.

In Section 4 a formation mechanism for the turbulent structures

in the unstable ASL is presented.

2. Experimental details

The turbulence data were collected during the spring of 1983, and
contain wind velocities, air temperatures and static pressure
fluctuatiens, measured in the lowest 10 m of the ASL. The experi-
ments were performed at the meteorological site of the Minder-
houdhoeve near Swifterbant in the Oostelijk-Flevolandpolder,

which is located in the central part of the Netherlands (Figure1),

2.1 &Site and instrumentation

The LHW-site is situated at about 52° 33'N and 5° 40'E (cf.

Figure 1}. The area is almost flat: local relief variations are
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Figure 1 Location (L) of the experimental site
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Figure 2 Ground plan of the array of 10 m towers,
indicated by the characters A, B and C.
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