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Abstract

Thermal stratification and turbulence in the atmospheric surface layer cause refraction
and scintillation of an optical beam. On the one hand, such atmospherically induced ef-
fects are undesirable in many applications which are based on optical wave propagation
through the atmospheric boundary layer. Such examples are found in many applications
of terrestrial optical surveying. On the other hand, such atmospherically induced effects
can be used to derive various meteorological parameters. Based on these consideration the
present work deals with the determination of thermal stratification and turbulence of the
atmospheric surface layer over different types of terrain by optical scintillometry.

First, in this study a method is introduced and experimentally verified to derive correction
values for precise terrestrial geodetic measurements. For highly precise optical direction
and distance measurements, such corrections require line-averaged temperature or refrac-
tive index gradients. Secondly, this study investigates how precisely line-averaged turbu-
lence parameters can be derived in the atmospheric surface layer by scintillometry and
whether their derivation deepens our understanding of the structure of the atmospheric
surface layer, especially over non-homogeneous terrain. Here, the main focus lies in the
investigation of the accuracy of the turbulent sensible heat and momentum fluxes, and the
dissipation rate of turbulent kinetic energy, which are of grave importance for many me-
teorological applications. This work is based on various field experiments conducted with
a so-called displaced-beam scintillometer under different atmospheric conditions. The ex-
perimental sites varied from homogeneous and flat terrain to flat, non-homogeneous ter-
rain up to slanted, non-homogeneous terrain in an alpine valley. For validation of the
method, additional meteorological measurement techniques are used and are considered
in the data analysis, such as eddy-correlation measurements with sonic anemometer-ther-
mometers and Krypton hygrometers, and temperature profile measurements with Pt-1000
sensors.

The derivation of the thermal stratification from the scintillation method is especially de-
pendent on the accuracy of the derived turbulent sensible heat flux. In the scope of this
study, satisfactory accuracy of the derived turbulent sensible heat fluxes is obtained, even
for non-homogeneous terrain. It is shown that the presented method is applicable for de-
riving line-averaged refraction correction values over various types of terrain and for dif-
ferent atmospheric conditions with a good temporal resolution. This result is confirmed
by comparisons with local temperature profile measurements. The limitations of this
method are discussed on the basis of the experimental data-sets. For instance, under neu-
tral conditions, with weak thermal turbulence, the derivation of accurate values of the tur-
bulent momentum flux can be problematic with this method. However, in this work it is
shown that the scintillation method gives accurate values under many atmospheric condi-
tions including the turbulent momentum flux and for several other turbulence parameters.
On the basis of the field experiments, new insights into the turbulence structure of the sur-
face layer can be achieved by scintillometry, even over non-homogeneous terrain. In this
context the turbulent structure in an alpine valley is analysed and described under various
boundary layer features.
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Zusammenfassung

Thermische Schichtung und Turbulenz führen zu Refraktion und Szintillation einer opti-
schen Wellen, die sich in der bodennahen Grenzschicht ausbreitet. Einerseits sind diese
atmosphärisch induzierten Effekte bei vielen Anwendungen von optischen Wellen in der
Grenzschicht unerwünscht, wie beispielsweise in zahlreichen Aufgabenfeldern auf dem
Gebiet der terrestrischen optischen Vermessung. Auf der anderen Seite können diese at-
mosphärisch induzierten Effekte zur Ableitung von verschiedenen meteorologischen Pa-
rametern genutzt werden. Hierauf basiert die vorliegenden Arbeit, die sich mit der
Bestimmung der thermischen Schichtung und der Turbulenz in der bodennahen atmo-
sphärischen Grenzschicht aus optischen Szintillationsmessungen über unterschiedlichen
Gelände befasst.

In dieser Arbeit wird erstens ein Verfahren zur Bestimmung von Refraktions-Korrektur-
werten aus Szintillationsmessungen für terrestrische geodätische Messungen vorgestellt
und experimentell verifiziert. Für hoch präzise optischen Richtungs- und Distanzvermes-
sungen zählen zu diesen Korrekturwerten der über die Messstrecke gemittelte Tempera-
tur- oder Brechungsindexgradient. Zweitens wird in dieser Arbeit untersucht, mit welcher
Genauigkeit sich Turbulenz-Parameter in der bodennahen Grenzschicht der Atmosphäre
als integrale Grösse aus Szintillationsmessungen ableiten lassen und in wieweit sie neue
Erkenntnisse über die Struktur der atmosphärischen Grenzschicht zulassen, insbesondere
über inhomogenem Gelände. Hierbei wurde ein besonderer Schwerpunkt auf die Unter-
suchung der Genauigkeit der turbulent Flüsse von sensibler Wärme und Impuls, sowie der
Dissipationsrate der turbulent kinetischen Energie gelegt, die für viele meteorologische
Anwendungen von grosser Bedeutung sind. Als Grundlage der Untersuchungen dieser
Arbeit wurden verschiedene Feldexperimente mit einem sogenannten displaced-beam
Szintillometer durchgeführt unter verschieden atmosphärischen Bedingungen. Die expe-
rimentellen Untersuchungsgebiete variierten, von homogenem und flachem Gelände,
über flaches inhomogenes Gelände, bis hin zu geneigtem, inhomogenem Gelände in ei-
nem alpinen Tal. Zur Validierung der Methode wurden zusätzliche meteorologische
Messverfahren eingesetzt und für die Analyse mit herangezogen. Hierzu gehörte unter an-
deren Eddy-Korrelationsmessungen mit Sonic-Anemomenter-Thermometer und Krypton
Hygrometer, sowie Temperaturprofilmessungen mit Pt-1000 Sensoren.

Die Ableitung der thermischen Schichtung aus der vorgestellten Szintillationsmethode,
hängt insbesondere von der Genauigkeit der abgeleiteten sensiblen Wärmeflüsse ab. Es
wird im Rahmen dieser Arbeit eine generell zufriedenstellende Genauigkeit der abgelei-
teten sensiblen Wärmeflüsse erreicht, auch über nicht homogenem Gelände. Es wird ge-
zeigt, dass die vorgestellte Methode geeignet ist, Refraktions-Korrekturwerte als integrale
Grösse mit guter Genauigkeit und hoher zeitlichen Auflösung über die optische Messtrek-
ke abzuleiten. Dieses Ergebnis wurde durch lokale Vergleichsmessungen des Tempera-
turprofils untermauert. Die Einschränkungen der Szintillationsmethode werden anhand
der experimentell gewonnen Datensätze aufgezeigt. So kann beispielsweise die Ableitung
des turbulenten Impulsflusses unter neutralen Bedingungen im Zusammenhang mit
schwacher thermischer Turbulenz mit dieser Messmethode problematisch sein.
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Jedoch wird in dieser Arbeit gezeigt, dass die Szintillationsmethode unter vielen atmo-
sphärischen Bedingungen auch für den turbulenten Impulsfluss und weitere Turbulenz-
Parameter gute Ergebnisse liefert. Anhand der diskutierten Feldexperimente konnten
neue Erkenntnisse über die Struktur der turbulenten bodennahen Luftschicht auch im
komplexen Gelände aus Szintillationsmessungen gewonnen werden. In diesem Zusam-
menhang wird die thermische Schichtung und die turbulente Struktur in einem alpinen Tal
unter verschiedenen Grenzschichtbedingungen diskutiert.
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1 Introduction

1.1 Motivation and objectives

Meteorological optics has aroused a great deal of interest for mankind. Optical wave prop-
agation through the atmosphere produces fascinating physical effects, like mirages and
looming. Two main atmospheric characteristics are responsible for physical effects like
mirages, both primarily induced through the incoming solar radiation. On the one hand,
the solar radiation provokes a temperature stratification of the atmosphere, which entails
a refractive index gradient, so that curvature of optical beams occurs. On the other hand,
the radiation produces thermal turbulence due to convection. Convection associated with
wind shear induces small refractive index fluctuations, which cause image blurring and
scintillation effects in the atmosphere. Fluctuations of the refractive index are called op-
tical turbulence, because optical radiation, which propagates through turbulence, under-
goes random phase and amplitude fluctuations. The two effects of thermal stratification
and optical turbulence can produce such conscious effects like shimmer, atmospheric
boil, inferior and superior mirages, up to such complex mirages like the Fata Morgana in
the street of Messina.

Optical wave propagation through the turbulent atmosphere is a significant topic and of
high interest for science and engineering for many decades, e.g. in physics, meteorology,
geodesy, astronomy, or in communication applications. Since the invention of LASER
beams in 1960, the investigation of optical propagation through atmospheric turbulence
has increased and refraction effects have received great attention.

Refraction effects of the turbulent atmosphere on optical waves can be desired or undes-
ired, depending on the application.

Refraction effects can be undesired, on the one hand, because wave curvation and optical
turbulence impair a large number of systems, ranging from astronomical telescopes to
ground-based LASER systems, developed for applications such as surveying, remote
sensing, or communication. The large number of applications for optical sensing systems
in the atmosphere, which are deteriorated through stratification and optical turbulence,
makes it obvious, that knowledge of atmospheric gradients and turbulence parameters is
of high interest for deriving of appropriate correction values. For deriving such correction
values, the turbulence parameters and temperature- or refractive index gradients of the
propagation medium must be known. However, the direct measurement of these gradients
along the propagation path is still a problem.

On the other hand, refraction effects can be desired because they give the possibility to
probe in the atmosphere itself. The affected wave can be used as a source of information
about the stratification and the turbulence of the atmosphere along the propagation path.
Therefore, this could give an alternative to the common meteorological point-measure-
ments, which are often not spatially representative.
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From this impact of optical wave propagation through the turbulent atmosphere, two main
motivations result for this work:

First, it gives the motivation to investigate whether the effect of optical scintillation can
be used for compensating refraction effects for terrestrial geodetic applications. The pre-
cision of terrestrial optical measurements can be increased, if the temperature- or refrac-
tive index gradients as integral values over the propagation path are known.

Refractive index effects of the atmosphere are especially crucial in consideration of direc-
tion transfer and levelling and are still a problem in geodesy. However, despite progress
in geodetic instrument technology, which results in a theoretically high degree of preci-
sion and automation, the accuracy in the field of terrestrial measurement methods is still
limited due to atmospheric influences. The research project PEARL (Precise Elevation
Angel Measurement for Real-Time Levelling) has been initiated at the Swiss Federal In-
stitute of Technology to develop solutions to overcome atmospherically induced limita-
tions in terrestrial geodetic measurements. The present work, which is a part of the
PEARL project, has therefore, as one main goal the investigation of the potential of scin-
tillometry to achieve refraction correction values for terrestrial geodetic measurements for
different atmospheric and set-up conditions.

The second motivation for this work is that the stratification and the turbulent structure of
the atmospheric boundary layer are needed for many meteorological applications, partic-
ularly as spatially averaged values with high temporal resolution. Especially, deriving the
turbulent fluxes as spatially averaged values over non-homogeneous terrain would be of
high interest, because these fluxes are important quantities for the dynamics and thermo-
dynamics of the boundary layer. For instance they are needed for the validation of models
(Chebouni et al., 2000) or of satellite data (Watts et al., 2000). Up to now, there is still a
lack of knowledge of the spatial variation in surface layer parameters such as turbulent
fluxes on a regional scale and their potential feedback to land surface processes, in partic-
ular over non-homogeneous and complex terrain. Although several experiments and in-
ternational programs were originated in the last two decades, most of these experiments
involved measurements by a network of point-sampling devices using Bowen ratio or
eddy-correlation techniques. Because of the intermittent characteristic of turbulent flow,
these measurement techniques require either long-time averages at single points for
achieving statistically stable results or observations at multiple sites. Therefore, in addi-
tion to these point-sampling measurements, measurements of the spatial variation of tur-
bulent fluxes become more and more attractive, for example by using aircraft and LIDAR
measurements. However, due to their high price and the sophisticated requirements of
many of these devices, they are very often not available or unsuited to provide long-term
measurements of surface fluxes. Moreover, under very stable conditions turbulence can
be suppressed by buoyancy so strongly that turbulence becomes intermittent. In such case,
the methods, which require an averaging time of at least half an hour, are expected to fail.

Therefore, a second main goal of this work is to investigate optical scintillation as an al-
ternative meteorological method for probing the atmospheric surface layer structure and
to give spatially averaged values with high temporal resolution. This would help to deep-



9

en the understanding of the structure of the atmospheric surface layer, especially over
non-homogeneous terrain.

The above mentioned motivations and goals, respectively, give the setting of this work.
The use of optical scintillometry for deriving stratification and turbulence structure in the
atmospheric surface layer will be investigated.

A scintillometer measures the phase or intensity fluctuations of an optical beam after it
propagates through the turbulent atmosphere. By invoking an atmospheric model of the
atmospheric surface layer, it is possible to derive several turbulence parameters and atmo-
spheric gradients as line-averaged values. The accuracy and the restrictions of the scintil-
lation method are investigated by comparing this method with other measurement
methods and by using different set-ups under different spatial and atmospheric conditions.

Furthermore, the results will be discussed concerning their potential to give refraction
correction values for precise terrestrial geodetic measurements and concerning their po-
tential to deepen the understanding of the atmospheric boundary layer over even non-ho-
mogeneous terrain.

1.2 Outline

In order to accomplish the above-mentioned two main goals, several experiments have
been performed with scintillometry and other meteorological measurement techniques.
The data were analyzed and discussed with respect to the different spatial and atmospheric
conditions.

Before describing the analysis and results of the experiments, an overview of the theoret-
ical background which is relevant for this work is given in Chapter 2. After a summary
about the basics of the atmospheric boundary layer, a brief description of the fundamen-
tals of the refractive index field in the atmospheric surface layer is presented. In Chapter
3 the scintillometer technique is introduced, based on the theoretical framework of optical
wave propagation through the turbulent atmospheric surface layer.

In Chapter 4 the experimental outline is given. The sites and instrumentation are specified,
the data analysis is described and the results are discussed. The data-sets based on exper-
iments, which can be classified into three main categories: first, experiments over flat ho-
mogeneous terrain; secondly, experiments over flat but non-homogeneous terrain; and
third, experiments over homogeneous and non-homogeneous terrain, conducted in an Al-
pine valley in the scope of the Mesoscale Alpine Riviera Project (MAP-Riviera Project).

The data analysis and discussion focus on atmospheric turbulence parameters which are
of high interest for meteorological applications as well as for terrestrial geodetic applica-
tion. That is to say, in particular the data analysis focus on the derivation of stability, tur-
bulent fluxes of sensible heat and momentum, and the dissipation rate of turbulent kinetic
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energy, as well as on the derivation of refraction correction parameters, like temperature-
and refractive index gradients.

Chapter 5 gives a summery of the main results and a conclusion of this work.
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2 Theory

2.1 Introduction to the atmospheric boundary layer

The atmospheric boundary layer (ABL) is the lowest part of the atmosphere which inter-
acts with the surface of the Earth. The thickness h of the ABL is variable in time and space
and ranges from hundreds of meters to a few kilometers.

Main characteristics of the ABL are diurnal variations of its atmospheric parameters, like
temperature and moisture. Such variations are mainly caused by the underlying surface,
which warms and cools in response to radiation and which, in turn, forces changes in the
boundary layer via transport processes. There are several books describing the atmospher-
ic boundary layer in detail, like Panofsky and Dutton (1984), Stull (1988), Oke (1987),
and Garratt (1992). Here, only a brief summary of its fundamentals is given.

The five basic governing equations for describing the physical state of the ABL are the
ideal gas law, the equation of conservation of mass (continuity equation), the equation of
conservation of momentum (Newton’s second law), the equation of conservation of mois-
ture, and the equation of conservation of heat (first law of thermodynamics). This set of
equations describes the state of the seven variables: wind with its longitudinal, lateral
and vertical components , temperature T (and potential temperature , re-
spectively, which is defined below in Equation 2.15), specific humidity q, pressure p, and
density ρ, in the atmosphere at any point in space and time t. For different
regions of the ABL this set of five equations can be simplified.

An idealized, homogeneous ABL can roughly be divided in an inner and outer region, ac-
cording to engineering fluid dynamics studies. Such an idealized ABL is schematically
illustrated in Figure 2.1.1, where z0 marks the roughness length.

Figure 2.1.1: Schematical illustration of regions of an idealized atmospheric boundary
layer.
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In the outer region (Ekman layer), the flow shows little dependence on surface character-
istics, but the Coriolis force due to the Earth’s rotation is important. In the inner region,
which reaches approximately 10% of the latter, the flow is mainly dependent on the sur-
face characteristics and is little affected by the Earth’s rotation. The lowest part of the in-
ner region is called the roughness sublayer. In the roughness sublayer, the influence of the
surface gives the main characteristics. The transition between the inner and outer region
is called the inertial sublayer or surface layer.

The energy that drives all processes in the ABL comes directly or indirectly from the solar
radiation. For an idealized ABL, which is in equilibrium, the energy balance is given by
the one-dimensional energy balance equation, which states that energy can neither be cre-
ated nor destroyed (e.g. Garratt, 1992):

(2.1)

where Rn is the net radiation flux, G is the heat flux into ground, H the sensible heat flux,
and E the latent heat flux. Figure 2.1.2 shows schematically the energy balance terms in
the ABL.

Figure 2.1.2: Energy balance terms in the ABL.

The basic dynamic interactions of surface and atmosphere are through the turbulent fluxes
of momentum, sensible heat, and humidity. These fluxes are driven by mechanically and
thermally induced turbulence. Mechanically induced turbulence leads to turbulent mo-
mentum flux M. The turbulent heat flux, with results from buoyancy forces and tempera-
ture fluctuations, is referred to as the sensible heat flux H. The humidity flux is often
multiplied by the latent heat of vaporization to produce the latent heat flux E. The turbu-
lent fluxes determine the height profile of many surface layer characteristics, such as the
gradients of mean temperature and humidity.
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Laboratory experiments provide a criterion for the onset of turbulence in terms of the di-
mensionless Reynolds number Re:

(2.2)

where Ls is a length scale, Us a velocity scale, characterizing the flow, and ν is the kine-
matic viscosity of air.

The kinematic viscosity of air can be obtained from the dynamic viscosity by dividing
by the air density. The dynamic viscosity is strongly dependent on the temperature;

pressure does not significantly affect the dynamic viscosity and the influence of water va-
por is negligible (Kestin and Whitelaw, 1965). By using an empirical equation for
(Pruppacher and Klett, 1997), which gives with an accuracy of [10-1

kg m-1s-1], the kinematic viscosity can be determined from the temperature and air den-
sity by:

(2.3)

and

(2.4)

where  is air density with the dimension kg/m3.

For Re greater than a critical value of about 5000 (Salby, 1996), smooth laminar motion
undergoes a transition to turbulent motion. In the ABL the atmospheric motion contains
always some turbulence, because turbulent eddies are generated mechanically from
strong shear of the flow due to the boundary of the surface (no-slip condition). In addition
to that, turbulence is also generated thermally through buoyancy when the stratification is
unstable.

The fact, that the ABL contains always some turbulence can be verified by inserting char-
acteristic values in Equation 2.2. For example, in the surface layer the viscosity of air is
approximately ν = and a typical value for the velocity is Us = 5 m/s and
for the length Ls = 100 m. Therefore, with these values we obtain a very high Reynolds
number on the order of .

Turbulent motions are inherently unsteady, three-dimensional, and involve a spectrum of
space and time scales. Turbulent flows are dissipative, and energy must be supplied to
maintain the turbulence. A schematic representation of the energy spectrum of turbulence
is depicted in Figure 2.1.3. A detailed description of the spectral behavior in the surface
layer of the ABL will be given in Chapter 2.2, which discusses the refractive index spec-
tra, and in Chapter 4, which discusses surface layer data.
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Figure 2.1.3: Schematic representation of the energy spectrum of turbulence.

Mean and turbulent motion can be described by the Reynolds decomposition. This de-
composition states that each field variable can be separated into a slowly varying mean
component, which is denoted by an overbar, and a fluctuating component:

(2.5)

The Reynolds decomposition is a common procedure to describe the turbulent and mean
atmospheric boundary layer flows by expanding the variables in the mean five equations.
In the following, we will restrict ourselves to describing the flow in the atmospheric sur-
face layer, where some approximations can be applied to simplify the equations.

2.1.1 The atmospheric surface layer

The atmospheric surface layer is the lower part of the atmospheric boundary layer, as seen
in Figure 2.1.1. Within this layer the interaction between the Earth’s surface and the at-
mosphere is mainly accomplished by turbulent motions because of the no-slip condition
at the ground. Therefore viscous terms can be neglected, because the turbulent terms in
the equations of mean variably are orders of magnitude larger (Garratt, 1992).
For a homogeneous surface layer, the five fundamental equations can be simplified (e.g.
Garratt, 1992) by applying the Boussinesq approximation, i.e. treating the flow as incom-
pressible but with a temperature-dependent density, the assumption of hydrostatic bal-
ance, and the assumption of absence of mean vertical speed ( ). With these
assumptions the fundamental equations can be written as follows:

The equation of motion becomes, for longitudinal x and lateral y direction, respectively:

(2.6)

energy input inertial subrange

viscous dissipation

frequency or wave number

energy

s̃

s̃ s s+= .

w 0=

∂u
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------

1

ρ
---∂ p
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∂z
---------------–+= ,
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(2.7)

where f is the Coriolis parameter,  the mean pressure, and  the mean air density.

By neglecting compressiblity effects, the mass balance equation can be written as:

(2.8)

For the ideal gas law, for moist air, we have:

(2.9)

where is the gas constant for dry air with a values of [m2s-2K-1] and
is the mean specific humidity.

The first law of thermodynamics yields:

(2.10)

whereby cp is the specific heat of air under constant pressure.

The last terms in Equations 2.6, 2.7, 2.10 are second order moments, which describe the
vertical divergence of the turbulent flow. These equations can also be set-up only for the
turbulent part of the variables by subtracting the mean part from the expanded version.
Through this, we can construct equations for variances, like turbulent kinetic energy, and
covariances.

Equations 2.6-2.10 are a set of equations which cannot be solved analytically because they
contain unknown terms of the covariances, which describe the vertical kinematic fluxes
of momentum and sensible heat. Although new equations can be derived for the covari-
ances, these equations contain unknown triple correlation terms. In general, the equation
for an n-th order moment contains terms of the (n+1)-th order. This is the so-called closure
problem, which states, that the stochastical description of turbulence demands an infinite
set of equations. The closure problem can be dealt with using the Monin-Obukhov Simi-
larity Theory (MOST), which is based on dimensional analysis. The Monin-Obukhov the-
ory is described by Monin and Obukhov (1954) and Monin and Yaglom (1987) but can
also be found in detail in nearly every boundary layer book, like Panofsky and Dutton
(1984) or Stull (1988). In the next section a brief summary of MOST is given.
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2.1.2. Monin-Obukhov Similarity

The atmospheric surface layer is also known as the constant flux layer because under the
assumption of steady-state and horizontal homogeneous conditions, the vertical turbulent
fluxes are nearly constant with height, with variations of less than 10% (e.g. Panofsky and
Dutton, 1984). Under these assumptions, the derivatives on the left hand side of Equation
2.6 and 2.7 approximately vanish. This means, that the Coriolis and pressure gradient
forces approximately balance the stress divergence.

Monin and Obukhov (1954) stated that, for a constant flux layer, the structure of turbu-
lence is determined by only a few key parameters. These key parameters are the velocity
scale u*:

(2.11)

the temperature scale :

(2.12)

Moreover, the humidity scale q*:

(2.13)

the height above ground z, and the buoyancy parameter , where g is the acceleration
due to gravity.

The stability of the surface layer can be expressed with the Obukhov length L, which is
defined as:

(2.14)

where  is the von Kármán constant.

The Obukhov length is the height where the amount of energy that is produced mechani-
cally equals the amount of energy which is thermally produced or consumed. Therefore,
the Obukhov length is a measure of the dynamic atmospheric stratification, with L > 0 for
stable conditions and L < 0 for unstable conditions. Unstable conditions occur when part
of the turbulence energy is generated by convection. Neutral conditions occur when the
turbulence is generated by wind shear near the ground with convection providing no en-
ergy. Stable conditions occur when part of the turbulence energy is consumed by vertical
motions. The turbulence persists in so far as the mechanical production equals the sum of
consumptions.

u* uw– 1 2/ M
ρ
-----= = ,

T *

T *

wθ
u*

-------– H
ρcpu*

---------------–= = ,

q*

wq
u*

-------–=
,

g θ⁄

L
θ
k'g
-------

u*
2

T *
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The stability of the ABL can also be defined statically by the potential temperature gradi-
ent . The potential temperature can be determined from the temperature with
the adiabatic equation:

(2.15)

where is the reference pressure, 1000 hPa. Ra is the gas constant for dry air, as given
in Equation 2.9.

The potential temperature is defined as the temperature that would result if a parcel of air
were brought adiabatically to a standard or reference pressure, taken as p0 = 1000 hPa.

Table 2.1 summarizes the stability criteria for certain stratifications which are used in this
work, defined on the one hand for a height z with the Obukhov length L and on the other
hand with the potential temperature gradient .

Table 2.1: Stability criteria of stratification

According to the hypothesis of Monin and Obukhov (1954), various atmospheric param-
eters and statistics can be normalized by the above-mentioned scaling parameters and be-
come universal functions of the non-dimensional stability parameter  only.

For example, with MOST, it is possible to normalize the equation for the turbulent kinetic
energy (TKE) with the scaling parameters, so that the TKE equation is only a function of

. The turbulent kinetic energy is an important parameter to describe the bound-
ary layer flow and can be obtained by dividing the kinetic energy of the flow into a portion
associated with the mean wind and a portion associated with the turbulence. Then the
TKE can then be expressed as (e.g. Stull, 1988):

(2.16)

where represents the mean turbulent kinetic energy per unit mass.

For the horizontally, homogeneous case, the TKE equation becomes (e.g. Businger,
1982):

stratification z/L

unstable < -0.05 < 0

near-neutral -0.05 < z/L < +0.05

stable > 0.05 > 0
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(2.17)

where ε is the dissipation rate of turbulent kinetic energy.

The first two terms (I and II) on the right hand side of Equation 2.17 are the production
rate of turbulence by shear and buoyancy, respectively. The buoyancy term can either
present positive or negative production, e.g. can be a source or a sink.

The third term is the turbulent transport term. It represents the rate at which turbulent ki-
netic energy is exported or imported by velocity fluctuations.

The fourth term is the dissipation rate of turbulent kinetic energy, i.e., the term that gives
the rate of turbulent kinetic energy which is converted into heat.

The last term is the pressure transport term and describes how the turbulent kinetic energy
is redistributed by pressure-velocity correlations perturbation.

By multiplying all terms in 2.17 by we can define, using the above given scaling
parameters:

a normalized wind shear:

(2.18)

a normalized dissipation rate of turbulent kinetic energy:

(2.19)

a nomalized flux-divergence:

(2.20)

and a nomalized pressure transport divergence:

(2.21)

Wyngaard and Coté (1971) found that the non-dimensional production term of buoyancy
 is . Therefore, Equation 2.17 can be written by applying MOST as:
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(2.22)

Three different cases of universal functions can be distinguished depending on the
stratification of the atmosphere: first case, for stable conditions ( ); second case, for
neutral conditions ( ); and third case, for unstable conditions ( ).

These universal functions cannot be predicted from dimensional analysis only; they must
be determined empirically. Various experiments and studies have been made to determine
such semi-empirical MOST functions, in particular the non-dimensional temperature and
wind speed gradients (e.g. Businger et al., 1971; Wyngaard and Coté, 1971; Dyer, 1974;
Högström, 1988), whereby the non-dimensional temperature gradient is defined as:

(2.23)

Although MOST is assumed to be universally valid if the assumptions of homogeneity are
fulfilled a large number of universal function exists and up there is still some controversy
regarding their exact form. However, the fundamental ideas of MOST are generally ac-
cepted as a valid tool to describe turbulence characteristics in the atmospheric surface
layer.

MOST is actually valid only in the homogeneous surface layer. The above mentioned
equations for describing the surface layer flow, especially with MOST, assume that the
flow can be treated as a steady-state, horizontally homogeneous flow, that is in equilibri-
um with the underlying surface. This implies that the underlying surface is vastly homo-
geneous and flat, so that no spatial differences of the surface force spatial changes in the
turbulent fluxes. Most of Earth’s surfaces are not homogeneous. There exist horizontal
heterogeneity, i.e. changes in land surfaces on flat terrain, and moreover, there exist also
vertical heterogeneity, i.e. the terrain itself can be non-homogeneous, with hills or moun-
tains. The heterogeneity of the surface results in heterogeneity of the mechanical and ther-
mal characteristics of the surface, like variations in roughness length, albedo, heat
capacity, temperature, and moisture. A change in roughness results in a change in the mo-
mentum flux, with direct influence on the wind field. A change in the surface availability
of moisture and heat results in a change of the sensible and latent heat fluxes. Up to now
only little is known concerning the turbulent structure of the atmospheric surface layer
over non-homogeneous terrain.

In this work we will investigate to what extent MOST can also be used for determining
surface layer parameters from optical wave propagation over various types of terrain.
Therefore, in the next two chapters, the basics of optical wave propagation in the turbulent
surface layer are described and the potential of using MOST for determining surface layer
parameters from optical wave propagation through the surface layer is presented.
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2.2 Refractive index in the atmosphere

An optical beam, propagating through the clear turbulent atmosphere, is destroyed by
refraction and random scattering due to fluctuations in the refractive index. In the
following, a brief summary of the basics of the refractive index in the atmosphere and the
mean and fluctuation part of the refractive index field is given.

2.2.1 Basics of the refractive index in the atmosphere

The refractive index n is the physical property characterizing wave propagation in a me-
dium and is defined as:

(2.24)

where c is the speed of light in a medium, and  the speed of light in a vacuum.

In vacuum the value of . In the following, we will restrict ourselves to optical wave
propagation through the atmosphere. Due to the fact that the refractive index in the atmo-
sphere has nearly the value 1, it is common in practise to use the refractivity N in place of
the refractive index. N describes the deviation of the refractive index from 1 and is given
by (e.g. Liljequist and Cehak, 1990):

(2.25)

The refractive indices of gases vary with their pressure and composition, and thus the re-
fractive index of air varies with height and meteorological conditions through density.
Due to the fact that the density in the atmosphere is not constant, the refractive index is
strongly varying, both spatially and temporally. The result is appreciable optically effects,
which can be observed. Ray curving, dispersion, and scintillation effects can be seen on
the Earth’s surface, as light propagates through the atmosphere.

Ray curving can be described in a first approximation by assuming a quasi-static refrac-
tive index gradient.

Figure 2.2.1: Ray curving caused by quasi-static refractive index gradient.
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By considering the atmosphere to be composed of thin flat layers, each of uniform com-
position with a refractive index n, n+dn,...., the ray path and inclination angles , as il-
lustrated in Figure 2.2.1, can be determined based on the classical optical laws of Snell
and Fermat (e.g. Flach, 2000). A natural effect in the atmosphere of ray curving is the dis-
tortion of the disc of the sun to an ellipse near the horizon.

Dispersion describes the dependence of refraction on the wave length. Shorter wave
lengths are stronger refracted than longer ones (e.g., Böckem, 2001). Dispersion effects,
are strongly connected to the absorption of light. Outside of the absorption bands, the re-
fractive index of the air can be handled as a real value; but if impurities and their absorp-
tion are taken into account, the refractive index must be handled as a complex number that
depends on the wave length. Dispersion of the sunlight can result in the fact that the sun-
light is separated to its spectrum and a green flash occure before sunset.

Scintillation effects are caused by optical turbulence. For wave lengths in the optical spec-
tral range (0.36-0.78 µm), inhomogeneties in the refractive index cause a spatially and
temporally random modulation of the amplitude and phase. These small changes in re-
fractive index, which are typically on the order of 10-6, are related to the inhomogeneities
in the density of the air, primary to small variations in temperature on the order of 0.1-
1 K. Optical turbulence, caused by the turbulent eddy motion along the propagation path,
creates a complex propagation geometry, which is schematically shown in Figure 2.2.2.
The eddies act as converging and diverging lenses.

Figure 2.2.2: Schematic sketch of the propagation geometry for an electro magnetic wave
though a turbulent medium, which causes scintillation effects at the observation
point.

A natural effect of optical turbulence is the twinkling of the stars at night or the shimmer-
ing of heat over hot pavement or surfaces.

Studies of optical propagation through the turbulent air require knowing the statistical and
spectral properties of the atmosphere to obtain a mean refractive index over the optical
path. This will be discussed in the next section in more detail.

α

source                      observation
                     point

 turbulent eddies
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2.2.2 Turbulent refractive index fluctuations

For the atmosphere, the refractive index depends, besides wave length λ, on parameters
describing the optical density, like temperature and the partial pressures of the compo-
nents of the air, in particular of the water vapor. Therefore, the instantaneous refractive
index is approximately a function of the wave length, the instantaneous values of the
atmospheric pressure in [hPa], the temperature in [K] and the absolute humidity
in [kg/m3]:

(2.26)

The formula for the basic equation of the refractive index was obtained empirically by
Barrel and Sears (1939). An instantaneous value of refractive index and each of its vari-
ables  can be separated using the Reynolds decomposition:

, (2.27)
, (2.28)
, (2.29)
, (2.30)

Equation 2.26 can be expanded in a Taylor series about average conditions. By assuming
that the fluctuations of temperature, pressure, and humidity will be small in the atmo-
spheric boundary layer, we can terminate the series at first order and receive for the mean
part  of Equation 2.26 (e.g. Andreas, 1988 a):

(2.31)

and for the fluctuation part :

(2.32)

Several studies have investigated the orders of magnitude of the three terms (I, II, III) in
Equation 2.32. Friehe et al. (1975) and Antonia et al. (1978) studied the effect of temper-
ature, pressure, and moisture on the refractive index for optical waves in the oceanic
boundary layer. Their studies show that pressure fluctuations can be neglected. Lawrence
et al. (1970 b) argued that the pressure fluctuations can be neglected in Equation 2.32, be-
cause they are relatively small and disperse rapidly. The same was found by studies of
McBean and Elliot (1981), who investigated the influence of and their variances
on the refractive index fluctuations in the atmospheric boundary layer over land.
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With the assumption that pressure fluctuations can be neglected, Equation 2.32 can be
simplified as:

(2.33)

where and are known functions of electro magnetic wave
length and a given set of meteorological conditions.

Hill et al. (1980) present plots of and values for different
wave length computed for one set of meteorological parameters.

The values for and , respectively, can be found for optical
waves by dividing the instantaneous value of the refractivity into contributions from
the dry air and from water vapor  (e.g. Hill et al. 1980, Andreas, 1988 a):

(2.34)

Owens (1967) gave for dry CO2-free air:

(2.35)

and

(2.36)

where  the instantaneous vapor pressure in hPa.

The functions m1(λ) and m2(λ) have the dimension [K/hPa] and can be approximately de-
termined analytically for a given wave length λ by (Andreas, 1988 a):

(2.37)

and

(2.38)
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Ñ Ñ d Ñ w+= .
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Owens (1967) determined the refractive index with each of the important constituents of
air by least-squares polynomial curve fitting and obtained with this method an accuracy
for the refractive index of 10-9 for known atmospheric conditions.

The vapor pressure can be converted with the ideal gas law into the absolute humidity by
. With Equation 2.35 and 2.36 we can express Equation 2.34 as:

(2.39)

With the definition of AT and Aq in Equation 2.33, we obtain for their values with Equation
2.39 and 2.25:

(2.40)
and

(2.41)

AT is dependent on pressure and temperature and weakly on the wave length. Aq is due to
dispersion effects stronger dependent on the wave length.

For a known optical wave length and a given set of meteorological conditions, AT and Aq
can be determined. Assuming a wave length of λ = 0.67 µm and inserting AT and Aq in
Equation 2.33, we obtain for the refractive index fluctuations:

(2.42)

By assuming that the optical turbulence is mainly caused through temperature fluctua-
tions for optical wave lengths and that the influence of moisture for optical wave lengths
is negligible, Equation 2.42 can be approximated by:

(2.43)

The temporal and spatial distribution of the refractive index fluctuation is a random func-
tion of both space and time, and statistical treatment is required. This is described in the
next chapter in more detail.
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2.2.3 Structure function of the refractive index

There are several ways of statistically expressing the characteristics of fluctuations in the
refractive index field. Most important are the variance, the structure function, the corre-
lation function, higher-order moments, power spectra, and probability density functions.

An indicator of turbulence can be defined in terms of the structure function Dα(r) (e.g.
Kaimal and Finnigan, 1994):

(2.44)

Here, is the fluctuating part of any atmospheric variable, and is the distance separat-
ing two measurements points ( , and ) of α. The brackets with the overbar indicate
the average (time or ensemble, assuming ergodicity).

The use of structure functions for the statistical treatment of turbulence, is based on the
classical turbulence theory of Kolmogorov, developed in the early 1940s. Although his
theory was presented in terms of random fluctuations in both magnitude and direction of
the velocity field, it can also be adapted to describe random fluctuations of the refractive
index or other atmospheric variables. Kolmogorov further developed the original idea of
Richardson of the energy cascade, which is schematically presented in Figure 2.2.3.

Figure 2.2.3: Schematic illustration of Kolmogorov cascade theory of turbulence, where
L0 denotes the outer scale and l0 is the inner scale of turbulence. Eddies between
the sizes are from the inertial subrange, where no energy enters or
leaves the system of turbulent motion.

Kolmogorov’s treatment of turbulence is based on dimensional analysis. In the atmo-
sphere, very high Reynolds numbers (see Chapter 2.1) can be reached and initial inhom-
geneities (eddies) produced, having a large size, say L0, and high kinetic energy (input
range). They are not stable and break up, transferring their energy to inhomgeneities of
smaller and smaller size. In the large size eddies, energy dissipation is negligible, but it

Dα r( ) α x( ) α x r+( )–[ ] 2= .

α r
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increases when the size becomes smaller until a stable dimension l0 is reached where the
energy is dissipated into heat. The two quantities L0 and l0 are called outer and inner scale,
respectively. In the surface layer up to ~100 m, the outer scale is usually assumed to grow
linearly with the height above ground of the observation point. Eddies of scale sizes much
smaller than L0 are assumed to be statistically homogeneous and isotropic, whereas those
equal to or larger than L0 are generally non-isotropic, and their structure is not well de-
fined. As the turbulent eddies become smaller and smaller and reach the size of the inner
scale l0, the relative amount of energy dissipates by viscous forces. The inner scale is typ-
ically of the order of some millimeters near the ground and will be described below in
more detail.

By using dimensional analysis, Kolmogorov (1941) showed that the structure function in
the eddie range (inertial subrange), with , is a measure of the total en-
ergy amount. The structure function can be defined for several variables, like wind veloc-
ity, water vapor mass density, specific humidity, potential temperature, and refractive in-
dex. Likewise, a cross-structure function can be defined similarly, e.g., between temper-
ature and humidity. For example, for the case of temperature fluctuations, an associated
inner and outer scale form the boundaries of the inertial range. Following Batchelor’s
(1959) nomenclature, this range is more properly called the inertial-convective range. Al-
though the dissipation mechanism for temperature fluctuations is molecular diffusion, not
viscosity, as in the case of velocity fluctuations, we are led to the same power law rela-
tions as were found with longitudinal velocity fluctuations by Kolmogorov.

The structure function of a variable α can be expressed with its structure parameter .
The structure parameter is also called in the literature the structure coefficient or structure
constant. Assuming local isotropy, which implies that only the magnitude of  is impor-
tant, for fluctuations of the refractive index in the inertial subrange the structure function
Dn and its relation to the structure parameter  is given by (e.g. Tatarskii et al., 1993):

(2.45)

where r is the magnitude of . Equation 2.45 is the so called two-third law.

The behavior of the structure function in the atmosphere at small scale sizes varies
with the square of separation distance, which can be inferred from a Taylor series expan-
sion of the structure function at small distances. This leads to the relation in the dissipation
range (Tatarskii et al., 1993):

(2.46)

For stratified media, like the atmosphere, may depend on direction. For such large
scale sizes  Tatarskii et al. (1993) obtain the relation:

(2.47)
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is a measure of the turbulence strength varying from 10-17 m-2/3 for weak turbulence
to 10-13 m-2/3 or larger in the presence of strong turbulence, e.g. near the ground.

The structure function of the refractive index can be related to the correlation function of
the refractive index . at two measurement points along the x-axis ( and

), with displacement , is defined for a statistically homogeneous random field by:

(2.48)

The relation between  and  is given by (Tatarskii et al., 1993):

(2.49)

In the case of statistical homogeneity, all statistical characteristics do not depend on po-
sition but only on relative position. In this case, we obtain:

(2.50)

Figure 2.2.4 shows a schematic depict of the behavior of Dn(r) and Bn(r) in the different
ranges of the turbulent atmosphere as function of r. denotes the variance of the refrac-
tive index.

Figure 2.2.4: Schematical depict of the typical behavior of the correlation Bn(r) and the
structure functions Dn(r) of the refractive index in a turbulent medium, adopted
from Tatarskii (1993).
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The structure function behaves like a high pass filter because the subtraction process re-
moves the slowly varying large-scale fluctuations that affect both points of the measure-
ments. Hence, the structure function provides a much more stable measure than the related
correlation function often does. The structure parameter and the correlation function are
related to the power spectrum of the fluctuating variable, as discussed in the next chapter.

2.2.4 Refractive index power spectrum

Kolmogorov (1941) shows that the structure function in the eddie range (in-
ertial subrange) is a measure of the total energy and can be expressed with a characteristic
power spectrum. The wave number power spectrum of the refractive index fluctuations is
a key parameter for investigating the propagation and scattering of optical waves in the
ABL. Since Kolmogorov’s original work, different spectral models have been developed
to describe this cascade process for the refractive index fluctuations in the ABL.

Models for optical propagation are generally based on the hypothesis that refraction index
fluctuations are mainly produced through temperature fluctuations and fluctuations me-
chanically induced by wind shear. That is, variations in humidity and pressure can usually
be neglected. Therefore, generally the functional form of the power spectrum of refractive
index fluctuations is the same as that for temperature.

The Fourier transform of the correlation function with separation r in the streamwise di-
rection for a statistical homogeneous field, is given by (e.g. Clifford,1978):

(2.51)

where is the three-dimensional spectral density of the refractive index fluctuation,
, and  is the three-dimensional wave number where .

Equation 2.51 can be inverted by Fourier transformation both sides of the equation to get:

(2.52)

Assuming isotropy for the refractive index fluctuations, that is, that statistical quantities
such as the correlation function depend merely on the distance between the measurement
points and not on the orientation of the line joining them, implies mathematically

and . By changing to spherical coordinates, we get
for the three-dimensional wave number and for .
The wave number is now a scalar quantity and independent of orientation. The angular
integration yields for Equation 2.51:
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(2.53)

Similarly we can integrate 2.52 over the angular coordinates to obtain the three-dimen-
sional spectral density as:

(2.54)

Due to the fact that we assumed a homogeneous and isotropic turbulence model, we can
generate expressions for and from Kolmogorov’s structure function .
By taking the limit r -> 0 in Equation 2.53 and substituting into Equation 2.50 for Bn(0),
we obtain the structure function in terms of the spectral density in the form (e.g.
Clifford, 1978):

(2.55)

As already mentioned above, Dn(r) removes the influence of large-scale refractive index
fluctuations. This can be seen in Equation 2.55 in the last term in brackets, which acts like
a high-pass filter. Contributions from scale sizes larger than the separation distance are
removed. In the definition of the correlation function, such a high-pass filter is not includ-
ed. Tatarskii (1971) gives for the inverted form of Equation 2.55:

(2.56)

By inserting Equation 2.45 in 2.56 and by integrating from l0 to L0, assuming that the out-
er scale is infinite and that the inner scale is negligibly small, we obtain the three-dimen-
sional Kolmogorov spectrum for the refractive index in the inertial subrange:

(2.57)

The one-dimensional Kolmogorov spectrum  is given by:

(2.58)

where the relation between the one-dimensional and three-dimensional spectrum is given
by (e.g., Tatarskii,1971):

(2.59)
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Other spectral models have been proposed for calculations when inner and outer scale ef-
fects cannot be ignored. For example, Tatarskii extended the three-dimensional Kolmog-
orov spectrum into the dissipation range:

(2.60)

with .

This so-called Tatarskii spectrum was actually first proposed by Novikov (1961) for ve-
locity fluctuations and later adopted by Tatarskii (1971) for refractive index fluctuations.

A more general spectrum, which includes also the outer scale, is the modified three-di-
mensional von Kármán spectrum (e.g., Andrews, 1992):

(2.61)

with .

In the inertial range of the refractive index spectra, both Equations 2.60 and 2.61 reduce
to the Kolmogorov spectrum, defined above in Equation 2.57.

The Gaussian cut-off in Equations 2.60 and 2.61 at high wave numbers denotes the dissi-
pation range of the spectra. Although such a cut-off is not based on physical principles, it
is often used as a mathematical convenience. The refractive index spectrum has been ex-
perimentally determined in field experiments, e.g. by Priestley and Hill (1985) and An-
dreas (1987 a). These experiments confirmed the Kolmogorov and von Kármán spectra
in general, but the decay from the inertial range to the dissipation range show a spectral
rise or bump. This bump near 1/l0 was, for example, clearly revealed in the temperature
data of Champagne et al. (1977) and Williams and Paulson (1977). Hill and Clifford
(1978) assume that refractive index fluctuations are due entirely to temperature fluctua-
tions. Due to the fact that the refractive index spectrum obeys the same spectral laws as
the temperature, Hill (1978 a, b) considered a more accurate spectral model.

The three-dimensional spectrum of Hill can be expressed as:

(2.62)

whereby is a function which describes the decay of the inertial subrange
through the inertial convective range to the dissipation range. can be derived
from a second-order, linear homogeneous differential equation.
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Churnside (1990) gives an approximation for fΦ for the Hill spectrum, which is conve-
nient to use for numerical integrations of quantities that involve the refractive index power
spectrum. Beside this, Andrews (1992) gives an approximation for the Hill spectrum,
which can be used in analytical studies and is referred as the modified spectrum:

(2.63)

where kl=3.3/l0.

Figure 2.2.5 shows the three-dimensional Kolmogorov spectrum, the von Kármán spec-
trum, and the modified Hill spectrum.

Figure 2.2.5: Three-dimensional spectral models for refractive index fluctuations of von
Kármán, Kolmogorov, and Hill as function of wave number k. All spectra show
the -11/3 slope in the inertial subrange. The Hill spectrum considers the spectral
bump near the dissipation range. The spectra are determined with an assumed
inner scale of l0 = 0.01 m and outer scale of L0 = 100 m.

It can be seen in Figure 2.2.5 that the inertial subrange is characterized by the -11/3-power
law. At high wave numbers, the modified spectrum shows a bump just prior to the
dissipation range. This bump can be seen more clearly by scaling the spectrum with the
Kolmogorov power law spectrum, which is shown in Figure 2.2.6.
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Figure 2.2.6: Scaled spectral model of refractive index fluctuations of Hill and Tatarskii.
The spectra are scaled with the Kolmogorov spectrum and are plotted as function
of kl0.

From the above, it is seen, that the inner scale of turbulence plays an important role for
the description of the refractive index field. Besides this, the inner scale of turbulence is
an important parameter in turbulence studies because it is directly related to the dissipa-
tion rate of turbulent kinetic energy ε, which will be described next. The typical order of
the inner scale in the atmosphere ranges from some millimeters to centimeters and, there-
fore, is much larger than the wave length at optical frequencies.

Obukhov (1949) defined the inner scale as spacing r at which the inertial range formula
of the temperature structure function equals its formula in the dissipation range. Tatarskii
(1971) defined the inner scale as the point of intercept of the asymptotic forms of the
structure function of temperature in the inertial and the dissipation ranges. The structure
function of the temperature is defined with the potential temperature , because is a
conservative quantity which obey the two-thirds law.

The structure function for the temperature, which is actually the structure function of the
potential temperature but the usual conventional notation is the symbol T, in the inertial
subrange is similarly defined as that of the refractive index and given by (Tatarskii, 1971):

(2.64)

and for the dissipation range (Tatarskii, 1971):

θ θ

DT r( ) CT
2 r2 3/= l0 r L0« «,
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(2.65)

Yaglom (1949) and Obukhov (1949) derived for in the dissipation range the equa-
tion:

(2.66)

where dT is the diffusivity in [m2/s] of the temperature and εT is the dissipation rate of
(half) the temperature variance.

Equating the formulas 2.64 and 2.65 for the inertial range and the dissipation range, re-
spectively, at  yields:

(2.67)

The transfer from the inertial range to the dissipation range, can also be determined by the
Kolmogorov microscale . The Kolmogorov microscale is derived by dimensional anal-
ysis and depends only on dissipation and molecular viscosity (e.g. Panofsky and Dut-
ton, 1984):

(2.68)

The Kolmogorov microscale can be related to the inner scale of turbulence as follows:
Corrsin (1951) has shown by dimensional analysis that the dissipation rate of turbulent
kinetic energy is related to the temperature spectrum. For the one-dimensional tempera-
ture spectrum he obtained:

(2.69)

where is the one-dimensional Obukhov-Corrsin constant. can be determined ex-
perimentally, and different values are given in the literature. Reviews of values of are
given by Hill (1978 a, 1997) and Andreas (1987 b).

By comparing Equation 2.69 with the one-dimensional Kolmogorov spectrum for temper-
ature fluctuations, expressed with the structure parameter of temperature , the relation
of the turbulent kinetic energy to the structure parameter of temperature in the inertial
range can be obtained by:

(2.70)
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Equating Equations 2.66 and 2.64 at and by using the Prandtl-number
and with Equation 2.70, the relation between inner scale and Kolmogorov

microscale can be found:

(2.71)

By using a value of Pr = 0.72 and a value of 0.86 (Hill, 1997), we get:

(2.72)

Andreas (1987 b) determined a smaller value of and get for the numerical factor in
Equation 2.72 a somewhat lower value of 7.2 (Andreas, 1990).

Due to the fact that the Kolmogorov microscale is related to the dissipation rate of turbu-
lent kinetic energy, Equation 2.72 shows that the inner scale of turbulence is directly re-
lated to the dissipation rate of turbulent kinetic energy.

In the next chapter an overview is given of optical wave propagation through the turbulent
atmosphere and how the effect of optical turbulence can be used to probe the atmospheric
surface layer.
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3 Instrumental method: optical scintillometry

Because the propagation of a laser beam is influenced by the optical turbulence, propaga-
tion statistics can be used to determine atmospheric turbulence parameters. This method
needs the description of wave propagation through the turbulent atmosphere. In Chapter
3.1 an overview of the fundamental results and assumptions of the theoretical framework
of optical wave propagation through the ABL is presented. In Chapter 3.2, we focus on a
scintillation method with a displaced-beam scintillometer, on which data this work is pri-
marily based on. A scintillometer is an instrument, which measures the intensity fluctua-
tions of an electro magnetic wave after it’s propagation though a turbulent atmosphere.
After a short description of its principle of operation, the basic equations of the displaced-
beam scintillometer method are given.

3.1 Phase and amplitude fluctuations of an optical beam

In Chapter 2 the turbulent structure of the ABL and the structure of its refractive index
field and its energy transfer processes have been summarized. In the following we will
concentrate on the relation between optical turbulence and a propagating wave. Due to the
complexity of the theory of wave propagation through random media, a comprehensive
description of the full theoretical framework cannot be given here. Instead, the basic the-
oretical results are given, with a summary of the assumptions and limitations involved.
For more detail, refer to books which discuss the theory comprehensively (e.g. Tatarskii,
1961 and 1971; Rytov et al. 1978; Ishimaru, 1997; Strohbehn, 1978, Andrews and Phil-
ipps, 1998). The following summary is mainly adopted from these books.

An optical wave, which propagates through the turbulent atmosphere, undergoes random
phase and amplitude fluctuations. Several different theoretical approaches have been de-
veloped for describing these fluctuations based upon solving the wave equation for the
electric field and for the various moments of the field. Knowledge of the phase and am-
plitude fluctuations due to turbulence allows one to use the optical beam as a powerful
tool to probe the turbulence itself.

In the following, we will focus on optical wave propagation in the ABL. Moreover, we
will restrict our discussion to cases of optical wave propagation through clear turbulent
air, which is line-of-sight propagation. Line-of-sight propagation would produce a steady
signal from a transmitter if the wave were propagating in a vacuum. Any absorption by
gaseous constituents will be ignored in the following, as will scattering and absorption by
aerosols or precipitation. An observed line-of-sight propagation is always a mixture of the
incident and the scattered wave as schematically depicted in Figure 2.2.2.

The theory of wave propagation in the atmosphere is based on Maxwell’s equations. Here
the electro magnetic properties of the atmosphere have to be taken into account. The prop-
erties of interest are the conductivity σ, the relative values of the dielectric constant

, and the permeability of the air. The index 0 denotes the values ofε' ε̂ ε0⁄= µ' µ µ0⁄=
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the constants in a vacuum. The relative permeability of non ferro magnetic material is ap-
proximately constant with a value of 1, which is in particular valid for air. The atmosphere
is not an ideal insulator, a minor degree of electricity exists by ionic conduction. The ion-
ization of the air results from photo-ionization, cosmic radiation, and near the ground,
from radioactivity. Because the conductivity of air is relatively small, with values of 1-2
*10-16 Ω-1cm-1, the air is approximately dielectric and can be treated as an insulator. From
these assumptions it follows that the characteristic quantity of air is its dielectric constant.

 is connected by the Maxwell relation to the refractive index by .

For determining the wave equation of the turbulent ABL, the frozen turbulence hypothe-
sis can be assumed, due to the high propagation velocity of the optical wave in contrast to
the velocity of the turbulent atmosphere.

By assuming a sinusoidal time variation in the electric field, Maxwell’s equation for the
vector , also referred to as the field of the wave, leads directly to (e.g. Tatarskii, 1961):

(3.1)

where is the wave number of the optical wave, which contains the assumed sinusoidal
time dependence; is the electric vector of the optical wave and a function of position
alone; n is the refractive index, with the statistical properties described in the previous
chapter; and  is the Laplacian operator.

Equation 3.1 can be simplified by recognizing certain characteristics of the propagating
wave. The wave length λ of an optical wave is much smaller than the smallest scale of
turbulence, i.e. . Therefore, the last term on the left-hand side of Equation 3.1,
which is related to the change in polarization, is negligible (e.g. Strohbehn, 1978). For
clear air, Equation 3.1 can be reduced to the time-independent wave equation:

(3.2)

Equation 3.2 can be decomposed into three scalar equations for each component of the
field . For simplicity, we assume that the wave is plane-polarized in the z-direction, i.e.

, and is propagating in the x-direction. With this assumption, Equation 3.2
presents a scalar stochastic differential wave equation, also known as the scalar Helmholz
equation or scalar wave equation.

The Helmholz equation cannot be solved exactly in closed form. Therefore, further sim-
plifications must be found to solve it, at least for some limiting cases.

Several different approaches exists for solving the Helmholz equation, such as

* the Geometric Optics approximation
* the Born approximation
* the Rytov approximation.
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The Geometric Optics approximation is based on the assumption that the divergence of
the optical beam must remain small and that diffraction effects can be ignored. This re-
quires very short propagation paths R ( ), on the order of only meters.

Diffraction effects are taken into account by the Born and the Rytrov approximations,
which are based on the perturbation theory. The Born approximation treats the perturba-
tion term as additive to the unperturbed field, and the Rytov approximation (methods of
smooth perturbation) assumes multiplicative perturbation. Both of the perturbation ap-
proaches are restricted to weak fluctuations, which normally limit the propagation path
length to a few hundred meters in the horizontal or to a few kilometers in the slant path.
The designation weak fluctuations will be discussed in more detail below.

Assuming the case of weak fluctuations, it is possible, by following the Rytov method, to
determine the spectrum, covariance, and structure function, by transforming the scalar
wave equation  as:

(3.3)

where A is the amplitude, the phase of E, and .

consists of several orders of perturbation. The real part of is the log-amplitude ,
which is also called the amplitude level, and the imaginary part represents the phase S.

By writing the field in terms of its logarithm, the scalar wave equation becomes:

(3.4)

which is the so-called Ricatti equation, to which the perturbation technique is now ap-
plied.

The perturbation method involves the expansion of the amplitude and phase of the field
into a series of ever-decreasing terms. The zero-order term represents the unscattered
wave, the first-order term represents single scatterings, the second-order term represents
double scattering, and so forth. It turns out that multiple scattering, i.e. higher order terms,
becomes increasingly important as the strength of the refractive index fluctuations in-
crease.

The solution for the wave equation is commonly given as an integral equation for specific
cases because it depends on the incoming wave, i.e. whether it is a spherical or plane
wave, and whether the radiation is focused or collinear and so forth. The computation of
Equation 3.4 with the Rytov approximation is expensive and need not be repeated here.
The detailed derivation of the solution of Equation 3.4 and of higher moments of the field
is given by, e.g., Tatarskii (1971). An overview of the different solutions is given by
Lawrence and Strohbehn (1970 a). Here we will give only a summary and point to main
results that are interesting for studying of optical turbulence effects.
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For determining optical effects caused by the turbulent atmosphere, the first, second, and
fourth moments of the electro-optical field are of high interest.

1. The first moment of the field, the mean field, is associated with that part of the wave
energy that passes through the turbulent atmosphere without distortion. This is also
called the coherent part of the field.

2. The second moment of the field determines the spatial coherence and mean irradiance
of the field.

3. The fourth moment of the field is a cross-coherence function between four spatial
points in the receiver plane. Its general form is too complex to be very useful, but spe-
cialization of it leads to the scintillation index and the covariance functions of the irra-
diance.

The two most interesting phenomena of optical turbulence are intensity fluctuations (or
amplitude fluctuations) and phase fluctuations of an optical wave because they cause scin-
tillation and angle-of arrival fluctuations, respectively. The variances of log-intensity
fluctuations and phase fluctuations of an electro magnetic wave are schematically
illustrated in Figure 3.1.1.

Figure 3.1.1: Log-intensity fluctuations and phase fluctuations of an electro magnetic
wave with the wave vector E.

In the following, we will focus on describing the scintillation effect.

The variance of the log-amplitude of an electro magnetic wave is called scintillation
and is related to the normalized intensity fluctuation  by:

(3.5)

is often referred to as the scintillation index of the normalized irradiance variance of
the optical wave and is defined by:
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(3.6)

The variance of intensity fluctuation is measurable, as described for example by Hill et al.
(1992 a) or Thiermann and Grassl (1992). Since the variance of intensity is the ob-
servable rather than the variance of log-amplitude , must be converted to by
Equation 3.5 for applications using scintillation effects to probe in the atmosphere.

By assuming a theoretical refractive index spectrum, as described in Chapter 2.2, a rela-
tion between the turbulent eddies and the scintillation can be obtained by solving the
Helmholz equation. With a second-order Rytov approximation, the scintillation due to an
isotropic refractive index field can be expressed as an integral equation (e.g. Lawrence
and Strohbehn, 1970 a) for a plane wave as:

(3.7)

and for spherical waves as:

(3.8)

Here K is the optical wave number; , the three-dimensional spectrum of refractive
index; k, the spatial wave number; and r, a coordinate along the propagation path R.

Inserting the refractive index spectrum, e.g. of Hill (1978 a), we obtain for the spherical
wave case a relation between inner scale and scintillation. This functional graph is illus-
trated in Figure 3.1.2. The subsection of the curve in Figure 3.1.2 with linear increase
shows the range of typical values of which occur in terrestrial geodetic appli-
cations in the atmospheric surface layer, where the optical propagation path is usually less
than 100 m and the typical values of the inner scale are some millimeters.

As already mentioned above, determining scintillation by the Rytov method is based on
the assumption that the refractive index fluctuations are weak. Weak and strong fluctua-
tions over a path of length R can be distinguished by values of the Rytov variance . The
Rytov variance physically represents the variance of irradiance fluctuations. Results of
Russian experimentalists showed that, in practice, the Rytov approximation is valid only
for short path, otherwise saturation can occur. Measurements by Gracheva et al. (1974)
showed that, for a plane wave, the irradiance variance initially grows linearly, reaches a
maximum (region of focusing) of the order of two, then decreases towards saturation. For
spherical waves, the Rytov variance must be less than 0.3 for weak fluctuations.

σI
2 I 2

I 2
----- 1–= .

σI
2

σχ
2 σI

2 σχ
2

σχ
2

σχ
2 2πK 2R kΦn k( ) 1

K
k2R
--------- k2R

K
--------- 

 sin– 
  kd

0

∞

∫= ,

σχ
2 4π2K 2 kΦn k( )sin2 k2r R r–( )

2KR
------------------------- 

  kd rd

k

∞

∫
0

R

∫= .

Φn k( )

λR( )1 2/ l0⁄

σ0
2



40
Figure 3.1.2: Relation of scintillation and inner scale of turbulence.

Intensity fluctuations and phase fluctuations can both be used to probe the atmosphere and
to derive several turbulence parameters. A method which uses the effect of phase fluctu-
ations can be found for example in Flach (2000). Here we will focus on a method which
uses the effect of intensity fluctuations.

In the next chapter we focus on the displaced-beam scintillation method for the derivation
of turbulent fluxes. This method is often referred as a l0 - method. In Chapter 3.3 it is
described how this method can be extended to derive correction values for terrestrial geo-
detic measurements.

3.2 Derivation of turbulent fluxes with displaced-beam scintillometer

The data that this work is mainly based on were obtained with a displaced-beam scintil-
lometer SLS20 (SCINTEC) as described by Thiermann (1992). The method is based on
comparing the scintillation of two laser beams measured over two close, parallel propa-
gation paths. The displaced-beam scintillometer we used is a small-aperture scintillome-
ter. Two different types of scintillometers can be distinguished, depending on the size of
the receiver D of the scintillometer. On the one hand, are large aperture scintillometers
(LAS); and on the other hand, are small aperture scintillometers (SAS). In the following,
we will restrict our discussion to small aperture scintillometers.

Figure 3.2.1 shows a schematical set-up of a displaced-beam scintillometer. A transmitter
emits two nearly parallel laser beams. The two parallel beams are produced by a calcite
polarizing beam displacer. The beam displacer splits a divergent laser beam into two par-
allel beams, which are displaced by 2.7 mm, and the components of which have a different
polarization. The wave length of the laser beams is 670 nm, and a picture of the elliptical
beam profile can be seen in Figure 3.2.1.

Cn
2
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Figure 3.2.1: Schematical set-up of a displaced-beam scintillometer with a picture of one
beam profile.

The mean output power is 1 mW. The reason for using such a low output power is that
then linear propagation can be assumed, and the non-linear problems connected with the
propagation of high-power lasers can be neglected. Figure 3.2.2 shows a picture of the
transmitter, fixed on a theodolite, for easier alignment.

During the propagation of the two beams over a path of R = 50 to 200 m, they are scattered
by refractive index inhomogeneities in the atmosphere. At a receiver the beams are iden-
tified by their respective polarization at two detectors, which are placed behind a polar-
ization beam splitter. The detector separation d is also 2.7 mm, and the detector diameters
are D = 2.5 mm. The receiver bandwidth is 4 kHz.

The reason that the maximal path length is about 200 m results from the fact that for a
small aperture displaced-beam scintillometer the theory of weak fluctuations is valid,
therefore, longer propagation paths result in saturation effects, as described in the previ-
ous chapter. By using large aperture scintillometers this path length limitation can be
overcome and R can range in the order of kilometers (e.g. Cain, 2001).

The intensity fluctuations of both beams are measured at the receiver unit. With the as-
sumption of the Rytov approximation, the scintillation , i.e. the variance of the loga-
rithm of the amplitude of the received radiation, can be determined by Equation 3.5 and
expressed with Equation 3.8.

By determining the correlation of the scintillation of the two beams, it is possible to derive
the inner scale of turbulence l0. The correlation of the log-amplitude  is given by:

(3.9)

Here is the covariance of the log-amplitude of beams 1 and 2; d the receiver separa-
tion; D, the receiver diameter, and R, the path length.
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Figure 3.2.2: Emitter of the displaced-beam scintillometer, fixed on a theodolite for easier
alignment.

The covariance of log-amplitude of two laser beams can be expressed as (e.g. Thiermann,
1992):

(3.10)

where r is a coordinate along the propagation path with total length R, and J0 and J1 are
Bessel functions of the first kind.

The correlation coefficient in Equation 3.9 is independent of the structure parameter of
refractive index because of the division / . Therefore, from the correlation coeffi-
cient , the inner scale of turbulence can directly be determined if the path length R and
the instrumental values d and D are known.

The inner integral in Equation 3.10 gives the path-weighting function of the log-ampli-
tude covariance. For fixed values of d and D, the covariance values differ along the prop-
agating path for different l0 values, with a maximum in the middle of the propagation path
and values decreasing to zero towards the emitter and receiver (see, e.g. Thiermann, 1992;
Wang et al.,1978; Thiermann and Grassl, 1992). Because at the emitter and receiver the
path weighting function decreases to zero, instrumental flow disturbance is irrelevant.

The covariance expressed in Equation 3.10 is a function only of the structure parameter
of the refractive index , the inner scale of turbulence l0, and known physical dimen-
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sions of the instrument. This can be seen by inserting the refractive index spectrum, e.g.
the refractive index spectrum of Hill as expressed in Equation 2.62. Therefore, the cova-
riance of the log-amplitude can be also expressed by:

(3.11)

where  is the function which describes the decrease of  with increasing l0.

Once the inner scale of turbulence has been determined by the correlation of the log-am-
plitude by Equation 3.9, the structure parameter of the refractive index can be determined
from the covariance given in Equation 3.11.

Figure 3.2.3: Time series of structure parameter of refractive index (solid line, left axis),
measured by displaced-beam scintillometer and of shortwave radiation (dashed
line, right axis). Data are 30 min averages.

Figure 3.2.3 shows an example of a 24-hour time series of , measured by the displaced-
beam scintillometer on flat grass land in the Riviera Valley, Switzerland. Moreover, the
incoming shortwave radiation F is shown, measured on a site nearby. The data are 30 min
averages. The data clearly show a diurnal cycle, with largest values during mid-day,
when the incoming solar radiation reaches its maximum, and the smallest values during
night. The minima values of are usually reached around sunset and sunrise, when the
turbulence is often very weak.

As described above, the measurement with a displaced-beam scintillometer delivers the
structure parameter of the refractive index and the inner scale of turbulence l0. From
this set of parameters it is possible to determine further parameters like the structure pa-
rameter of temperature  and the dissipation rate of turbulent kinetic energy ε.
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Since for optical wave lengths the fluctuations of the refractive index of the atmosphere
are mainly due to temperature variations, the structure parameter of the refractive in-
dex can be related to the structure parameter of the temperature , which is similarly
defined in the inertial subrange as:

(3.12)

For optical wave lengths the relation between refractive index fluctuations and tempera-
ture fluctuations can be expressed by Equation 2.43. As a result, the relation between the
structure parameter of refractive index and the structure parameter of temperature is given
by (e.g. Wesely and Alcaraz, 1973):

(3.13)

where T is the mean temperature in [K], p is the mean pressure in [hPa], and is given
by  [K/hPa] for a wave length of λ = 670 nm.

In Equation 3.13 the same assumptions are made as in Equation 2.43; i.e., it is assumed
that only temperature fluctuations significantly affect the air density, and pressure and hu-
midity fluctuations are negligible. Several studies deal with the relation of the different
structure parameters to each other (e.g. Fairall et al., 1980; Kohsiek, 1982 a, b and 1988).
For the visible and near-infrared region, it appears that fluctuations in temperature are pri-
marily responsible for refractive index fluctuations in this wave length region. The influ-
ence of neglecting humidity in Equation 3.13 will be further investigated in Chapter 4.

The inner scale of turbulence, is related to the dissipation rate of turbulent kinetic energy
ε. By inserting Equation 2.68 in 2.72, we obtain:

(3.14)

Figure 3.2.4 shows an example of a time series of l0 measured by a displaced-beam scin-
tillometer, and the wind velocity u, determined by sonic-anemometer measurements.
Measurements were taken in the Mesolcina Valley, Switzerland, on flat grass land. This
figure indicates that, besides thermally driven turbulence mechanically driven turbulence
produced by wind-shear, influences the optical turbulence. This can be seen in the inverse
relation between l0 and u. The inner scale of turbulence reaches values up to 15 mm in
calm wind conditions and decreases with increasing wind speed.

From a set of given and ε values it is possible to derive the turbulent fluxes of sensible
heat H and momentum M with the so-called - l0 method. This method is similar to the
inertial-dissipation technique, which determines from spatial density fluctuations and the
structure parameters the turbulent fluxes. The inertial-dissipation technique was probably
first used by Taylor (1961) and can be found in Champagne et al. (1977) or Wyngaard and
Clifford (1978). Hill et al. (1992 b) showed, by comparing different scintillation tech-
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niques, that this method appears to be very robust because it produces good results even
for non-ideal conditions.

Figure 3.2.4: Time series of inner scale of turbulence (solid line) and wind speed (dots).
Theses data are 10 min averages.

The inertial-dissipation technique based on the Monin-Obukhov similarity theory, the
main ideas of which are summarized in Chapter 2.1. Under the assumptions of Monin-
Obukhov similarity, and ε can be normalized to yield a non-dimensional structure pa-
rameter for temperature :

(3.15)

and a non-dimensional dissipation rate of turbulent kinetic energy , which is given in
Equation 2.19.

MOST states that all atmospheric surface layer parameters can be scaled by the key pa-
rameters given in Chapter 2.1 and can be expressed as functions of the stability parameter

only. Wyngaard and Coté (1971) and Wyngaard (1973) applied MOST to and
found a universal function of from the results of the 1968 Kansas experiment.

In the following we use as a first working hypothesis the semi-empirical equations derived
from bichromatic scintillation measurements by Thiermann (1990). They yield for the
structure parameter of temperature:

, (3.16)
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, (3.17)

and for the dissipation rate of turbulent kinetic energy:

, (3.18)

. (3.19)

With and , it is possible to set-up a new dimensionless function (Thiermann
and Grassl, 1992):

(3.20)

The left-hand side of Equation 3.20 contains only constants and parameters which are
known from measurements with a displaced-beam scintillometer. Therefore, it is possible
by using 3.20 and the semi-empirical functions 3.16 - 3.19 for φε and to determine
the Obukhov length L by numerical iteration.

Inserting the Obukhov length in Equation 3.16 - 3.19 and then inserting the obtained val-
ues of φε and in 2.19 and 3.15, allows the determination of the friction velocity
and the temperature scale , respectively.

With and it is possible to determine the momentum flux and sensible heat flux as
can be seen from Equation 2.11 and 2.12. When the mean air density ρ is known, the tur-
bulent momentum flux M is then given by:

(3.21)

and the sensible heat flux by:

(3.22)

where  is the specific heat of air at constant pressure.
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3.3 Determination of compensation values for refraction problems

The scintillation algorithm as described above can be extended to find correction values
for terrestrial geodetic measurements, e.g. for direct transfer measurements, which pose
high requirements.

According to the Fermat principle, an optical beam which travels from a source to a re-
ceiving unit with the separation R follows a path for which the travel time is shortest. Due
to the fact that the light velocity depends on the refractive index of the propagation medi-
um, the optical beam seeks the path r with the lowest refractive index. If the refractive
index varies perpendicularly to the propagation direction, the beam is bent. Assuming a
refractive index gradient dn/dz and an optical wave propagating in the x-direction, the de-
viation α from the original direction can be determined approximately by (e.g., Moritz,
1961, 1967):

(3.23)

The complementary angle , which will be observed at the receiver unit, is called the re-
fraction angle in geodetic context. As follows from 3.23,  is given by:

(3.24)

These formulae allow a quantification of the refraction influence in geodetic measure-
ments. Therefore, correction values can be found by determining either the refractive in-
dex gradient over the entire propagation path or, alternatively, the refraction angle.

The refractive index gradient as an integral value over the propagation path can be derived
from the mean integral temperature gradient. These gradients are strongly related to each
other, as can be seen from the relation between refractive index and temperature presented
in Chapter 2.2.

The scintillation algorithm, which is described in the previous chapter, can be extended
to find the temperature and refractive index gradients by applying MOST. With MOST it
is possible to relate the turbulent fluxes to the gradients of the atmospheric parameters
(e.g., Panofsky and Dutton, 1984). For example, with the non-dimensional equations φH,
e.g., Högström (1988), it is possible to derive the temperature gradient from the sensible
heat flux. The relation between potential temperature gradient and the semi-empirical
function of the sensible heat flux is given by:

(3.25)
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where is the mean potential temperature gradient and the von Kármán con-
stant, assumed to be 0.4, as in Chapter 2.

The mean temperature gradient can be derived from the mean potential tempera-
ture gradient . The potential temperature can be converted into the temperature
gradient with Equation 2.15, but the relation between and can be approximated for
small derivations from the 1000 hPa level, by:

(3.26)

where g is the acceleration due to gravity, cp is the specific heat of air at constant pressure,
and is the height difference from the 1000 hPa level. The ratio g/cp is referred as the
adiabatic laps rate.

The relation between temperature gradient and potential temperature gradient is therefore
given by (e.g. Kaimal and Finnigan, 1994):

(3.27)

With and the mean pressure gradient , which can be obtained from the hy-
drostatic approximation:

(3.28)

the refractive index gradient can be determined.

According to the relation between temperature and refractive index, presented in Chapter
2.2, the refractive index gradient for optical wave length can be calculated by:

(3.29)

where is the mean temperature in [K], and A depends on the optical wave length as
already used in Equation 3.13 and determined in Chapter 2.2.

A summarizing flow chart of the extended scintillometer algorithms used in this work is
given in Figure 3.3.1. The accuracy of the extended scintillation algorithm will be exper-
imentally verified in the next chapters.
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Figure 3.3.1: Flow chart of the extended scintillometer algorithm. Additional measure-
ments of the parameters z, R, T and p are needed as further input. The symbols
are described in the text.
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4 Experiments and Results

4.1 General outline of experiments

In the pervious chapter the theoretical framework is given to determine surface layer pa-
rameters using optical scintillometry. In the following, optical scintillometry and other
meteorological measurement techniques are presented and analyzed, and the results will
be discussed. By conducting three main experiments, particular attention was paid to two
specific issues.

First, the accuracy of scintillometer measurements has to be examined with regard to dif-
ferent types of terrain and under different atmospheric conditions. Especially, the possi-
bility to derive correction values for precise terrestrial geodetic measurements should be
tested. Due to the fact that determining such correction values are based on MOST, this
method is actually restricted to homogeneous surfaces only. The experiments should give
the basis to analyse the restrictions of the method. For the purpose of this analysis, the tur-
bulence parameters derived by scintillometry are compared with other meteorological
measurement methods by using different set-ups under different atmospheric conditions
and by conducting the measurements over different types of terrain.

Secondly, the analyzed scintillometer measurements should be discussed to investigate
the structure of the surface layer over different types of terrain. At present the physics of
the surface layer over flat, horizontally homogeneous surface are basically understood.
Experiments over flat homogeneous terrain have shown that the use of the MOST allows
the determination of several surface layer parameters, like turbulent fluxes and surface
layer gradients. In recent years it has become more and more interesting to describe the
physics and boundary layer characteristics over non-homogeneous terrain. Changes in
surface characteristics, like albedo, roughness length, displacement height, etc., and in
surface properties, like soil moisture and orography lead to variations in the turbulent
boundary layer fluxes. However, still little is known concerning the turbulent structure of
the boundary layer over non-homogeneous terrain. Therefore, the results of this work
should help to deepen our understanding of the surface layer over non-ideal terrain. For
instance, it seems to be interesting to study how changes in surface conditions affect the
magnitude of the turbulent fluxes and the thermal structure of the atmospheric boundary
layer.

The experiments can be classified into three categories:

1.) Experiments over flat homogeneous terrain
2.) Experiments over flat non-homogeneous terrain
3.) Experiments over non-homogeneous terrain in an alpine valley

1.) The first category of experiments was conducted over flat homogeneous terrain. The
main goal of these experiments was to investigate the scintillometer algorithm, which is
described in Chapter 3, under ideal conditions in more detail under different atmospheric
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conditions. We should particularly re-examine whether the assumptions and approxima-
tions which are used in the scintillometer algorithm are justified. Two different kinds of
flat homogeneous terrain were chosen; on the one hand a flat meadow surrounded by flat
agricultural areas (experiment Kerzers, homogeneous case study); and on the other hand,
flat grass land surrounded by mountainous terrain (experiment San Vittore). In these ex-
periments, different set-ups were tested and the results were compared to those of other
instrumental methods.

2.) The second category of experiments was conducted over flat terrain, but with changing
surface characteristics (experiment Kerzers, non-homogeneous case study). Here the goal
was to investigate the influence of different surface characteristic on the derived surface
layer parameters. To verify the scintillation technique and to understand the boundary lay-
er structure over different surface characteristics, we used not only optical scintillometry
but also eddy-correlation measurements.

3.) The third category of experiments was conducted in a mountain valley, during the
MAP-Riviera Project. The goal of this project was to deepen our understanding of the tur-
bulent boundary layer structure over complex mountainous terrain. Therefore, different
activities were conducted in the framework of the MAP-Riviera Project, including mod-
elling and field experiments. One objective was to probe the alpine valley in as much spa-
tial and temporal detail as possible. A unique data-set was created to derive and test
concepts concerning the structure of the ABL in complex terrain. The field campaign in
the Riviera Valley consisted of continuous observations of the ABL by several instru-
mented towers and of intensive observation periods where additional instruments were
used, like two scintillometers. One issue concerning the optical scintillometry measure-
ments was to investigate whether scintillometry can cope with these complex require-
ments and how good the accuracy of this method is in complex terrain. For example, is it
possible to measure turbulence parameters with sufficient accuracy on a slope. Moreover,
the extended algorithm for the derivation of the temperature and refractive index gradient
should be tested. Despite that, another issue of this experiment was to help answer ques-
tions dealing with the phenomenological characteristic of the atmospheric surface layer
in a valley.

In the following chapters we will present the experiments at each location. We will start
with the experiments over flat, homogeneous terrain and flat, non-homogeneous terrain
in Kerzers, conducted 1998, followed by the experiments in San Vittore over flat terrain
in an alpine valley, and finishing with the experiments in the Riviera Valley, both con-
ducted in 1999. For each location a short introduction is given. After this, the sites, instru-
mentations, and set-ups are described. In this context, it is assumed that the reader is
familiar with common meteorological measurement techniques, like the eddy-correlation,
etc. Therefore, the principle of operation of a sonic-anemometer, Krypton hygrometer, Pt-
1000 temperature sensors, etc. will not be repeated here in detail. Only the analytical
methods are mentioned. Finally, the data analysis is specified, and the results are present-
ed and discussed.
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4.2 Experiments over flat terrain, Kerzers

The goal of the experiment in Kerzers was to investigate the extended scintillometer al-
gorithm in more detail over flat terrain. It is examined whether it is justified to neglect the
humidity fluctuations in the derivation of the structure parameter of the temperature by
optical scintillometry, as described in Chapter 3. Moreover, the influence of surface char-
acteristics on the atmospheric surface layer over flat terrain is analyzed. A comparison of
the turbulent fluxes derived by scintillometry and eddy-correlation system is presented for
two different scintillometer set-ups. These assess the accuracy of the turbulence parame-
ters derived by scintillometry over changing surface conditions.

4.2.1 Site and instrumentation

In the Berner Seeland, in the area Kerzersmoos (Figure 4.2.1), Switzerland, a flat agricul-
tural area was chosen for the first experiments. The resulting data-sets consist of measure-
ments taken on 7 different days in June, July, August and November 1998.

Figure 4.2.1: Experimental site Kerzersmoos near the village of Kerzers, Switzerland (re-
produced with permission of Bundesamt für Landestopographie 2001
(BA002627)). The X marks the location of the 27 m tower at the measurement
site.

The measurement site for the first experiments was grass land, which was surrounded by
flat agricultural plots with some rows of trees in the far field, as can be seen on the picture
in Figure 4.2.2. The surrounding fields were characterized by various surface cover dur-
ing the above-mentioned experimental period. The most favorable conditions for surface
layer measurements under homogeneous conditions at this site are when the wind comes
from southwest or northeast. Then, the fetch can be assumed to be uniform and unob-
structed for about 100 to 200 m for an instrument tower in the center of the plot. For the
first experiment, a scintillometer was set up on a flat meadow with an optical path length

0 500m           1000m

X
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of R = 50 to 90 m, which is depicted as the white arrow in Figure 4.2.2. The measurement
height ranged from z = 1.0 to 1.45 m.

Figure 4.2.2: Picture of the measurement site near Kerzers, taken in November, 1998.
The optical path R over homogeneous terrain is indicated by the arrow.

Figure 4.2.3: Small instrument tower B, equipped with KH20 Krypton hygrometer and
sonic-anemometer Gill-R2A.

During the first experiments, with the optical path of the scintillometer over homogeneous
terrain, an instrument tower equipped with a sonic-anemometer (Gill-R2A, Gill Instru-
ments, England) and a KH20 fast-response Krypton hygrometer was measuring simulta-
neously (Figure 4.2.3). The measuring system was set up in one line, with the instrument
tower B in the middle of the propagation path of the scintillometer. Additional meteoro-
logical parameters (temperature, wind speed and direction) were measured at different
levels of a 27-meter tower, as seen in Figure 4.2.4, left panel.

R
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Figure 4.2.4: Left panel: 27-meter tower with 5 levels of additional meteorological mea-
surements. Right panel: Small instrument tower A with eddy-correlation and addition-
al instruments (see Siegrist, 2001).

Figure 4.2.5: Picture of measurement site near Kerzers, with schematical depict of the op-
tical path R over changing terrain. A and B mark the locations of the two small
instrument towers A and B.

A further experiment was made with the optical path R of the scintillometer set up partly
over a meadow and partly over a stubble field, as schematically depicted by the white ar-
row in Figure 4.2.5. Moreover, two small instrument towers equipped with eddy-correla-
tion systems were set up. Their positions are marked by A and B in Figure 4.2.5. Figure

A B

R
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4.2.4, right panel, shows a picture of tower A, operated by the University of Bern, Swit-
zerland (Siegrist, 2001), which was set up on the meadow. Tower B, Figure 4.2.3, was set
up on the stubble field.

4.2.2 Influence of humidity fluctuations on optical scintillometry

As described in Chapter 3 in Equation 3.13, in the scintillometer algorithm we use the hu-
midity influence in the derivation of the structure parameter of temperature from the
structure parameter of the refractive index is neglected. By neglecting the humidity
influence, it might follow that the accuracy of the derived sensible heat and momentum
fluxes are impaired. This would result in a loss of accuracy of the derived temperature and
refractive index gradients. In the following, the influence of neglecting humidity in Equa-
tion 3.13 on the accuracy of the turbulence parameters derived by optical scintillometry
is investigated.

Wesely and Derzko (1975) and Wesely (1976 a) take the humidity influence on the struc-
ture parameter of the refractive index for optical waves into account by using the Bowen
ratio β. The Bowen ratio is defined as the ratio of the turbulent sensible to latent heat flux-
es. They state that, if the water vapor pressure fluctuations are perfectly correlated with
temperature fluctuations, the Bowen ratio β is proportional to the ratio of the structure pa-
rameter of temperature and water vapor pressure . By assuming that pressure fluctua-
tions and third-order correlation can be neglected, they derive a relation between the
structure parameter of temperature and structure parameter of the refractive index

, which reads:

(4.1)

If humidity and temperature fluctuations are not correlated, Wesely (1976 a) states that a
vector sum is appropriate. Then the relation between  and  becomes:

(4.2)

The factor 0.03 in Equation 4.1 and 4.2 depends on wave length and atmospheric condi-
tions. Green and Hayashi (1998) showed that the value 0.03, which is given by Wesely
(1976 a) for optical wave length, can be reproduced by assuming a temperature of T = 298
K and a relative humidity of 80%.

Equations 4.1 and 4.2 show, that with decreasing Bowen ratio β, and thus relatively more
evaporation, decreases. The term in brackets in Equation 4.1 and 4.2 will be referred
to as the humidity correction term in the following.
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The measurements on the small instrument tower B, equipped with a sonic-anemometer
and a Krypton hygrometer, allow the determination of the Bowen ratio. Moreover, they
allow us to determine the correlation of temperature and humidity. Therefore, the humid-
ity correction terms can be determined and applied in the scintillometer algorithm. The
shape of this correction terms, as defined in equation 4.1 and 4.2, is given in Figure 4.2.6.
It can be seen that only for small values of the Bowen ratio does the humidity correction
factor becomes important.

Figure 4.2.6: Humidity correction factor for the derivation of the structure parameter of
temperature from the structure parameter of the refractive index, as function of
the Bowen ratio. One curve presents the humidity correction term for cases when
water vapor pressure fluctuations are perfectly correlated with temperature
fluctuations and the other one, when  and  are not correlated.

The magnitude of the Bowen ratio is determined through the partition of the available net
radiation into the energy balance components, as described in Equation 2.1. This partition
depends on many factors such as soil properties, like soil type and soil moisture, and on
surface conditions, like albedo, roughness length and orography. Changes in theses fac-
tors lead to significant variation in sensible and latent heat fluxes and therefore in the mag-
nitude of the Bowen ratio. This was shown by Polonio and Soler (2000) who investigated
the effects of land surface inhomogeneity to the evolution of the turbulent sensible and
latent heat fluxes, on the one hand over totally irrigated agricultural areas and on the other
hand over dry agricultural areas. In their study they took into account the effects of dif-
ferent soil types, vegetations and orographic surface conditions. They analyzed the ratios
of sensible and latent heat flux and available energy for different areas and month and the
mean daily evolution of the energy balance components are presented. This study shows
the importance of the vegetating covering in quantification of sensible and latent heat
fluxes.

The simultaneous measurements with the sonic-anemometer and the Krypton hygrometer
also allow us to take into account the influence of humidity fluctuations on the sonic-de-
rived turbulent heat flux. Following Schotanus et al. (1983), this correction can be ex-
pressed according to:

e
T e T
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(4.3)

where is the corrected value of the kinematic sensible heat flux and is the
measured value of it; is the kinematic latent heat flux; is the sound velocity; the
mean temperature;  the mean wind speed, and  the Reynolds stress.

Next it is investigated how large the relative error for the turbulent fluxes observed in the
Kerzers experiment is due to neglecting the humidity fluctuations in the scintillometer al-
gorithm. First, the relative error of scintillometer-derived turbulent sensible heat flux is
compared to the relative error which results from neglecting the humidity fluctuations in
the sonic-derived sensible heat flux.

The relative error, err, is defined in this context as:

(4.4)

where  is the uncorrected value and  is the corrected one.

The relative error in the turbulent sensible heat fluxes as derived by scintillometry and
eddy-correlation due to neglecting humidity fluctuations in both is shown in Figure 4.2.7
as a function of the Bowen ratio.

Figure 4.2.7: Relative error in the sensible heat flux as a function of the Bowen ratio, due
to neglecting humidity fluctuations (scintillometry (dots), eddy-correlation mea-
surements (plus signs)). Data are 20 min averages.
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Each point in Figure 4.2.7 corresponds to a 20 min average. It is seen in Figure 4.2.7 that
the relative errors in H are generally small over a wide range of Bowen ratios. In the range
of 0.6 < β < 1.3 the relative errors in H are smaller than 10% in the scintillometer-derived
H values and smaller than 15% for the sonic-derived H values. Only for very small values
of the Bowen ratio, , does the relative error become larger than 15% in the scintil-
lometer-derived H values and larger than 30% in the sonic-derived H values. It is seen that
for sonic measurements the effect of neglecting humidity fluctuation results in somewhat
larger relative errors. This larger relative error might mainly result from the fact that
sound waves are more sensitive to humidity than optical waves are.

Rosset (1990) listed mean Bowen ratios for various ecosystems in Switzerland, Germany
and Austria, determined by several authors. It is seen, that for the summer months the Bo-
wen ratio for different types of meadows ranges between 0.01 and 1.25, but are in general
larger than 0.2, so that the influence of moisture can be neglected in determining the sen-
sible heat flux over a meadow. However, the mean net radiation of Switzerland deter-
mined for the period of 1984-1993, averages 44 Wm-2 (Z’graggen and Ohmura, 2001).
From this available net radiation 86% is spent for latent heat of vaporization as shown by
Menzel et al. (1999), 7% for melting snow and glaciers, and the remaining 7% flows in
the atmosphere as sensible heat flux. This makes the annual mean Bowen ration of Swit-
zerland only to be 0.08. It can be seen from Figure 4.2.7, that for such low Bowen ratios
additional humidity measurements are appropriated to determine accurate values of the
sensible heat flux by optical scintillometry and by sonic measurements.

By using a scintillometer which measure with two or three different wave lengths, as de-
scribed by Hill (1997), no additional measurements of the humidity fluctuations are need-
ed in order to take the influence of humidity into account. This requires scintillometers
which uses not only visible wave lengths for determining the scintillation but also far-in-
frared or millimeter wave lengths, which react more sensitive to humidity fluctuations.
With such instruments it is possible to determine the latent heat flux from scintillometry
in addition to the fluxes of sensible heat and momentum. The three-wave lengths method
of determining heat, humidity and momentum flux is analyzed in detail by Andreas
(1990) and the two-wave lengths method was employed in experiments by Kohsiek and
Herben (1983) and analyzed by Andreas (1989, 1991).

Figure 4.2.8 shows the effect of the correction to the absolute values of the turbulent sen-
sible heat flux, derived by sonic and scintillometer measurements. It is seen in Figure
4.2.8 that for the Kerzers data-set, the effect on the absolute values is negligibly small.
This is due to the fact that during this experiment low Bowen ratios primarily occurred at
the transition time from day to night, when the absolute values of the turbulent latent and
sensible heat flux are relatively small.

By virtue of Equation 3.20 it can be seen that neglecting humidity fluctuations in the der-
ivation of the structure parameter of temperature would theoretically also effect the scin-
tillometer-derived turbulent momentum flux. However, the data analysis shows that M is
hardly affected by humidity, which can be seen in Figure 4.2.9. Figure 4.2.9 shows the
comparison of the absolute values of the turbulent fluxes H and M derived from scintil-
lometry and the eddy-correlation technique for the homogeneous case study.

β 0.2<
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Figure 4.2.8: Effect of humidity correction to H values derived by scintillometry (left pan-
el), and by sonic measurements (right panel).

Figure 4.2.9: Comparison of turbulent sensible heat flux and turbulent momentum flux
(scintillometer versus sonic) for the homogeneous case study. The different sym-
bols mark the humidity-corrected and uncorrected values. Values are 20 min av-
erages.

Figure 4.2.9 shows that the values derived from the scintillometer exhibit a tendency to
smaller sensible heat fluxes. The comparison of the turbulent sensible heat flux shows a
fractional bias fbH = 0.29 and the root mean square error rmseH = 30.69 W/m2. A similar
pattern shows in the comparison of the M values determined from scintillometry and
eddy-correlation but with a higher fractional bias of fbM = 0.88 and a root mean square
error rmseM = 0.17 N/m2. It is seen in Figure 4.2.9 that the humidity correction hardly ef-
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fects most of the absolute values of H and M and by no means can alter the result of the
comparison between sonic and scintillometer. The generally smaller values of the turbu-
lent fluxes by scintillometry may be caused due to different fetch conditions of the scin-
tillometer and the instrument tower, because of the narrow size of the meadow. The fetch
of the two instrument towers can be estimated by using a source area model, e.g. proposed
by Schmid and Oke (1990). The calculation of the fetch of the scintillometer can only
roughly be estimated by such models. First, because they are developed for point mea-
surements and not for line averaged measurements. Secondly, as qualitatively argued by
Lagouarde et al. (1996), the approaches of common source area models are not entirely
valid for scintillation measurements. This is due to the fact that the scintillometer is most
sensitive to the higher frequency end of the turbulence spectrum, while eddy-correlation
devices measure all of it. The smaller eddies measured by the scintillometer adapt more
rapidly to changing surface conditions, so that the turbulent fluxes measured by the scin-
tillometer are more localized in comparison to those measured by an eddy-correlation de-
vice.

Another reason for the smaller values of the turbulent fluxes measured by the scintillom-
eter may of course also lie in an uncertainty in the sonic measurements, as described for
example by Christen (2000). To evaluate the turbulent fluxes correctly, the sonic must
measure both the wind speed and temperature at exactly the same time and place, other-
wise flux is lost due to the sensor separation. Other errors arise from the response time of
the sensor, path length averaging and signal processing.

The reasons for the smaller values derived by scintillometry cannot clearly be identified
from this experimental set-up. To verify the accuracy of the optically-sensed values in ho-
mogeneous conditions, a similar experiment with larger homogeneous fetch conditions
was conducted in 1999 with more than one scintillometer and sonic. This will be present-
ed in Chapter 4.3. The comparison presented in Figure 4.2.9 should only prepare the basis
for evaluating the effect of non-homogeneous surface conditions to be presented in Sec-
tion 4.2.3.

Next it is investigated, to what extent the relative and absolute effect of neglecting humid-
ity fluctuations affects the accuracy of the scintillometer-derived refractive index gradi-
ent. By using the humidity correction term in the scintillometer algorithm, the refractive
index gradients for a height of 1 meter is determined, as described in Chapter 3. As work-
ing hypothesis for the universal MOST function of H, the function of Högström (1988) is
used for unstable conditions and that of Fukui et al. (1983) for stable conditions. Figure
4.2.10 shows the relative error of dn/dz as function of the Bowen ratio, based on the above
described data-set. For most of the measured conditions, neglecting humidity fluctuations
can be warranted, as can be seen from Figure 4.2.11, which shows the effect on the abso-
lute values of dn/dz. During this experiment the absolute values of the derived refractive
index gradients are slightly overestimated, if the influence of humidity on optical scintil-
lometry is neglected. The absolute values of dn/dz reached maxima of more than

, which would impair most terrestrial geodetic applications if they are not
taken into account. However, atmospheric conditions during this experiment giving rise
to the largest relative errors are associated with small absolute values of dn/dz. For exam-
ple, the largest relative error of 36% at β = 0.09 corresponds to an absolute error of

. Therefore, for this experiment it seems justified for deriving correction
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values from optical scintillometry with sufficient accuracy under a large variety of atmo-
spheric conditions, by neglecting humidity fluctuations.

Figure 4.2.10: Relative errors of the refractive index gradient due to neglecting humidity
fluctuations, as function of the Bowen ratio.

Figure 4.2.11: Comparison of absolute values dN/dz m-1 humidity-corrected versus un-
corrected, derived by scintillometry during the homogeneous case study in
Kerzers.

In the next section an experiment will be analyzed in which the optical path of the scintil-
lometer was set up over changing terrain. The influence of changes in surface character-
istics over flat terrain on the accuracy in the derived turbulence parameters from
scintillometry will be investigated.
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4.2.3 Influence of changing surface conditions on optical scintillometry
with the optical path over changing terrain

In this section the influence of changing surface conditions on the turbulent structure of
the surface layer is investigated by the analysis of measurements with eddy-correlation
and scintillometry. This experiment should clarify the possibility of using an optical scin-
tillometer over flat, heterogeneous terrain. To investigate this, the optical path R of the
scintillometer was set up half over a meadow and half over a stubble field on 7 November
1998, as shown in Figure 4.2.5. On each plot a small eddy-correlation tower was set up as
described in Section 4.2.1.

Figure 4.2.12 shows the temporal evolution during this experimental period of the atmo-
spheric stability determined by each of the different sensor systems, the mean wind
speed, and the mean wind direction.

Figure 4.2.12: Evolution of atmospheric stability (upper panel), wind speed (middle pan-
el) and wind direction (lowest panel), measured 7 November 1998. Data are 30
min averages.

ζ
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It is seen in Figure 4.2.12 that during the morning hours until 12:30 CET of 7 November
1998, the boundary layer was unstably stratified, with prevailing wind of ~2-3.5 m/s from
NNE (~21-26 o). During noontime until 13:30 CET, the wind direction changed to 35 -
40 o with wind speeds in the range of ~3 m/s. In the afternoon hours until 15:50 CET, the
stratification became weakly unstable to near-neutral in association with increasing wind
speeds (> 3 m/s) and prevailing wind directions from ~55 - 70 o.

Although, all three sensor systems have different fetch conditions, it can be assessed by
comparing the time series of atmospheric stability that no large differences of were de-
termined by the sonics and the scintillometer. The values of derived by sonic B on the
stubble field are slightly larger than those measured by sonic A on the meadow. This
might be due to the rougher surface of the stubble field. The scintillometer-derived values
of are not giving a mean of the two sonic values but rather show the tendency to weaker
unstable and near-neutral conditions. The comparison of shows that the scintillometer-
derived values of are hardly impaired by the set-up of the scintillometer-path over
changing surface conditions and that reasonable results for can be determined under
such heterogeneous conditions.

Next, the influence of changing surface condition on the development of the turbulent
fluxes of sensible and latent heat in the surface layer will be investigated by the analysis
of the tower measurements in more detail. Figure 4.2.13 shows the temporal evolution of
the latent and sensible heat fluxes measured by the two towers on the two different plots.
Only small differences between the turbulent heat fluxes measured can be seen on the two
plots. The changing surface characteristics seem to hardly produce local differences of the
turbulent heat flux, and these scalar fluxes seem to be nearly independent of the local ter-
rain. The latent heat flux during this experiment generally reached somewhat larger val-
ues than the sensible heat flux and the Bowen ratio at both measurement sites ranged over
0.2 - 0.8. The eddy-correlation system, set up on the stubble field, measured slightly larger
values of the turbulent latent heat flux E, whereas on the meadow slightly larger values of
the turbulent sensible heat flux H were observed. The tendency of slightly larger values
of the latent heat fluxes which were measured on the stubble filed can be explained by the
smaller albedo of the dark soil in comparison to the meadow. Therefore, on the stubble
field more energy is available for evaporation from the wet soil.

The scintillometer-derived H values measured with a propagation path over both plots re-
flect the temporal evolution of H measured by the two towers, although slightly smaller
H values under unstable conditions were optically sensed. In general, it seems that the sur-
face non-homogeneity beneath the optical path does not impair the accuracy of the scin-
tillometer derived H values because this tendency toward smaller values of H was already
seen in the homogeneous case study. When the atmosphere tends to become weakly un-
stable or near-neutral, all three measurement systems observed nearly the same H values,
which indicates a thermally stronger mixed boundary layer due to the increase in wind
speed.

ζ
ζ

ζ
ζ

ζ
ζ
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4.2.13: Upper panel: Time series of the turbulent latent heat flux measured by tower A at
the meadow and tower B at the stubble field. Lower panel: Temporal evolution
of the turbulent sensible heat flux measured by sonic A at the meadow and sonic
B at the stubble field and by the scintillometer with its optical path over meadow
and stubble field on 7 November 1998. Data are 30 min averages.

Figure 4.2.14 shows the temporal evolution of turbulent momentum flux measured by the
three different systems. Comparing the time series of both sonic-derived M values, we see
that during the morning hours under unstable conditions slightly larger absolute M values
were measured on the meadow, whereas during the afternoon hours, when the atmospher-
ic stability became near-neutral, larger absolute values were observed on the stubble field
site. This might be due to the rougher surface of the stubble field, which entails with in-
creasing wind speed during the afternoon larger Reynolds stress.

The scintillometer-derived M values generally follow the time series of M values, mea-
sured by the sonics. For approximately one hour the scintillometer derived M values
ranged between the M values of both local measurements. For other observation periods,
higher or lower M values were derived by scintillometry in comparison to the sonic-de-
rived values. It is not obvious from this experiment whether the differences of the scintil-
lometer-derived values of M are a result of the influence of the surface characteristic, i.e.,
of a different fetch of the optical path, or are due to a slight loss in accuracy of M due to
our disregarding the underlaying homogeneity requirement of the Monin-Obukhov theo-
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ry. A further uncertainty may result from the fact that a mean roughness length for two
plots had to be estimated for the scintillometer. Qualitatively the roughness length d rep-
resents the mean height of momentum absorption in the canopy. Cain et al. (2001) shows
how sensitive the scintillometer-derived turbulent fluxes react to the values of d and that
this can account for inadequacies in the application of Monin-Obukhov theory.

However, the scintillometer derived M values seem to give reasonable values, even for
set-up conditions with heterogeneous terrain beneath the optical path.

4.2.14: Time series of turbulent momentum flux measured by sonic A on the meadow,
sonic B on the stubble field, the scintillometer with optical path over meadow
and stubble field measured on 7 November. Data are 30 min averages.

In conclusion, this experiment seems to indicate the possibility of deriving good values of
stability, turbulent sensible heat flux and momentum flux by scintillometry, even with an
optical path over changing terrain. However, due to the small data-set and the small dif-
ferences of the turbulent fluxes measured by the two towers, further investigations should
be conducted to deepen our understanding of the influence of changing surface character-
istic on the development of turbulent fluxes and of the restrictions of the scintillometry
method under such conditions. For example, an experiment where the change in surface
characteristics leads to larger local differences of the turbulent fluxes would be interest-
ing, e.g. due to a change from a wet to a dry surface (e.g. asphalt - wet meadow) or due to
a change from a very rough to a smooth surface (wood - meadow).

Because comparison of scintillometer and sonic, might suffers also from uncertainty in
the sonic measurements, a further experiment was conducted to investigate this problem
in more detail. This experiment will be discussed in the next sections.
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4.3 Experiments over flat terrain, San Vittore

One goal of the experiments in San Vittore was to investigate the inter-instrument agree-
ment of displaced-beam scintillometers. Besides this, different set-ups of the scintillom-
eters should be tested to investigate their influence on the derived atmospheric
parameters.

Moreover, a comparison with other sensor types based on the eddy-correlation should
give the possibility to test the accuracy of the optically derived atmospheric parameters.
Theoretically, the uncertainties of optically derived turbulence parameters were investi-
gated by several authors. For example, Hill (1982, 1988), Hill and Lataitis (1989), An-
dreas (1988 b, 1992) and Thiermann (1990) estimated the uncertainty in the optically
derived turbulence parameters for several scintillation methods.

The set-up in San Vittore enabled a verification of the theoretical framework of the scin-
tillometer algorithm experimentally.

4.3.1 Instrumentation and site

On a small airfield in southern Switzerland/Ticino, see Figure 4.3.1, different experiments
were conducted in the time period from the evening of 12 July 1999 until the morning of
17 July 1999. The airfield is located in the lower part of the 35-km-long alpine Mesolcina
Valley (Piano di SanVittore) near the village of San Vittore (270 m a.s.l.). The valley is
oriented from WSW to ENE, and the valley ground is 1 km wide, surrounded by moun-
tains with an average height of 2000 m a.s.l.

Figure 4.3.1: Location of experimental site in the Piano di San Vittore in the Mesolcina
Valley, Switzerland (reproduced with permission of Bundesamt für Landesto-
pographie 2001 (BA002627)). The X marks approximately the instrument set-up
location.

500m            1000m0

X
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The site was chosen in such a way that homogeneous fetch conditions could be assumed
for valley wind directions from WSW and ENE. The ground of the airfield was flat grass-
land; the gras was about 35 cm high.

The instruments used during these experiments were two displaced-beam scintillome-
ters; one of the ETH-Zurich (referred to as scintillometer A) and one provided by the
MCR-Lab, University of Basel (referred to as scintillometer B). Besides these two scin-
tillometers, a third scintillometer, made available by the Forschungszentrum Karlsruhe,
was set up; but due to technical problems with this instrument, it is not used in this study.

All instruments used in this experiment were placed at the eastern side of the airfield. Fig-
ure 4.3.2 shows one set-up of the displaced-beam scintillometers. The propagation paths
of all scintillometers during the whole experiment were R = 60 m.

Figure 4.3.2: Set-up of displaced-beam scintillometers during the experiment in San Vit-
tore. Path length of all scintillometers were R = 60 m. Additional temperature
measurements were made with a small instrument tower, equipped with Pt-1000
temperature sensors (right side of the picture).

Besides the scintillometers, a set of eddy-correlation systems were used consisting of 18
ultra-sonic-anemomenter-thermometers (in the following called sonics) of different de-
signs and 5 KH20 fast response Krypton hygrometers. The different sonic types used are
Gill R2A, Gill R2, Gill HS, Campell CSAT3, and METEK USA-1. All sonics were
mounted at a height of 1.8 m in two arrays. The two arrays were 10 m apart, and spacing
between single instruments was about 1 m. The distance between sonic arrays and scin-
tillometer paths was about 30 m. In this work, only data from the Gill R2A-system are
analyzed. Figure 4.3.3 shows one array of the eddy-correlation systems, which were
placed nearly parallel to the scintillometer path. For a detailed investigation of the differ-
ent sonic types and calibrations see Christen (2000) and Christen et al. (2000).
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Furthermore, additional measurements were made with temperature and pressure sensors,
radiation instruments, and cup-anemomenters.

Figure 4.3.3: Array of sonic-anemometer-thermometers set up nearly parallel to the scin-
tillometer paths.

4.3.2 Weather conditions during the experimental period

Figure 4.3.4 shows time series of incoming shortwave radiation, mean temperature, wind
direction, and wind speed during the experimental period in San Vittore. The experimen-
tal period was dominated by nearly cloundless days with almost no precipitation. This can
be seen in the graph illustrating the incoming shortwave radiation F, measured by the
MCR-Lab University of Basel, from the evening of 13 July 1999 until the afternoon of 16
July 1999. The shortwave radiation shows nearly bell-shaped curves and reaches values
up to 1000 W/m2 at noon.

The graph illustrating mean temperature for these days shows relatively large differences
between day and night time. The temperature minimum during this period was 11oC dur-
ing night, and the maximum was 28oC during noon. This large temperature differences
cannot only be explained by the relatively clear sky, which accelerated the drop of tem-
perature during night time. By considering the wind direction, it can be seen that during
night time the wind came temporarily from the south. Therefore, cold air drainage flows
from the mountains can be assumed as one of the main reasons for this relatively large
temperature drop at these time periods. At night the valley surface flow cools and slides
down-slope under the influence of gravity (katabatic winds).
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Figure 4.3.4: Time series of incoming shortwave radiation, mean temperature, wind di-
rection, and wind speed during the experimental period in San Vittore.
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From the graphs of wind direction and speed, the typical behavior for a developing ther-
mally driven valley wind system can be assessed. Strong up-valley winds from WSW
started daily at about 13:00 UTC+1. Then the wind speed increased up to values of
5 m/s and persisted up to 18:00 UTC+1. For such up-valley wind, the fetch conditions at
the measurement site can be assumed as homogeneous. During nighttime, wind speed did
not exceed 1 m/s. The wind directions indicate that during nighttime the fetch at the site
was not always homogeneous. Atmospheric stability ranged during the experimental pe-
riod from stable through neutral to unstable, with values from 0.46 > ζ > -1.26.

4.3.3 Instrument inter-comparison: scintillometer versus scintillometer,
turbulent fluxes

From the morning of 13 July 1999 until the morning of 15 July 1999, scintillometers A
and B were set up horizontally, with parallel propagation path of length R = 60 m. Mea-
surement height of scintillometer A was z = 1.75 m, and of scintillometer B z = 1.80 m.
This set-up enables us to investigate the inter-instrument agreement. Here the comparison
of the turbulent fluxes will be presented because they are one of the most interesting pa-
rameters for atmospheric boundary layer studies; and moreover, they are the basic quan-
tities for the derivation of geodetic corrections values.

The inter-instrument comparison (scintillometer versus scintillometer) of the turbulent
fluxes of sensible heat flux H and momentum flux M is shown in Fig. 4.3.5.

Figure 4.3.5: Comparison of sensible heat flux (left panel) and momentum flux (right pan-
el) derived from scintillometers A and B, measured from 13 July 1999 until the
morning of 15 July 1999. Data are 30 min averages.

Figure 4.3.5 shows very good correspondence of the turbulent fluxes. The correlation co-
efficient for the comparison of H is = 0.997. For the comparison of M the correlationrH
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coefficient is = 0.849. The root mean square error is rmsH = 4.8 W/m2 and rmsM =
0.023 N/m2.It is seen in Figure 4.3.5 that the momentum flux seems to have a tendency
towards lower values determined by scintillometer A.

In general, the results of this instrument comparison show high inter-instrument agree-
ment for the derived turbulent fluxes. The results of the comparison of the turbulent fluxes
of the Kerzers experiment shows that the scintillometer-derived values are lower than the
sonic-derived values (Figure 4.2.9). It was not obvious from this experiment, whether this
is due to an underestimation of the turbulent fluxes by scintillometry or an overestimation
of the sonic. To investigate the accuracy of the derived fluxes, an instrument comparison
with several sonics was conducted, which is presented in the next chapter.

4.3.4 Instrument comparison: scintillometer versus sonic-anemometer,
turbulent fluxes

The derived turbulent fluxes of scintillometers A and B, which were measured from the
evening 12 July 1999 until the morning of 15 July 1999, were compared with the derived
values of the sonics.

For this comparison the sonics were run in calibrated mode, providing the three wind
components and the temperature at a frequency of 20.83 Hz. The humidity and pressure
dependence of the temperature are removed using the relationship proposed by Schotanus
et al. (1983). To the raw data time series a recusive filter was applied after McMillen
(1988). The coordinate system was rotated into the mean wind (v = 0, w = 0), after Kaimal
and Finnigan (1994). The turbulent components are determined by applying a Reynolds
decomposition.

No third rotation to force is applied, to take the complexity of the surrounding
terrain into account. Although for certain wind directions the fetch can be assumed to be
homogeneous, it is not obvious whether the flowlines are two dimensional and axial sym-
metric about the mean wind (Kaimal, 1988). Therefore, the friction velocity u* is derived
for the sonic measurements by:

(4.5)

Note that this formula differs from the one given in Equation 2.11, which implies a turbu-
lence structure which is symmetric about the mean wind vector.

Figure 4.3.6 presents the time series of the sensible heat flux H during the measurement
period from the evening of 12 July until the morning of 15 July 1999. The upper graph
shows 30 min averages of sensible heat flux, derived by the two displaced-beam scintil-
lometers; the lower graph the same, derived by five Gill R2A sonics. The solid line pre-
sents the mean values.

rM

vw 0=

u* uw( )2 vw( )2+4= .
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Figure 4.3.6: Time series of sensible heat flux derived by two scintillometers (upper
graph) and 5 sonics (lower graph). Data for all fetch conditions are presented.
The solid line represents the mean values. Data are 30 min averages.

Both data-sets shows the same order of values for the sensible heat flux and their typical
behavior during nearly cloudless days: After sunrise the sensible heat fluxes increased
with the incoming solar radiation until the valley wind system developed at about 13:00
UTC+1. The development of larger wind velocities at 13:00 UTC+1 led to a stronger mix-
ing, with the result that the sensible heat flux decreased. At sunset a sudden drop to neg-
ative values of the sensible heat flux can be recognized, when cold air drainage flows from
the surrounding mountains. At about 21:30 UTC+1, when temperature differences be-
tween air and soil became smaller, H switched between negative and positive values
around zero. With regard to the inter-instrument agreement of the R2A sonics, it can be
seen that the values from the sonics had, for certain periods differences of some tens of
[W/m2]. This may be caused to some extent by flow distortion and statistical scatter,
which is not seen in the scintillometer data set. This shows an advantage of the scintilla-
tion technique, which is generally not very sensitive to turbulence in the immediate vicin-
ity of the transmitter or receiver. Thus measurements can be made with minimum
disruption by the instrument.
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Figure 4.3.7 shows a comparison of mean sensible heat flux derived from the two scintil-
lometers versus mean values derived by the five sonics for homogeneous fetch conditions.
With the classification for the stabilities in Table 2.1, Figure 4.3.7 shows one plot for val-
ues measured under unstable and stable conditions and one plot for values measured under
near-neutral conditions.

It is seen, that the correspondence of H is very good for unstable and stable conditions,
with a correlation coefficient . The correspondence for near-neutral cases is
slightly weaker, with a correlation coefficient of . Especially for very small
values of the sensible heat flux, relatively large differences of H values can be recognized.
The uncertainty of the sonic measurements for lower values of H with large relative dif-
ferences can be seen from Figure 4.3.6 during the night from 14 July to 15 July 1999. For
unstable and stable stratification, it is seen in Figure 4.3.7 that the sonic-derived values of
H tend to be larger than the scintillometer-derived values. For near-neutral stratification
this is not the case.

Figure 4.3.7: Comparison of mean sensible heat flux, scintillometer versus sonic measure-
ments for homogeneous fetch conditions.

Figure 4.3.8 shows the same time series as 4.3.6, but for the turbulent momentum flux M.
The upper graph shows 30 min averages of momentum flux derived by the two displaced-
beam scintillometers; the lower graph, mean M values derived by five Gill R2A sonics.
Both data-sets show an increase in momentum flux M with an increase in shear produc-
tion, which can be implied from the time series of wind, shown in Figure 4.3.4. When the
valley wind system developed at about 13:00 UTC+1 with large wind velocities, the mo-
mentum flux reaches maximum values. Maximum values are about -0.3 N/m2, derived
from the sonic measurements, and about -0.2 N/m2, derived from scintillometry. More-
over, it is seen that during night, with calm wind conditions where values of the wind
speed are less than 1 m/s, the derived values of M are also very low, less than -0.1 N/m2.

rH 0.93=
rH 0.88=
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Figure 4.3.8: Time series of momentum flux, derived by two scintillometers (upper graph)
and 5 sonics (lower graph). Data for all fetch conditions are presented. The solid
line represents the mean values. Data are 30 min averages.

For homogeneous fetch conditions, Figure 4.3.9 shows the comparison of the mean tur-
bulent momentum flux derived from two scintillometers versus the mean of five sonics.
The plot for M values measured under unstable and stable conditions (left panel) shows
high correspondence. The correlation coefficient is .

The correlation of the M values measured under near-neutral conditions (right panel) is
weaker, with a correlation coefficient of . It can be seen that the scintillome-
ters determine under near-neutral conditions lower maximum values of M and, for certain
conditions, very low values, around zero, while the values of M derived by the sonics still
reach values up to -0.1 N/m2. A reason for this underestimation might be that the turbu-
lence structure under near-neutral conditions is not always locally isotropic. To investi-
gate whether the turbulence characteristics can be assumed to be isotropic, the velocity
spectra were analyzed.

rM 0.92=

rM 0.86=
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Figure 4.3.9: Comparison of mean momentum flux, scintillometer versus sonic measure-
ments for homogeneous fetch conditions.

The spectra and cospectra of the velocity components, which were measured by the five
Gill-R2A sonics, were computed using the Fast-Fourier-Transformation (FFT) technique.
The individual half hour spectra of the sonics are calculated for each velocity component.
The analysis of velocity spectra is based on the idea of Kolmogorov’s energy cascade, as
described in Chapters 2 and 3. After Kolmogorov, the one dimensional velocity compo-
nent spectral density F(k) in the inertial subrange is given by:

(4.6)

where k is the wave number in the mean wind direction, α1 is the Kolmogorov constant,
and ε is the rate of dissipation of turbulent kinetic energy.

Equation 4.6 is the so-called -5/3 power law for the inertial subrange. Spectra are consis-
tent with Kolmogorov’s law in the inertial subrange when turbulence shows local isotropy
in this spectral range, whereby local refers in this context to wave number space in the
inertial subrange and not to physical space. Local isotropy implies that the velocity is in-
dependent of translation, rotation, and reflection of the spatial axes. The -5/3 power low
is one of three conditions which have to be satisfied for local isotropy. Beside this, if local
isotropy exists in the inertial subrange, the relationship among the u, v, and w spectra is
given by (e.g. Kaimal and Finnigan, 1994):

(4.7)

A third consequence of local isotropy is the fact that all correlations between velocity

F k( ) α1ε2 3/ k 5 3/–= ,

Fv k( ) Fw k( ) 4

3
---Fu k( )= = .
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components vanish. Panofsky and Dutton (1984, p. 180) states that as long as the 4/3 ratio
between the spectra is given all other conditions for the inertial range are also satisfied.

By invoking Taylors hypothesis, the spatial scales, can be converted into frequency scales
by:

(4.8)

where f is the cyclic frequency and  the mean wind speed.

On multiplying Equation 4.6 with k and by converting spatial scales to frequency scales,
we can express Equation 4.6 as the frequency spectrum S(f):

(4.9)

By using the dimensionless frequency n, which is given by:

(4.10)

Equation 4.9 can also be expressed in the form:

(4.11)

or in surface layer scales:

(4.12)

Assuming Taylor’s hypothesis, n can be interpreted as the ratio of height z to wave length
λ in the mean wind direction. The quantity φε represents the non-dimensional dissipation
rate of turbulent kinetic energy, given in Equation 2.19.

For the constants we use for the u-spectrum the von Kármán constant = 0.4, as already
initiated in the formulae of the previous chapters, and the Kolmogorov constant α1 = 0.55.
From Equation 4.12, it can be seen that there is an implicit relationship between the Kol-
mogorov constant α1 and the von Kármán constant that dictates the value of one when
the other is known. As shown by Kaimal and Finnigan (1994), the value of the von
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Kármán constant = 0.4 entails the value of α1 = 0.55. Here they assumed that the non-
dimensional dissipation rate of turbulent kinetic energy is one under neutral conditions
and the term under neutral conditions is known from the Kansas data-set and
has the value 0.12 at the non-dimensional frequency n = 4. With these assumptions they
obtain the relation .

Although these two constants were experimentally determined in many studies during the
last decades (e.g. Högström, 1990), uncertainty still exists about the values. The values
for α1 of the u-spectrum ranges in the literature from α1 = 0.36 up to α1 = 0.65 (Van Atta
and Chen, 1968 and Oncley et al., 1995, respectively). This entails also different values
for given in the literature. Earlier studies reported lower values of the Kolmogorov con-
stant, e.g. Wyngaard and Coté (1971) or Champagne et al. (1977) with α1 = 0.5 and α1 =
0.46, respectively. Oncley et.al. (1995, 1996) derived higher values for α1 from wind tun-
nel studies and the FLAT (Full Look At TKE) experiment in the range of α1 = 0.55-0.65.
Frenzen and Vogel (2001) reported that the values for α1 from the FLAT experiment are
scattered, and differ in unstable and stable conditions, so details as to the dependence of
α1 are still not clear. The results of α1 of Högström (1990) show that no systematic de-
pendence of α1 on stability or height above the ground can be recognized.

The constant factor = C in Equation 4.12 must be 4/3 times that for the lon-
gitudinal component u for the lateral and vertical velocity components (v and w) in order
to match Equation 4.7. With the values α1 = 0.55 and = 0.4 for the u-spectrum, we
obtain for the constant factor C = 0.3 for the u-spectrum and C = 0.4 for the w- and v-spec-
tra.

Figure 4.3.10: Example of four individual half hour u- spectra as functions of the non-di-
mensional frequency n. In the inertial subrange a -2/3-slope can be found. At the
very high frequency end of the spectra, i.e. at n > 2 the data deviate from the

              -2/3-slope, which is probably due to the effect of sensor line averaging.

If the normalized one-dimensional spectrum is plotted on a log-log scale it collapse to a
single straight line in the inertial subrange with a -2/3-slope. Figure 4.3.10 gives an exam-
ple of the relative behavior of four individual spectra for the horizontal wind component
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(u-spectrum), when local isotropy is approximately reached in the inertial subrange.
These spectra are measured under weakly unstable conditions , on 13 July
1999.

It can be seen in Figure 4.3.10 that the individual half hour spectra show close adherence
to the expected -2/3-slope in the inertial subrange. At very high-frequency end of the spec-
tra, i.e. at n > 2, the data seam to deviate from the -2/3 slope. This is probably due to the
low set up height of the sonics and a effect of sensor line averaging.

When the small scale eddies show local isotropy the turbulence is no longer dependent on
its original geometry. The relationship among the w- and u-spectra (or v- and u-spectra,
respectively) then implies the 4/3 ratio. Figure 4.3.11 shows for each stability range (sta-
ble, near-neutral, unstable) an example for the ratios of the spectral density of the w- and
the u-component Sw/Su as a function of the non-dimensional frequency n. The ratios in
Figure 4.3.11 systematically increase with increasing frequency and reach a value of 4/3
for approximately n = 2. Spectra which ratios reaches approximately the value 4/3 are de-
fined in the following as local isotrop spectra. It turns out, that under unstable and near-
neutral stability, spectra often show local isotropy during the San Vittore experiment.
During this stability, westerly and easterly winds, which result in a more homogeneous
fetch, prevailed. But only a few spectra show the 4/3 ratio under stable conditions due to
southerly and northerly prevailing winds, which result in non-homogeneous fetch condi-
tions. Moreover, when the stratification become more stable the spectra move to higher
non-dimensional frequencies. At such higher order frequencies an onset of spectral dis-
tortion can occure, so that it is not possible anymore to determine the inertial subrange and
to decide whether the spectra show local isotropy.

Figure 4.3.11: Ratio between spectral density of transverse and longitudinal velocity com-
ponents Sw/Su as a function of the non-dimensional frequency n, for different at-
mospheric stabilities. The dashed line is the 4/3 ratio, which is required for local
isotropy.

Figure 4.3.12 gives an example of the individual sonic spectrum ratios Sw/Su, during one
half hour (12:00-12:30 UTC+1, 13 June 1999), measured by five sonics. The data set of

ζ 0.08–=
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this specific half hour is the same as presented in Figure 4.3.10. Data from 4 sonics are
accepted for further analysis, and one spectrum is rejected. A reason why not all sonic
spectra show the same behavior might be due to flow distortion effects of the set-up. For
each half hour, mean values are determined from the spectra of five sonics at most, if no
sonic had to be excluded. The behavior of all spectra measured by the 18 sonics are pre-
sented in the study of Christen (2000).

Figure 4.3.12 Example of the individual sonic spectrum ratios Sw/Su during one half hour
(12:00-12:30 UTC+1, 13 June 1999), measured by all five sonics. For that spe-
cific half hour 4 sonic ratios are accepted for further analysis, and one spectrum
(symbol: diamond) is rejected.

Table 4.1 summarizes the number of individual spectra used, that show approximately lo-
cal isotropy and the resulting number of mean half-hour spectra for each atmospheric sta-
bility.

Table 4.1: Number of spectra which show approximately local isotropy during the mea-
surements period in San Vittore, that were used in the analysis.

Figure 4.3.13 displays the non-dimensional frequency n at which the mean ratios of the
vertical and longitudinal spectra Sw/Su reach approximately 4/3.

atmospheric
stability

stability range
number of used

individual half hour
spectra

resulting mean half
hour values from

used spectra

near-neutral -0.05<z/L<0.05 55 22

stable z/L>0.05 13 7

unstable z/L<-0.05 24 17
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Although all sonics used for this study are of the same type, and although the fetch con-
ditions for each sonic can be assumed to be nearly equal, it can be seen form the example
in Figures 4.3.12 that the individual spectrum of each sonic yield quite different results.
The mean value of the Sw/Su-ratio for each half hour shows only little variation as seen
in Figure 4.3.13. Mean Sw/Su of 5 sonics at most have a value of 1.31 (standard
derivation), which is in excellent agreement with the local isotropy prediction of 4/3.

Figure 4.3.13: Mean (5 sonics at most) half hour values for Sw/Su as a function of non-
dimensional frequency n.

Figures 4.3.14 and 4.3.15 show the same comparison of the turbulent fluxes like Figures
4.3.7 and 4.3.9, respectively, but for homogeneous fetch conditions and turbulence char-
acteristics which show approximately local isotropy.

The comparisons of turbulent fluxes for cases with homogeneous fetch conditions and lo-
cally isotropic turbulence characteristics show similar results as those presented in Fig-
ures 4.3.7 and 4.3.9. The correspondence of this comparison for the sensible heat fluxes
derived by sonic and scintillometer does not show significantly better results. Even the
correlation coefficient is slightly smaller, which might be an effect of fewer data points.
The correlation coefficient of the turbulent sensible heat flux for stable and unstable strat-
ification is , and the root mean square error rmseH = 31.24 W/m2; and for near-
neutral stratification,  and rmseH = 14.6 W/m2.

Note, that under near-neutral conditions, the comparison for the momentum flux shows
no such underestimation by the scintillometer for small values of M, as it was seen in Fig-
ure 4.3.9. This implies that the optically derived momentum flux is more sensitive to the
requirement for isotropic turbulence, than is the turbulent sensible heat flux. The correla-
tion coefficient for the comparison of the turbulent momentum flux for stable and unstable
stratification is and the rmseM = 0.01 N/m2; and for near-neutral cases,

 and rmseM = 0.07 N/m2.

0.036±

rH 0.87=
rH 0.93=

rM 0.94=
rM 0.75=
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Figure 4.3.14: Comparison of mean sensible heat flux, scintillometer versus sonic mea-
surements, for homogeneous fetch conditions and turbulence characteristics
which show local isotropy.

Figure 4.3.15: Comparison of mean momentum flux, scintillometer versus sonic measure-
ments, for homogeneous fetch conditions and turbulence characteristics which
show local isotropy.

In summary, it can be concluded from the inter-instrument comparison and the compari-
son of different sensor types that the values of the turbulent sensible heat flux shows a
high correspondence, for isotropic turbulence as well as for homogeneous fetch condi-
tions, where the turbulence characteristics was not always isotropic for all atmospheric
stabilities.

The inter-instrument comparisons of values of the momentum flux shows relatively good
results, but it seems that M values derived by scintillometer A tend to be smaller values
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than M values from scintillometer B. Taking also the results of the comparison of M val-
ues between different sensor types into account, as expressed in Figure 4.3.15, it can be
stated that the derived momentum fluxes of scintillometer A are slightly too small in com-
parison to M values of scintillometer B and the mean values of the sonics.

During the Kerzers experiment, scintillometer A was used. Therefore, this underestima-
tion of M values might have been already seen in the comparison of M values (scintillom-
eter versus sonic) in Figure 4.2.9. The general underestimation of H values by
scintillometry which was observed in the Kerzers experiment (Figure 4.2.9) is not verified
by this data set in San Vittore. The results of Figure 4.2.9 might therefore to some extent
be due to sonic instrumental uncertainty in the sonic measurements during the Kerzers ex-
periment.

The comparison for M values for homogeneous fetch conditions (mean scintillometer ver-
sus mean sonics) in San Vittore is relatively good for all atmospheric stabilities but shows
better results for homogeneous fetch conditions where the turbulence was presumably
isotropic. This difference was not recognized in the comparison of the sensible heat flux.
Under near-neutral cases it seems that the values of the turbulent momentum flux show a
tendency to be underestimated by the scintillometer measurements. Because the turbulent
momentum flux in the scintillometer algorithm is strongly dependent on the accuracy of
the derived dissipation rate of turbulent kinetic energy ε, the accuracy of ε will be inves-
tigated next for isotropic turbulence.

4.3.5 Instrument comparison: scintillometer versus sonic-anemometer,
dissipation rate of turbulent kinetic energy

In this chapter it is investigated whether the slight underestimation for large values of the
turbulent momentum flux under near-neutral conditions derived by the scintillometers is
due to the optically imprecise determination of the dissipation rate of turbulent kinetic en-
ergy ε. Actually, the accuracy of most derived turbulence parameters by scintillometry de-
pends on the precision of the dissipation rate ε, as can be seen from the flow chart in
Figure 3.3.1. Therefore, the accuracy of the optically derived dissipation rate of turbulent
kinetic energy will be investigated next by comparing it to the values derived from the
sonic measurements.

The dissipation rate of turbulent kinetic energy can be determined from the surface layer
velocity spectra. The dissipation rate of turbulent kinetic energy ε can be estimated from
the inertial range of the one-dimensional velocity spectra, i.e. from the u-, w- or v-spectra.
The relation between spectra and ε is given in Equation 4.6 - 4.12 for cases where the
spectra show local isotropy.

As described in the previous section, the spectra of five sonics, which were determined
from the San Vittore data-set, were analyzed for local isotropy. From the spectra which
show approximately local isotropy, the values of ε are determined twice for each half
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hour: on the one hand from the u- spectrum and one the other hand from the w- spectrum
at the frequency where the Sw/Su ratio reaches approximately 4/3 (Figure 4.3.13).
Figure 4.3.16 compares the ε values derived from the longitudinal velocity spectra (u-

component) and the ε values derived from the vertical velocity spectra (w-component) of
the sonic measurements during the period 13 July 1999 until the morning of 15 July 1999.

Figure 4.3.16: Comparison of mean dissipation rate of turbulent kinetic energy derived
from spectra for the longitudinal and the vertical velocity components. Values
are 30 min averages.

It can be seen that there is minimal scatter between the values derived from the different
velocity components. The determination of ε from the sonic measurements therefore al-
lows for a comparison of ε derived by the scintillometry for the experiment in San Vittore.

For this comparison ε is determined for the same time period from the scintillometer data-
set, with Equation 3.14. It can be seen from Equation 3.14 that ε is determined directly
from the inner scale of turbulence l0, without applying MOST.

Figure 4.3.17 compares the mean values of dissipation rate of turbulent kinetic energy ε
derived from the sonics and ε values derived by the scintillometer. The left panel shows
the comparison of ε measured under unstable and stable stratification; the right panel
shows the comparison for values of ε measured under near-neutral stratification.

During this experimental period, the largest ε values were reached under near-neutral con-
ditions. Maximum values of ε under unstable conditions were generally smaller. Under
stable conditions, where turbulence can be suppressed by buoyancy so strongly that it be-
comes nearly intermittent, it is recognized that the dissipation rate tends to vanish. There-
fore, in Figure 4.3.17 the comparison is split up in two panels with different axis-scales.
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The left panel of Figure 4.3.17 shows that a high correspondence of the respective values
of ε measured by both systems under unstable and stable conditions is obtained. Both in-
strument systems yield the same order of magnitude of ε with a root mean square error of
rmseε = 0.0043 m2/s3 for unstable conditions and a correlation coefficient of .
The values of ε under stable conditions are very small and tend to zero. Besides this, as
mentioned above, only a few values of ε could be determined during this experimental pe-
riod by the sonics. Therefore, this comparison can actually not statistically be quantified.
What can be stated from this comparison of ε under stable conditions is that the correspon-
dence of the of ε values is good, with a tendency to larger values of ε derived by scintil-
lometry, with a rmseε = 0.001 m2/s3.

The right panel of Figure 4.3.17 shows the comparison of ε values derived under near-
neutral conditions. A good correspondence is seen, except for three very large values of
sonic ε, where lower ε values by scintillometry are derived. The correlation coefficient
for the comparison of ε under near-neutral conditions is ; the rmseε = 0.029
m2/s3.

The main result of the comparison in Figure 4.3.17 is that the accuracy of the dissipation
rate of turbulent kinetic energy is very good for all atmospheric conditions, except for
three half hours values of ε in near-neutral conditions. The tendency to underestimate ε
by the scintillometer under near-neutral conditions as was seen for M values in the previ-
ous section in Figure 4.3.15, cannot be totally explained by this result. This fact will be
examined in the following in more detail.

Figure 4.3.17: Comparison of mean values of dissipation rate of turbulent kinetic energy
(scintillometers versus sonics). Left panel shows the comparison for unstable
and stable conditions; right panel, for near-neutral conditions. Data are 30 min
averages. Note: Different axes-scales of each scatter plot.

It is investigated next whether the underestimation of large ε values by scintillometry is
due to a theoretically inaccurate determination of l0 under certain atmospheric condi-

rε 0.84=

rε 0.71=
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tions. Due to the fact that the dissipation rate of turbulent kinetic energy is inversely
related to the inner scale of turbulence, one reason for the underestimation of large val-
ues of ε might be due to an overestimation of small values of the inner scale of turbu-
lence, as can be seen from Equation 3.14. Figure 4.3.18 shows the comparison for the
mean values of the inner scale of turbulence derived by sonics and scintillometers.

Figure 4.3.18: Comparison of inner scale of turbulence (average of 2 scintillometers ver-
sus average of 5 sonics at most) for different stratification. Values are 30 min av-
erages.

Figure 4.3.18 indicates the orders of magnitudes of the inner scale for different atmo-
spheric conditions. It can be seen that under near-neutral conditions the inner scale reach-
es, in general, values of less than 5 mm. The root mean square error for this comparison
under near-neutral cases is less than a millimeter with rmselo = 0.77 mm. Relative devia-
tions of some tenths of millimeters of l0, which might result from rounding errors, can re-
sult under near-neutral conditions in large absolute errors of ε. This might be the reason
for the underestimation of larger values of ε in Figure 4.3.17. However, the comparison
of the values of inner scale derived by scintillometers and sonics shows a very good cor-
respondence between the two.

The good results in Figure 4.3.18 confirm also the underlying theoretical refractive index
spectrum which is used in the scintillometer algorithm. The inner scale of turbulence l0 is
determined from the scintillation of the two laser beams by using a theoretical spectrum
of the refractive index fluctuations . The spectrum of Hill is used, which is described
in detail in Chapter 2.2. With the l0 values, derived from the sonic spectra, the theoretical
relation of the scintillation index to the inner scale of turbulence and its underlying refrac-
tive index spectrum can be verified, which is shown in Figure 4.3.19. Figure 4.3.19 shows
the normalized irradiance variance σi

2 (spherical wave), plotted as theoretical function of
scaled Fresnel zone (solid curve). The plot also shows scintillometer measurements of σi

2

plotted versus Fresnel zone scaled with l0 values derived by sonic measurements (sym-
bols).

Φn
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This figure shows that the values of , derived from the sonics, confirm the the-
oretical relation which is used in the scintillometer algorithm. Moreover, from Figure
4.3.19 it can be seen that the linearly increasing part of the normalized scintillation index
is the region which occurs for values of l0 in the atmospheric surface layer.

Figure 4.3.19: Normalized irradiance variance σi
2 plotted as a function of the ratio of

Fresnel zone to inner scale (solid line), with l0 derived by sonic measurement
(symbols).

To investigate the question which arose from the comparison of M, i.e. the reasons for the
underestimation of large M values (Figure 4.3.15) under near-neutral conditions, the non-
dimensional dissipation rate of turbulent kinetic energy will be investigated next.

Figure 4.3.20 presents a plot of the dimensionless dissipation rate φε, calculated from the
sonic measurements, as a function of stability. The different symbols represent values de-
rived from different components of the surface layer spectra and are given in the plot. The
solid line represents the semi-empirical function of Thiermann (1990), which is used
in the scintillation algorithm and is given in Equations 3.18 and 3.19. The dashed line rep-
resents the semi-empirical functions derived by Wyngaard and Coté (1971) from the
Kansas data-set. For this study the functions of Wyngaard and Coté are modified for
a von Kármán constant of 0.4, rather than 0.35, which are given by:

(4.13)

(4.14)

λR( ) l0⁄

φε

φε
φε

φε 1 0.46 ζ–( )2 3/+( )3 2/= , ζ 0≤

φε 1 2.3ζ3 5/+( )3 2/= . ζ 0≥
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Figure 4.3.20 shows that the values of the normalized dissipation rate of turbulent kinetic
energy derived from the sonic measurements, in general, confirm to the shape of the semi-
empirical function of Thiermann (1990) which is used in the scintillometer algorithm.
The sonic data of show that the minimum of is not reached at , as was ob-
tained, for example, from the Kansas data-set by Wyngaard and Coté (19751). Rather
reaches its minimum at slightly negative values of , which was already shown by Len-
schow (1974) and is seen in measurements by Frenzen and Vogel (2001). However, it is
seen that the correspondence of the non-dimensional dissipation rate of turbulent kinetic
energy as a function of stability to the semi-empirical function used in the scintillometer
algorithm is worse than the correspondence of the dimensional dissipation rate. It is ob-
vious from Figure 4.3.20 that under near-neutral conditions, the values derived from
the sonic measurements show a tendency to values smaller than one.

Figure 4.3.20: Normalized dissipation rate of turbulent kinetic energy as function of sta-
bility. The solid line is the semi-empirical function of Thiermann (1990), used in
the scintillometer algorithm and given in Equation 3.18 and 3.19. The dashed
line is the semi-empirical function of Wyngaard and Coté (1971), modified for
k’ = 0.4. Dots and crosses are mean values derived from u- and w-spectra, respec-
tively, from the sonic measurements.

The classical theory predicts for the turbulent kinetic energy budget, given in Equation
2.17, that under neutral conditions with the assumption the turbulent transport term and
the pressure term are zero, and a local balance between shear production , and dis-
sipation is achieved. This implies a values of under neutral conditions. The semi-
empirical function used in the scintillation algorithm follows this assumption of

under neutral conditions. If this assumption of the classical theory is not fulfilled
and the value of is too large, this results in an underestimation of M as derived by
the scintillometry.

φε
φε φε ζ 0=

φε
ζ

φε

φM ζ–
φε 1=

φε
φε 1=

φε 1=
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One reason for these lower values of , derived by the sonics under near-neutral condi-
tions, might be that during this observation period a dissipation deficit occurred, as it was
also found by Frenzen and Vogel (1992, 2001), Oncley et al. (1996), and Edson and Fair-
all (1997). A deficit in dissipation in the surface layer results when the turbulence is gen-
erated in layers near the surface more rapidly than it dissipates in the same region. The
atmospheric dissipation primarily takes place at scales of a few millimeters, and therefore
much of the TKE produced near the surface must be transferred down through the succes-
sively smaller scales of the energy cascade before it can locally dissipate. Frenzen and Vo-
gel (2001) assumed that a dissipation deficit might appear when this transport process
becomes saturated in regions of active production and therefore not all turbulent kinetic
energy dissipates locally. Energy is transferred upward to less productive regions where
it can eventually dissipate. Because not all components of the turbulent kinetic energy bal-
ance could be determined from the experimental set-up in San Vittore, this possible rea-
son cannot further be investigated.

Another reason for the low values of at might be that is scaled with and
therefore an imprecise determination of by the sonics results in a displacement of
along the axis, which is also scaled by . Christen et al. (2000) found a high inter-
instrument uncertainty in  values especially for the R2-sonics.

Despite the uncertainty in the reasons for the difference in values of derived by the two
systems, the results of this experiment show that, in general, the dissipation rate of turbu-
lent kinetic energy and the inner scale of turbulence are derived with very good accuracy
from the scintillation measurements. This verifies the underlying theoretical framework
of wave propagation in the turbulent atmosphere with the theoretical refractive index
spectrum of Hill, which is used in the scintillation algorithm. Therefore, the accuracy of
further optically derived turbulence parameters is mainly dependent on the compliance of
the assumptions of the Monin-Obukhov theory. But it seems that, even when the dimen-
sionless turbulent kinetic energy dissipation rate under neutral conditions, does not clearly
reach the value one, as it is assumed in the MOST, the derived turbulent sensible heat and
momentum fluxes are only slightly impaired under these set-up conditions, as seen in Fig-
ure 4.3.14 and 4.3.15.

4.3.6 Instrument comparison: scintillometer inclined set-up versus
sonic anemometer, turbulent fluxes

From the morning of 15 July 1999 through the morning of 16 July, one scintillometer
was set up with an inclined propagation path, schematically illustrated in Figure 4.3.21.
The height of the transmitter was 1.35 m and of the receiver 2.15 m. This results in a
mean height of about 1.75 m. Other than this change, the set-up remained the same as
described in the previous section for the period from the evening of 12 July 1999 until
the morning of 15 July. That is, the scintillometer path was 60 m and nearly parallel to
the two arrays of sonic anemometers of height 1.8 m.

φε

φε ζ 0= ε u*
3

u* φε
ζ u*

u*

φε
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Figure 4.3.21: Schematical set-up of the scintillometer with an inclined optical propaga-
tion path of approximately R = 60 m and mean height of z = 1.75 m.

The goal of the experiment with the inclined laser propagation path is to test the scintilla-
tion technique for non-ideal conditions. The results are useful for interpreting and verify-
ing data from experiments under uneven conditions, for example, over non-flat terrain
where a mean measuring height must be determined.

During this experiment a comparison was made between the mean turbulent fluxes from
the 5 sonics and from the scintillometer. Figure 4.3.22 shows the times series for the tur-
bulent sensible heat flux, measured by the scintillometer with the inclined path (dashed
line), and mean values of H measured by the 5 sonics, for all fetches and under all atmo-
spheric conditions.

Figure 4.3.22: Time series of turbulent sensible heat flux. The solid line represents mean
values of H measured by the 5 sonics, the dashed line denotes the values deter-
mined from the scintillometer with the inclined path. Data are 30 min averages.

Figure 4.3.22 shows good correspondence of the time series measured by the different
sensors. But for certain time periods, the H values derived by the scintillometer differ
from those derived by the sonics; e.g. in the period 15:30-17:00 UTC+1 on 15 July 1999,
larger H values are derived by scintillometry. One reason might be the uncertainties of
the derived sonic values, which can be assessed from the Figure 4.3.23. This shows the

1.35 m                                    2.15 m
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time series of H values derived from each sonic and the mean values of these five sonics.
Here a large scatter, on the order of tens of W/m2, of H values around its mean value can
be seen, in particular during the periods when the differences between the H values
occur. During night a smoother shape of the scintillometer time series can be recognized.
To some extend the scatter in the H values of the sonic might probably indicates differ-
ences in the fetch conditions of each sonic, although they are set up very close to each
other.

Figure 4.3.23: Time series of sensible heat flux derived by five sonics and its mean val-
ues. Data are 30 min averages.

Under these set-up conditions, with a flat underlying terrain, it can be concluded that an
inclined scintillometer propagation path does not impair the accuracy of the turbulent
sensible heat flux derived by scintillometry for all fetch conditions and stabilities.

Figure 4.3.24 shows the time series of turbulent momentum flux, measured by the scintil-
lometer with inclined set-up and mean values of M measured by the 5 sonics, for all
fetches and atmospheric conditions. In Figure 4.3.25 the time series of M derived by the
5 sonics and its mean value are presented. Figure 4.3.24 shows good correspondence of
the time series of M measured by the different sensors. During day time on 15 July 1999,
a surprisingly high correspondence between M values of both sensor types can be seen,
considering the large scatter of sonic M values around their mean (Figure 4.3.25). During
night a generally smoother curve for the scintillometer time series can be recognized. For
certain periods, the mean M values derived by the sonics show larger values. One reason
for this difference at relatively small momentum flux values might be the uncertainty in
the measurements of u* by the Gill R2 sonics, which was already mentioned in the previ-
ous section. This uncertainly occurs especially under calm wind (below 0.2 m/s) condi-
tions, as reported by Christen et al. (2000). However, as for the turbulent sensible heat
flux, it can be concluded that an inclined scintillometer propagation path does also not
impair the accuracy of the turbulent momentum flux derived by scintillometry for all
fetch conditions and stabilities.
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Figure 4.3.24: Time series of turbulent momentum flux. The solid line presents mean val-
ues of M measured by the 5 sonics; the dashed line denotes the values of M
determined from the scintillometer with the inclined path. Data are 30 min aver-
ages.

Figure 4.3.25: Time series of turbulent momentum flux derived by five sonics and the
resulting mean values. Data are 30 min averages.

To summarize the results of this section, Figures 4.3.22 and 4.3.24 show that, in general,
the inclined scintillometer set-up does not impair the accuracy of both determined turbu-
lent fluxes. The correspondence of the turbulent fluxes between sonics and scintillometer
is as good as was seen in Section 4.3.4, where the scintillometer was set-up with a hori-
zontal propagation path. Only for certain periods were differences between the values
derived by sonic and scintillometer recognized. But the uncertainties of the sonic mea-
surements seems to be large, as seen from the large scatter of the turbulent fluxes around
their mean values. This might be due to the non-isotropic turbulence characteristic. To
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avoid the problem that the sonics, which act in this study as a reference, have large
uncertainties due to non-ideal conditions, the same comparison of turbulent fluxes under
ideal turbulence conditions are made and presented in Figure 4.3.26.

The scatter plot on the left hand side of Figure 4.3.26 shows the comparison of mean tur-
bulent sensible heat flux values of the 5 sonics and the scintillometer under ideal condi-
tions, i.e. under conditions with homogeneous fetch and isotropic turbulence. The scatter
plot on the right hand side of Figure 4.3.26 shows the same comparison for the turbulent
momentum flux. Under such ideal conditions, a very good correspondence is seen, with a
very low root mean square error for the turbulent momentum flux of rmseM = 0.02 N/m2

and for the turbulent sensible heat flux of rmseH =16.02 W/m2. The relatively larger
rmseH is mainly due to two half-hour values of H which are overestimated by the scintil-
lometer. Table 4.2 summarized the statistical measures of the turbulent fluxes for all
experiments during the San Vittore instrument comparison.

Figure 4.3.26: Comparison of turbulent fluxes derived by the scintillometer with inclined
path and mean values derived by the five sonics for homogeneous fetch condi-
tions. The left panel shows the comparison for the turbulent sensible heat flux;
the right panel, for the turbulent momentum flux. Data are 30 min averages.

It can be summarized from this comparison of turbulent fluxes (scintillometer with in-
clined path and mean of 5 sonics) that, for all fetch and atmospheric conditions, a very
good correspondence is obtained. Therefore, it can be concluded that the necessity of us-
ing an average height for a non-horizontal scintillometer propagation path hardly affects
the accuracy of the fluxes for set-up conditions similar to those given in the experiment.
Moreover, this experiment shows that the line averaged values derived by one single scin-
tillometer represent well the mean values which are derived by averaging values of five
sonics, whereas the uncertainty in the absolute value of a single sonic can be quite large.
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Table 4.2: Comparison of statistical measure turbulent fluxes

Experiment fbH
rmseH
W/m2

rH fbM
rmseM
N/m2

rM

scintillometer - scintillometer

 all fetch conditions

 all atmospheric stabilities

0.09 4.8 0.99 0.17 0.02 0.85

2 scintillometers - 5 sonics

homogeneous fetch

unstable and stable

1.46 20.74 0.93 0.39 0.28 0.92

2 scintillometers - 5 sonics

homogeneous fetch

near-neutral

2.71 10.91 0.88 0.86 0.05 0.86

2 scintillometers - 5 sonics

isotropic turbulence conditions

unstable and stable

4.67 31.24 0.87 0.09 0.01 0.94

2 scintillometers - 5 sonics

isotropic turbulence conditions

near-neutral

0.86 14.61 0.93 0.33 0.07 0.75

scintillometer inclined - 5 son-

ics, all fetch conditions

all stabilities

0.09 15.6 0.87 0.01 0.02 0.96

scintillometer inclined - 5 son-

ics, isotropic turbulence

all stabilities and fetch condit.

0.08 18.57 0.83 0.01 0.01 0.98
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4.4 MAP-Riviera field experiment

The Mesoscale Alpine Programme (MAP) was conducted to investigate the atmospheric
structure over complex topography. The primary scientific objects are to improve the un-
derstanding of moisture processes over and in the vicinity of complex terrain; to improve
the understanding of the three-dimensional atmospheric structures and processes, like
Foehn-related phenomena and gravity waves; and to provide data-sets for the validation
and improvement of high-resolution numerical weather prediction, hydrological, and cou-
pled models in mountainous terrain. During the Special Observation Period (SOP) of
MAP, boundary layer processes were investigated in the scope of the MAP-Riviera
Project. Besides the ETHZ, other institutes are involved in the MAP-Riviera Project,
namely: the University of Basel in Switzerland, the University of British Columbia in Ca-
nanda, and the European Research Council in Ispra, Italy.

The main goal of the MAP-Riviera Project is to study the turbulence structure and turbu-
lent exchange processes in an alpine valley because very little is known concerning the
turbulence structure and its processes in mountainous terrain (Rotach et al., 2000). To in-
vestigate the atmospheric boundary layer over mountainous terrain, one valley was
probed in as much spatial and temporal detail as possible. Chapter 4.4.1 gives an overview
of the sites and instrumentation of this project. This project allows us to investigate the
scintillation method in such complex terrain. We will mainly focus on this sub-project in
the following. In Chapter 4.4.2 the weather conditions during the special observation pe-
riods are briefly summarized. In the following Chapters 4.4.3 - 4.4.4, the analysis and re-
sults of the scintillometry measurements during the MAP-Riviera Project are discussed.

4.4.1 Sites and instrumentation

The MAP-Riviera experiment was conducted from August to October 1999 in the Riviera
Valley in southern Switzerland. The Riviera Valley is part of the Ticino Valley and has
an overall length of approximately 20 km and is about 2000 m deep. The valley has a u-
shaped form; the area orography is presented in Figure 4.4.1, left panel. The valley orien-
tation is approximately southeast to northwest, between the towns of Bellinzona in the
south and Biasca in the north. The valley floor consists of agricultural land with a number
of villages and farm houses. Moreover, a freeway, a railroad, and the river Ticino run
through the valley. The slopes of the mountains are mainly covered with forest and, in
higher regions, with rocks and areas of rubble.

The two displaced-beam scintillometers, which had been compared in the San Vittore ex-
periment, were set up near the village of Claro. Scintillometer A was set up on site San
Giuseppe (A2-a or A2-b) at latitude N and longitude E, and scin-
tillometer B was set up on site Torraza (D) at latitude N and longitude

E. The locations of these two sites are marked on the map shown in the right
panel of Figure 4.4.1.

46°14 ′52″ 09°00 ′52″
46°14 ′39″

09°01 ′33 ′ ′
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Figure 4.4.1: Overview of the Riviera Valley and the scintillometer measurements sites
A2-a, A2-b and D near the village Claro (reproduced with permission of Bunde-
samt für Landestopographie 2001 (BA002627)).

Scintillometer A was set up on flat grassland on the valley floor at a meadow near a farm
house (A2-a or A2-b) which are marked in the map in Figure 4.4.2. The vicinity of site
San Giuseppe is surrounded by nearly flat topography but rather non-homogeneous ter-
rain. On the west side of site San Giuseppe, the river Ticino runs, the banks of which are
fringed by trees and bushes. The north, south, and east sides of both meadows A2-a and
A2-b are surrounded by flat patchy fields of maize and grassland, groups of trees, small
roads and the farm house. The north-south dimension of meadow A2-a is about 400 m. In
the south the meadow A2-a approximately has a dimension of 90 m. Towards the north,
the meadow becomes smaller. The north-south dimension of meadow A2-b is about 250
m. The west-east dimension of the meadow A2-b varies between 100 - 200 m.

The propagation path of scintillometer A ranged on the various measurement days be-
tween R = 76-77 m at a height of about z = 1.1 m.

Together with scintillometer A, a small instrumental tower was set up for additional tem-
perature measurements. Four resistance Pt-1000 temperature sensors (Young) were in-
stalled at levels of 0.8 m, 1.25 m, 2.43 m and 4.8 m, see Figure 4.4.2, right side. The
sensors were radiation protected and ventilated. An interface, which supplied the sensors
with constant current (DC), was mounted at the base of the mast. The output voltage of
each sensor were amplified using the amplifier of an interface. The amplified signals were
simultaneously fed into the ADC board of a portable computer and the ADC board digi-
tized the analog input signals. The four temperature sensors were calibrated in various
laboratory and field experiments, which are described in detail by Troller (2000). The rel-
ative accuracy of the four temperature sensors lies in the range of 0.02 K (standard devi-
ation).

N

0 1km

A2-a
A2-b D
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Figure 4.4.2: Picture of measurement sites San Giuseppe A2-a and A2-b (left side). The
white lines schematically depict the optical propagation path of the scintillom-
eter. Small instrumental tower for temperature measurements in the middle of
the scintillometer propagation path on site San Giuseppe (right side).

Figure 4.4.3: Picture of measurement site Torraza D, with schematical representation of
scintillometer propagation path (white line). The site has a slope of 5.5o perpen-
dicular to the scintillometer path.

A2-b

A2-a

D
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Figure 4.4.4: Set-up of scintillometer B at site Torraza D with eddy-correlation tower
equipped with a sonic (Gill R3A) and a Krypton hygrometer at a height of 5 m.
This tower was set up approximately in the middle the scintillometer propagation
path. During the first special observation phase the tower was equipped only with
the sonic.

Scintillometer B was set up on grassland at a slope with 5.5o elevation angle (site Torraza,
D). This site is also surrounded by rather non-homogeneous terrain, which can be seen in
Figure 4.4.3. It is seen that site Torraza is surrounded by flat patchy maize and grassland,
groups of trees, a railway, roads and houses.

The propagation path of scintillometer B ranges on the various measurement days be-
tween R = 62 - 63 m at a height of about z = 2.6 m. Nearby the propagation path of scin-
tillometer B a small eddy-correlation tower was set up. The tower was equipped with a
sonic-anemometer (Gill-R2) at a level of 5 m during August and was additionally
equipped with a Krypton hygrometer at the same level during September, see Figure
4.4.4.

Besides the above mentioned instruments, several other instruments were set up on a cross
section through the Riviera Valley, to probe the valley in as much spatial resolution as
possible. The observational strategy of the project can roughly be separated into perma-
nent installations, which operated during the entire field season and selected observation
periods, when additional instruments (Andretta et al. 1999). Permanent installations op-
erated were instrument towers, equipped with eddy-correlation instruments at different
levels (see, e.g. Andretta, 2000; van Gorsel, 2000), as well as radiation (Matzinger, 2001),
wind, temperature and pressure instruments, etc.. Most of the eddy-correlation systems
were compared during the instrument comparison in the San Vittore field experiment. Ad-
ditional instruments operated were scintillometers, radio sounding systems, passive mi-
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crowave temperature profiler, SODARs, and a tethered balloon. Moreover, a light
research aircraft with high temporal sampling instruments flew on special observation
days within the valley.

Figure 4.4.5 depicts an overview of the sites and instrumentation in the Riviera Valley.
The scintillometers were collecting data during two special observation periods.

In the next section a short description of the weather conditions during these two special
observation periods in August and September is given.

Figure 4.4.5: Sites of permanent and additional instrumentation in the Riviera Valley.

4.4.2 Weather conditions during the special observation period

Two intensive observation periods during the MAP-Riviera Project were scheduled and
lasted between 15 and 31 August and 20 September and 8 October 1999. During these in-
tensive observation periods the scintillometer experiments were conducted during one
week in August and two weeks in late September and early of October. A brief summary
is given in the following about the weather conditions during the special observation pe-
riods, when the scintillometer experiments were performed. Weather conditions for spe-
cial observation days which are not discussed in this section will be given in the following
sections. Due to the fact that data measured during this experiment will further be ana-
lyzed with regard to three different atmospheric boundary layer classifications, this clas-
sification will be introduced first in this section. Observation days when strong
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precipitation was observed, are excluded from this classification, because no measure-
ments were taken under such conditions. Without this exclusion, the observation days are
classified into three categories:

1.) Observation days which show fully convective boundary layer conditions, i.e. strong
convection, referred to in the following as convective.

2.) Observation days which show no strong thermal forcing due to an overcast sky, re-
ferred to in the following as overcast.

3.) Observation days which show only for certain time periods strong thermal forcing, re-
ferred to in the following as mixed.

This classification is based on the analysis of the structure of the daily cycle of incoming
shortwave radiation, mean temperature, atmospheric stability, wind direction and wind
speed. The expected structures of these atmospheric parameters for each classification can
be summarized as follows:

During convective days, the daily cycle of the shortwave radiation shows a bell-shaped
curve, which results also in a bell-shaped daily cycle of the temperature. The atmospheric
stability and wind structure, which have a crucial influence on turbulent exchange pro-
cesses also show a quite regular pattern, with unstable stratification during the morning
hours under calm down-valley wind, weakly unstable to neutral stratification during the
early afternoon hours with increasing wind speed up-valley. This mean that during con-
vective days, a thermal valley wind system is observable, described for example by White-
man, 1990. During the transition time from day to night, the stability becomes variable
from weakly unstable to stable, with decreasing wind speeds. Moreover, during such days
calm wind above the valley atmosphere should be observable and a strong day/night os-
cillation of the surface pressure gradient along the valley with up to 4 hPa between Piotta
and Locarno Magadino. The pressure gradient along the valley is an indicator for the val-
ley and slope wind system.

During overcast days, the boundary layer is characterized by weak incoming shortwave
radiation due to cloudy or totally overcast sky. This results in smaller temperature differ-
ences between day and night. The typical pattern of a developing valley wind system,
which was described for convective days, cannot be observed. If the wind speeds remain
week, the stratification is unstable during day time and show weak convective conditions.
After sunset the stability is variable between unstable and stable. If the wind speeds re-
main not clam due to synoptic forcing, fully mechanical boundary layer conditions are ob-
servable under overcast days. Under such overcast conditions weak unstable or near-
neutral stratification is observable.

During mixed days, the boundary layer is characterized by forced convection. The bell-
shaped curve of the shortwave radiation and temperature is partly interrupted due to
clouds, so that only a weak or no thermally driven valley wind system develops. The max-
imum wind speed do not exceed 2 m/s, and stability remains weakly unstable during the
afternoon hours.
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In regard to the above described rough classification, the weather conditions of the obser-
vation days were analyzed. Figure 4.4.6 shows time series of incoming shortwave radia-
tion F, mean temperature T, atmospheric stability z/L, wind direction dd, and wind speed
ff during the period from 19 August 1999 until 24 August 1999, which was the main pe-
riod during the first special observation period. The presented data were measured at the
30-meter tower at site Bosco di Sotto A1, which is located nearby the scintillometer sites
on the valley floor (Figure 4.4.5). F, T, and z/L were observed at 1.54 m; and dd and ff, at
5.85 m.

During the three days 19 August, 21 August, and 22 August 1999, the experimental period
was dominated by nearly cloudless days with no precipitation. The global radiation and
temperature daily cycles show nearly bell-shaped curves. Global radiation reaches values
up to 800 W/m2 at noon. These three days can be classified as observation days which
show convective conditions. One of the typical boundary layer characteristics under such
fully convective conditions is that, after the sunrise on the sunlit western mountain slope,
convective cumulus clouds form, which are only sporadically seen on the eastern moun-
tain slopes in the shade. This can be seen in Figure 4.4.7, which shows a picture, taken
looking north in the valley floor at 8:14 UTC on 22 August 1999. A schematical repre-
sentation of this physical effect is given below the picture. When the sun rises on such ful-
ly convective days and radiative heating of the sunlit surface starts to warm the
atmospheric surface layer, this warmer air rises and at the condensation level Cu clouds
form. When the sun rises higher and therefore surface and air temperature rise too, the Cu
dissolve rapidly and completely and clear sky conditions are given with only sporadic Cu
clouds.

From the time series of wind direction and velocity on these three days (19, 21-22 August
1999), the typical behavior for a thermally driven valley wind system can be assessed in
the Riviera Valley. Stronger up-valley winds from the southeast started daily at about
13:00 UTC+1. Then the wind speed increased up to values of about 2.5 m/s. During night-
time the wind direction changes to north with calm wind conditions. This typical pattern
of the wind direction is indicated in the graph of dd, measured on 22 August, by the grey
boxes. Especially on the 21 and 22 August this typical behavior of a thermally driven val-
ley wind system was observed. During the morning of these days, the surface layer is un-
stably stratified due to the radiative heating of the ground, which starts at sunrise. At noon
the wind speeds increased and caused near-neutral stratification. After sunset, due to ra-
diative cooling of the ground and cold air drainage flows from the mountain (katabatic
winds), the atmospheric conditions become stable.

During 20 August 1999 and from noon of 23 August until 24 August 1999 it rained.
Therefore, on these days no development of a valley wind system can be seen.

Figure 4.4.8 and 4.4.9 show the same time series as Figure 4.4.6 for the second main scin-
tillometer experimental period in September and October.

It is seen that the 24 and 29 September and the 1 October 1999 can be classified as con-
vective days, as described above.
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Figure 4.4.6: Time series of shortwave radiation, stability, mean temperature, wind direc-
tion, and speed, during the special observation period in August. Grey boxes in
graph dd indicate the pattern of thermal valley wind system.
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Figure 4.4.7: Picture of the typical cumulus formation in the morning at the ridge of the
sunlit western slope on a day which shows a fully convective boundary layer.
The lower panel is a schematical representation of this physical process.

The 22 and 23 September 1999 can be classified as observation days with overcast bound-
ary layer conditions. The sky was cloudy or totally overcast, which results in less incom-
ing shortwave radiation, smaller temperature differences between day and night, and no
development of a valley wind system pattern. The wind velocity remained small under 2
m/s, therefore no fully mechanically driven boundary layer conditions occurred and the
stratification remained unstable during daytime.

25 and 26 September, until the noon of 27 September, 30 September, and 2 October were
characterized by precipitation.

21 and 28 September can be classified as days which show mixed boundary layer charac-
teristics, e.g. a mixture between fully convective conditions and overcast conditions. Such
atmospheric conditions are characterized by forced convection.

28 September showed the transition between a rainy and a dry period with partly cloudy
sky.

Table 4.3 summarizes the classification of observation days during the special observa-
tion period.

22.08.1999
08:19 UTC

EastWest
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Figure 4.4.8: Time series of shortwave radiation, atmospheric stability, mean temperature
wind-direction, and speed, during the special observation period in September.
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Figure 4.4.9: Time series of shortwave radiation, atmospheric stability, mean tempera-
ture, wind-direction and speed, during the special observation period in late Sep-
tember and early October.
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In the next section, data analysis based on this classification will be presented and dis-
cussed. The focus is on the turbulent fluxes and the stratification of temperature and re-
fractive index in the surface layer.

Table 4.3: Classification of turbulence characteristics

19 August 1999 convective

20 August 1999 rain

21 August 1999 convective

22 August 1999 convective

23 August 1999 half convective- half rain

24 August 1999 rain

25 August 1999 convective

21 September 1999 mixed

22 September 1999 overcast

23 September 1999 overcast

24 September 1999 convective

25 September 1999 rain

26 September 1999 rain

27 September 1999 half rain-mixed

28 September 1999 mixed

29 September 1999 convective

30 September 1999 rain

01 October 1999 convective

02 October 1999 rain
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4.4.3 The turbulent structure in the near-surface layer of the Riviera
Valley

From the brief description (Section 4.4.2) of the weather conditions which were observed
during the special scintillometer observation periods in the Riviera Valley, two main tur-
bulent boundary layer conditions are characterized, strong convective and overcast. In the
following the turbulence structure in the near-surface layer of the Riviera Valley will be
investigated by comparing two case studies which are typical for one of these boundary
layer conditions. The scintillometer data from site A2 and D will be discussed with em-
phasis on the turbulent structure at these two different sites. Here it is interesting, what
influence the slope (site D) has on the structure of the turbulent sensible heat and momen-
tum fluxes. Moreover, additional eddy-correlation measurements are discussed for veri-
fication of the accuracy of the scintillometer-derived turbulence parameters at the rather
non-homogeneous, slope site D. In this context, the turbulent sensible heat flux is espe-
cially of high interest because its accuracy is important for deriving accurate refractive in-
dex corrections for precise terrestrial geodetic measurements. Therefore, besides the
investigation of the turbulent structure in the near-surface layer of the valley, the case
studies should help to deepen our understanding of the restrictions for the scintillation
method.

As case studies, 22 September and 1 October 1999 will be discussed in more detail in the
following. 22 September is chosen as a representative observation day with overcast con-
ditions, where no thermally driven valley wind system developed. 1 October 1999 is cho-
sen because the surface layer is associated with a well developed valley and slope wind
system. During this day, the strongest wind speeds associated with clear sky conditions
(Figure 4.4.9) throughout the special observation period were observed. The diurnal wind
and temperature structure evolution, which is described in section 4.4.2, leads to the clas-
sification of 1 October as an observation day with convective boundary layer conditions.

Figure 4.4.10 shows time series of the turbulent sensible heat flux, measured by the scin-
tillometers at site A2 at the flat valley floor and at the slope site D on the 22 September
1999 and the 1 October 1999. It can be seen in the left panel of Figure 4.4.10 that, during
22 September at both measurement sites, nearly the same H values were observed by the
two scintillometers. Maximum values reached only about 60 W/m2 at noon. These low
values are mainly due to low incoming solar radiation, maximum 400 W/m2, due to the
overcast sky (Figure 4.4.8) and shows the nearly equally incoming shortwave radiation
between the flat valley floor site and the southwest-facing slope site.

The time series of H, which were observed by both scintillometers on 1 October, show a
different pattern at the two sites. After the morning period, when the turbulent sensible
heat flux increased at both sites almost in parallel, the H values measured during the
afternoon by the scintillometer at site A2 were definitely lower. This was observed also
on other days with convective boundary layer conditions (19 August, 21-23 August, 24
September, 29 September) but is not presented here. To investigate whether the higher H
values observed by the scintillometer at the slope represent the typical thermal structure
within the valley under convective conditions and are not impaired values due to the
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non-homogeneous site, Figure 4.4.11 shows a comparison of the time series of H, which
were measured by the scintillometer and the eddy-correlation system simultaneously at
the slope site D.

Figure 4.4.10: Time series of sensible heat flux measured by scintillometry at the flat val-
ley floor (site A2) and simultaneously at a slope (site D) on a day with overcast
conditions (22 Sep. 1999) and on a day with strong convective conditions (1 Oct.
1999). Data are 30 min averages.

Figure 4.4.11: Comparison of time series of H, simultaneously measured by the scintil-
lometer and the sonic at the slope (site D) during the same observation days
shown in Figure 4.4.10. Left panel: H measured under overcast conditions (22
Sep. 1999); right panel: H measured under strong convective conditions (1 Oct.
1999). Data are 30 min averages.

Comparing the optically sensed values of H at the slope to those derived simultaneously
by the sonic at the slope (Figure 4.4.11), the same orders of magnitude are observed on
22 September 1999 and during the morning and afternoon hours of 1 October 1999. Only
at noontime on 1 October somewhat lower H values are observed by the scintillometer as
compared to the sonic. Over all, Figure 4.4.11 gives us some confidence in the pattern of
the sensible heat flux measured by scintillometry at both sites (Figure 4.4.10). The dif-
ferences in H values on 1 October in Figure 4.4.10, determined by the two scintillome-
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ters, seem reasonable and therefore indicate the typical thermal structure in the valley on
convective days. Calanca et al. (2000) found a similar thermal structure on a day with
convective conditions in the Riviera Valley in a case study of 25 August 1999. They ana-
lyzed a cross section of the turbulent sensible heat flux perpendicular to the valley axis,
derived from aircraft and ground station measurements (see Figure 4.4.5 for instrumenta-
tion). They found also that during noon larger H values were observed along the eastern
slopes. Maximum H values were reached at higher elevations, which are characterized
by sparse vegetation and bare ground and larger slope tilts.

It can be concluded from the comparison of Figure 4.4.10 and Figure 4.4.11 that, during
these observation days, the optically active eddies, which are the small-scale eddies,
seem to be most of the time in equilibrium with the local terrain, even at the rather non-
homogeneous site D. This is also reflected in the spectral behavior of the temperature
fluctuations. Figure 4.4.12 shows spectra of the temperature fluctuations on 1 October
for the morning and the afternoon time periods.

Figure 4.4.12: Individual half hour spectral density of the temperature fluctuations for pe-
riods 07:00-12:00UTC+1 (upper panel) and 12:30-16:00 UTC+1 (lower panel)
of 1 October at the slope site D.



109
It can be seen that during the morning hours from 07:00-12:00 UTC+1 on 1 October, as
well as during the afternoon hours, from 12:30-16:00 UTC+1 of 1 October, when the
valley wind developed, the individual half hour spectra have a well defined inertial-con-
vective subrange.

Hence, it looks quite promising that it is possible to determine H by scintillometry at a
slope site and therefore to derive reasonable correction values for terrestrial geodetic
measurements by scintillometry, even under such complex conditions.

The two case studies presented in Figure 4.4.10 show the influence of the tilt of the slope
site on the measured sensible heat flux during fair weather days. The thermal structure,
which was observed on 1 October 1999, reflects the larger values of the net-radiation on
the southwest-facing slopes during the afternoon in the Riviera Valley. The thermal
structure in the valley has an impact on its dynamical structure, which can result in a
development of the valley and slope wind system. Such a valley and slope wind system
influences the turbulent momentum flux, which will be discussed based on the same
data-set next.

Figure 4.4.13 shows the same time series, like Figure 4.4.10, but for the turbulent
momentum flux. Under overcast conditions (22 September 1999) only small values of
the turbulent momentum flux at the flat valley floor were observed. Theses were associ-
ated with low wind speeds, with values less than 1 m/s (Figure 4.4.8). In contrast, at the
slope site D, the turbulent momentum flux reaches values which are much larger than at
the valley floor. Likewise, under convective boundary layer conditions (1 October
1999), which were associated with a developing valley and slope wind system, larger M
values can be observed at the slope site D than at the flat site A2. In comparison to 22
September, 1 October shows generally larger values of the turbulent momentum flux,
which is due to higher wind speeds during this day, up to 4 m/s (Figure 4.4.9).

Figure 4.4.13: Time series of turbulent momentum flux measured by scintillometry at the
flat valley floor (site A2) and simultaneously on a slope (site D) during a day
with overcast conditions (22 Sep. 1999) and during a day with convective con-
ditions (1 Oct. 1999). Data are 30 min averages.
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For investigating the influence of the non-homogeneity in the turbulent momentum fluxes
at the slope site D, the direction of the shear stress (Reynolds stress) components and

are of high interest. On ideal homogeneous surfaces, the lateral component is neg-
ligible or vanishes after rotating the coordinate system into the mean wind direction (Mc-
Millen, 1988).

The upper panels of Figure 4.4.14 show the time series of longitudinal and lateral shear
stress measured by the sonic at the slope site D. The atmospheric stability is presented in
the lower panels of Figure 4.4.14 and is determined by the sonic measurements using the
friction velocity given in Equation 4.5.

Figure 4.4.14: Upper panels: time series of lateral and longitudinal kinematic flux com-
ponents of the turbulent momentum flux measured by the sonic under overcast
and strong convective boundary layer conditions at the slope-site D. Lower pan-
els: time series of atmospheric stability. Data are 30 min averages.

The lateral kinematic momentum flux , which is nearly zero over homogeneous ter-
rain, strongly contributes to the momentum flux during the morning hours of 22 Septem-
ber and 1 October 1999 under unstable stratification. During the morning positive lateral
kinematic momentum flux was observed which is at the same order of magnitude as the
longitudinal flux. This indicates a clockwise directional shear with height during the
morning hours of both days. After noon on 1 October, a strong valley wind system devel-
oped as can be seen in Figure 4.4.9. During the afternoon of 1 October, the surface Rey-
nolds stress was mainly determined by the component, which strongly increased and
stratification became neutral. The period from ~17:00 UTC+1 until 20:00 UTC+1 on 1
October 1999 shows an interesting feature in the kinematic momentum flux components:

uw
vw vw

vw

uw
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both are positive and therefore result in a positive turbulent momentum flux. This might
be caused by a thin, low layer with katabatic flow of cold air down the slope.

For turbulence conditions when the lateral kinematic momentum flux contributes sub-
stantially to the momentum flux, the increase in the term of the Reynolds stress indi-
cates that at this site the flow field is not two dimensional and axially symmetric.
Therefore, the turbulence tends to become non-isotropic, which is reflected in the spectral
behavior of the velocity components. Figure 4.4.15 shows the individual half-hour ratios
between the spectral density of the w- and u-components, Sw/Su, as a function of the non-
dimensional frequency n for the period 07:00-12:UTC+1 of 1 October (upper panel),
when the lateral kinematic momentum flux was as large as the longitudinal one, and for
the period 12:30-16:00 UTC+1 of 1 October 1999, when the longitudinal component of
M prevailed. During the afternoon period, Sw/Su shows less scatter and the ratios reached
almost 4/3 closely being assumed for n < 5. In contrast, the morning period is character-
ized by a large scatter in Sw/Su, and the 4/3 ratio is often not reached, which points to non-
isotropic turbulence conditions.

Figure 4.4.15: Individual half-hour ratios of the spectral density of the w- and u-compo-
nents, Sw/Su, as a function of the non-dimensional frequency n for the period
07:00-12:00 UTC+1 of 1 October (upper panel) and 12:30-16:00 UTC+1 of 1
October (lower panel) at the slope site D.

vw
vw
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Next it is investigated whether the scintillometer-derived values of M at the slope site D
take the contributions from the lateral kinematic momentum flux into account. The upper
panels of Figure 4.4.16 compare the momentum flux during 22 August 1999 and 1
October1999; and the next lower panels, the atmospheric stratification for both days, de-
termined by scintillometer and the sonic at site D.

Comparing the optically sensed values of M at the slope to those simultaneously derived
from the sonic at the slope, the same orders of magnitude are observed during the obser-
vation periods when the lateral velocity component becomes important (Figure 4.4.14),
that is during the mornings of 22 September 1999 and 1 October 1999. But larger differ-
ences in M values (scintillometer versus sonic) occurred when the sonic-derived atmo-
spheric stratification became near-neutral on 1 October, i.e. when the thermally driven
valley wind developed.

This effect was not only observable at the slope site D under near-neutral conditions, but
similarly small M values were also observed by the scintillometer at site A (Figure
4.4.13), where a nearly homogeneous fetch can be assumed for an up-valley wind situa-
tion with wind from south. Moreover, due to the fact that the spectral ratios for this time
period (Figure 4.4.15) reflect rather isotropic turbulence conditions, it seems that this
underestimation of M values is not due to the non-homogeneity of the slope site. In fact,
it was already seen in the previous field experiments that such an underestimation of
scintillometer-derived M values can occur when the sonic-derived M values exceed the
value of -0.2 [N/m2] under near-neutral conditions in flat terrain (e.g., Figure 4.3.15). On
the basis of the data set from the San Vittore homogeneous case study (Chapter 4.3), dif-
ferent possible reasons for such an underestimation are discussed.

The lower panels of Figure 4.4.16 show the time series of the structure parameter of tem-
perature and the inner scale of turbulence. It can be seen that on 22 September under
overcast conditions with calm wind the structure parameter of temperature remained
small during the entire time period. On 1 October, CT

2 showed large values under unsta-
ble conditions in the morning time and a sudden decrease of CT

2 when the strong valley
wind developed and an increase in the values of the inner scale of turbulence. The fact
that l0 increased under neutral conditions might caused the underestimation of the turbu-
lent momentum flux but the reason for this is not obvious.

It can be summarized from the discussion of these two case studies that the scintillome-
ter-derived turbulence parameters show well the differences in the characteristics of the
turbulence structure under overcast and strong convective conditions in complex terrain.
However, it was seen that the determination of the turbulent momentum flux can become
problematic under near-neutral conditions, when a strong thermally driven valley and
slope wind system develops. During neutral conditions an underestimation of the friction
velocity was observed, which causes also an slight underestimation of the sensible heat
flux under neutral conditions in Fig. 4.4.11. However, in general, the determination of
the thermal turbulent structure by scintillometry, even over non-homogeneous terrain on
a slope, shows good results under various surface layer conditions. In the next chapter,
the thermal structure in the near-surface layer of the Riviera Valley will be investigated
in more detail, with emphasis on the determining of correction values for precise geo-
detic measurements by scintillometry.
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Figure 4.4.16: Top to bottom: 1. Comparison of time series of turbulent momentum flux,
measured simultaneously by scintillometer and the sonic at the slope site D on a
day with overcast conditions (22 Sep. 1999) and on a day with strong convective
conditions (1 Oct. 1999). 2. Time series of atmospheric stability derived by scin-
tillometer and sonic. 3. Time series but of scintillometer-derived structure pa-
rameter of temperature. 4. Time series but of inner scale of turbulence derived
by scintillometry.
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4.4.4 The thermal stratification in the near-surface layer of the Riviera
Valley

In the previous section, the turbulence characteristics in the Riviera Valley under strong
convective and overcast boundary layer conditions were discussed. It was shown that it
looks promising to determine the thermal structure in the valley under various site and dif-
ferent atmospheric conditions by scintillometry. In the following the thermal structure in
the Riviera Valley will be discussed in more detail using the previously described charac-
teristic boundary layer features (overcast, convective, mixed). In this context, a focus is
given to the verification of the extended scintillometer algorithm to derive line-averaged
temperature and refractive index gradients. A comparison of the line-averaged structure
parameter of temperature as derived by scintillometry versus measurements with an im-
age processing method is presented and a comparison of temperature gradients measured
simultaneously by scintillometry and by profile measurements with Pt-1000 sensors.

The temperature structure is strongly affected by the turbulent boundary layer character-
istics, as briefly classified in Section 4.4.2. Under very unstable and stable conditions
large temperature gradients can be expected. Figure 4.4.17 shows representative time se-
ries of the temperature measured by the small instrument tower (see Figure 4.4.2) at two
different levels at site A2. The upper graph shows a time series of T measured under con-
vective boundary layer conditions (29 September 1999); the middle graph, a time series
of T measured under overcast conditions (22 September 1999); and the lower graph, a
time series of T measured under mixed boundary layer conditions (21 September 1999).

It is seen in the upper panel of Figure 4.4.17 that, under convective conditions, during the
morning hours large temperature differences between the two levels occurred. As de-
scribed in Section 4.4.2, such days with fully convective boundary layer conditions are
characterized by fair weather, with maximum values of global radiation. This is reflected
by the fast increase in temperature during the morning and the large temperature differ-
ence of more than 10 degrees between day and night. At noon, when the valley wind sys-
tem develops and the wind speed increases, the surface layer becomes stronger mixed and
the temperature differences between the levels are reduced and often nearly vanish; atmo-
spheric stability thus changes to weakly unstable or near-neutral conditions.

During observation days with overcast conditions (e.g. Figure 4.4.17, middle panel), the
daily cycles of the temperature is weaker. With a cloudy or overcast sky, less shortwave
radiation reaches the surface and therefore generally smaller temperature differences be-
tween surface and atmosphere exist. As described in the previous section, this results in
the fact that no strong thermally driven valley wind system develops and calm wind con-
ditions prevail unless there is no synoptic forcing of strong wind speeds.

The most conspicuous feature of the time series of temperature under mixed boundary
layer conditions (e.g. Figure 4.4.17, lowest panel) is the fast response of temperature to
changes of incoming shortwave radiation. The daily bell-shaped curve of the temperature
is intermitted by temperature drops and a fast decrease of temperature differences be-
tween the two levels when clouds shaded the sun.
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Figure 4.4.17: Time series of temperature measured with Pt-1000 temperature sensors on
the small tower at site A2 during three days. Data are 10 min averages. Solid line:
temperature measured at 1.3 m level; dotted line: temperature at 2.5 m level. The
classification of boundary layer condition, i.e. convective, overcast, or mixed on
the specific days are indicated in the graphs.

The effect of fast response of temperature to the incoming shortwave radiation and clouds
is also shown in Figure 4.4.18. This figure shows the time series of 10 min averages of
temperature, measured on the 25 August 1999 at levels of 1.3 m (solid line) and 4.8 m
(dashed line), on the instrument tower (top panel). Besides that, 30 min averages of short-
wave radiation, measured at site A1 (close to A2, see Figure 4.4.5) is presented (middle
panel). The bottom panel of Figure 4.4.18 shows the 10 min averaged values of the struc-
ture parameter of temperature, measured by scintillometer A.
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Figure 4.4.18: Time series of temperature T, measured on the 25 August 1999 at heights
of 1.3 m (solid line) and 4.8 m (dashed line), shortwave radiation F, and structure
parameter of temperature . Values of T and are 10 min averages; of F, 30
min averages.

25 August 1999 was characterized by clear sky, except during about 10 minutes when a
cloud shaded the sun. This is well seen in the graph of shortwave radiation; but due to the
longer storage time, 30 min for the radiation values, this decrease in shortwave radiation
is blurred and seems to last longer. The time series of temperature shows that during the
10 min when the cloud shaded the sun, the temperature differences at the two levels were
drastically decreased. This effect is also observed in the structure parameter of tempera-
ture measured by scintillometry. Moreover, it is seen, that the structure parameter of tem-
perature closely follows the bell-shaped daily cycle of the incoming shortwave radiation.
The accuracy of the structure parameter of temperature is most important for deriving tur-
bulent sensible heat flux and therefore accurate temperature and refractive index gradients
by scintillometry. It is investigated next, whether the structure parameter of temperature
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can accurately be determined as line-averaged values by using the effect of optical turbu-
lence with such high temporal resolution, as presented in the lower panel of Figure 4.4.18.

For this investigation, a comparison with an image processing method was conducted on
25 August 1999. This image processing method determines the structure parameter
as line-averaged value from passive measurements of optical turbulence. Here, only a
brief description of the image processing method is given, and in the following we want
to focus on the results of this comparison.

The image processing method uses the effect of temporal changes of the vertical position
of image structures and of image blurring, often referred to as image dancing, to deter-
mine the turbulence parameters and . For this method, a video theodolite or a digital
line-scan camera is used as an image detector. This takes the image of a coded levelling
rod. This passive method shows that common geodetic instrument can be used to deter-
mined relevant turbulence parameters to determine refraction correction values for terres-
trial geodetic measurements.

Figure 4.4.19 shows an image of a coded levelling rod with schematical illustration of the
temporal vertical change of the image due to optical turbulence. The image changes from
an initial position at time t1 to a final position at t1+∆t.

Figure 4.4.19: Image of coded levelling rod taken by a video theodolite, with schematical
illustration of the temporal vertical change of the image from an initial position
at time t1 to a final positions at t1+∆t, (image adopted from Flach, 2000).

The temporal changes of the image of the coded levelling rod are analyzed. The standard
deviation of the positions of the image structure is a measure of the fluctuation of the an-
gle-of-arrival. In turn, the angle-of-arrival fluctuations are the result of refraction-induced
phase fluctuations, as is described in Chapter 2. From the intensity fluctuations of the im-
age it is possible to determine the inner scale of turbulence. A detailed description of how
this method can technically be realized is given by Flach (2000).
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The image processing method determines the structure parameter of the refractive index
from the variance of the angle-of-arrival  [rad] by (Brunner, 1980):

(4.15)

with d denoting the aperture diameter, and R the length of the propagation path.

With the structure parameter of the refractive index, the structure parameter of tempera-
ture can be determined by Equation 3.13. Due to the fact that a UV-IR-cut filter was fixed
in front of the lenses of the line-scan camera, the parameter A in Equation 3.13 was as-
sumed to have the value for a mean optical wave length of 0.55 µm.

The digital line-scan camera took the images over a distance of R = 75 m at a height of
z = 1.5 m during this experiment. The line-scan camera with 1024 pixels has a focal length
of 500 mm and a line scan rate of 330 Hz. Hence it took about 10 s to grab 3000 lines
which were compiled into an image. The optical path of the scintillometer was nearly par-
allel to the optical path of the image processing system. Measurement height of the scin-
tillometer was z = 1.1 m; its optical propagation path was R = 76 m.

Figure 4.4.20 shows the comparison of the line-averages values of and l0 derived by
line-scan camera versus scintillometer with averaging time of one minute and 10 minutes.
The comparison of the line-averaged structure parameter of the temperature shows a high
correspondence. For the comparison with one minute averaging time we obtain a correla-
tion coefficient rCT = 0.91, a root mean square error of rmseCT = 0.08 K2m-2/3, and a frac-
tional bias of fbCT = 0.09 for the entire observation period. For the 10 minutes averaging
time we obtain a correlation coefficient rCT = 0.97, a root mean square error of rmseCT =
0.05 K2m-2/3 and a fractional bias of fbCT = 0.09. The fact that the scintillometer derived
structure parameters of temperature show somewhat higher values, might be due to the
lower measurement height of the scintillometer.

For the comparison of the inner scale of turbulence derived by scintillometry and the im-
age processing technique a similar good correspondence was found, with a correlation co-
efficient of rlo= 0.94, rmselo = 0.5 mm and fblo = 0.01 for the comparison of one minutes
values and for the comparison of the ten minutes values rlo= 0.97, rmselo = 0.004 mm and
fblo = 0.01.

This experimental comparison between a passive and an active measurement method
highlights the good accuracy obtained for line-averaged measurements of CT

2 and l0 with
high temporal resolution in the rage of one to ten minutes. Moreover, it shows the poten-
tial of deriving line-averaged refraction correction values for geodetic measurements by
utilizing the effect of optical turbulence by using common geodetic instruments. This is
described in more detail by Flach, 2000; Weiss et al., 2001; and Böckem et. al 2000. To
investigate whether these values of the line-averaged structure parameter of temperature
and inner scale of turbulence entails also accurate absolute values of the temperature gra-
dients by scintillometry, the accuracy of dT/dz is investigated next.
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Figure 4.4.20: Comparison of line-averaged values of the structure parameter of temper-
ature and inner scale of turbulence derived by scintillometry and image process-
ing. Values are one min averages (left panel) and 10 min averages (right panel).

The absolute values of dT/dz derived by scintillometry are partly dependent on the chosen
MOST function of the turbulent sensible heat flux. Due to the fact that several different
MOST functions can be found in the literature, it is investigated first how the derived
temperature gradients react to the variety of commonly used functions. A sensitivity anal-
ysis of different semi-empirical functions should thereby clarify the theoretical im-
pact on the accuracy of the derived temperature gradients.

As was already mentioned in Chapter 2.1, a vast number of universal functions exist for
the sensible heat flux. Several field experiments have been conducted at several locations
around the world during the last 30 years to determine the empirical MOST functions,
e.g., the Kansas experiment (Businger et al., 1971). However, there is still some contro-
versy regarding the exact form of . Högström (1988) assumes, that the systematically

φH

φH

φH
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different results of may, to a large extent, be due to the failure of proper correction of
the raw data-sets, i.e. dynamical flow distortion effects. The variation of different univer-
sal functions with stability will be discussed next. All universal functions which are
used in the following, were specified in accordance with the assumption that the von
Kármán constant is . If available, the modified functions after Högström (1988)
are used and will be marked by an asterisk *.

Table 4.3 lists the chosen functions for this study for unstable atmospheric conditions.
This list represents only a sample of the existing functions and not a complete summary.
Figure 4.4.21 shows the variation of the universal function for unstable stratification.
The mean values of the formulae provided by the 8 different authors are plotted as well
as the maximum, minimum, and the standard derivation. The discontinuities in the graphs
are due to the fact that the semi-empirical functions used are valid over certain stability
ranges. For unstable stratification it is seen that the differences between the maximum and
minimum values become large for values of under weakly unstable conditions. The
standard deviation for near-neutral cases, = -0.00.1 is around a mean of

. For conditions with = -0.1, the standard derivation is larger,
around a mean of . For very unstable conditions, = -1, the standard deriva-
tion becomes smaller, , the mean is .

Table 4.4 gives the list of chosen universal functions of valid under stable conditions,
and Figure 4.4.22 shows the same as Figure 4.4.21 but for . Under stable con-
ditions, it can be seen that, as increases, the difference among the functions also increas-
es. The standard derivation for values of universal functions near equals

, and the mean value is . With an increase in stability the standard
derivation also increase up to a value of around a mean value of
at stability of .

This numerical investigation concerning the semi-empirical -functions indicates the
theoretical uncertainty possible in determining optically sensed temperature gradients.
Next it is investigated how the optically determined temperature gradients, which are de-
rived from the data-set measured at site A2, respond to variations in the semi-empirical
functions and which -function produced the best values of the temperature gradi-
ent.

The temperature gradient dT/dz is determined by the scintillometer algorithm, with one of
the semi-empirical functions given in Tables 4.4 and 4.45 with the sign determined
by the profile measurements. Moreover, from the profile measurements with the Pt-1000
sensors, the temperature gradient is determined and compared to that derived by scintil-
lometry.

The vertical temperature gradient have to be determined from profile measure-
ments by using an assumption of the differential variation of the temperature with height.
In the lower part of the surface layer the relation between temperature and height is not
linear (Bahnert, 1972). The upper boundary of this sublayer is variable
and depends on daytime and seasons.
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Table 4.4: Universal functions , unstable stratification

Figure 4.4.21: Variation of the universal function for unstable stratification, given by
the authors listed in Table 4.4.

author universal function interval

Taylor (1960)

Businger et al. (1971)*

Dyer (1974)*

Zilitinkevich and
Chalikov (1968)*

Fukui et al. (1983)

Swinbank (1968)

Carl et al. (1973)

Högström (1988)

φH

φH

φH ζ( ) 0.83 9.75ζ+=

φH ζ( ) 0.17 ζ–( ) 1 3/–=

0 ζ 0.03–≥ ≥
0.03– ζ 0.1–≥ ≥

φH ζ( ) 0.95 1 11.6ζ–( ) 1 2/–= 0 ζ 2–≥ ≥

φH ζ( ) 0.95 1 15.2– ζ( ) 1 2/–= 0 ζ 1–≥ ≥

φH ζ( ) 0.95 1.31ζ+=

φH ζ( ) 0.4 ζ–( ) 1 3/–=

0 ζ 0.16–≥ ≥
0.16– ζ 1.2–≥ ≥

φH ζ( ) 1 8.5ζ–( ) 0.6–= 0 ζ 1–≥ ≥

φH ζ( ) 0.227 ζ–( ) 0.44–= 0.1– ζ 2–≥ ≥

φH ζ( ) 0.74 1 16ζ–( ) 1 2/–= 0 ζ 5–≥ ≥

φH ζ( ) 1 12ζ–( ) 1 2/–= 0 ζ 2–≥ ≥

φH
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Table 4.5: Universal function , stable stratification

Figure 4.4.22: Variation of the universal function for stable stratification, given by the
authors listed in Table 4.5.

author universal function interval

Taylor (1960)

Businger et al. (1971)*

Dyer (1974)*

Zilitinkevich and
Chalikov (1968)*

Fukui et al. (1983)

Hurtalova and Szabó
(1985)

Badgley et al. (1972)

Högström (1988)

φH

φH

φH ζ( ) 0.54 1.3ζ+= 0 ζ 0.1≤ ≤

φH ζ( ) 0.95 8ζ+= 0 ζ 1≤ ≤

φH ζ( ) 0.95 4.5ζ+= 0 ζ≤

φH ζ( ) 0.95 8.9ζ+= 0 ζ 0.4≤ ≤

φH ζ( ) 1 4.7ζ+= 0 ζ 1≤ ≤

φH ζ( ) 1 ζ 0.118 0.405ζ+( ) 1–+= 0 ζ 0.5≤ ≤

φH ζ( ) 1 7ζ+= 0 ζ 1≤ ≤

φH ζ( ) 1 7.8ζ+= 0 ζ 1≤ ≤

φH
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The functional form of the relation of temperature and height in the lower part of the sur-
face layer have been investigated by several studies and different approaches exists to de-
scribe the differential variation of the temperature with height, e.g. Brocks (1948), Lang
(1969). A summary of various approaches to describe the functional form of temperature
with height in the lower boundary layer can be found for example by Horváth (1969).

With the approach of Brocks (1948) the vertical temperature gradient is described by:

(4.16)

where  and  are parameters, which have to be determined empirically.

It is seen from Equation 4.16 that for a height m the parameter represents the ver-
tical temperature gradient in 1 m height. With this approach the temperature follows a log-
arithmic function with height. Brocks derived empirical the exponents from the analysis
of several temperature profile measurements in Europe. Troller (2000) presents examples
of the magnitudes of the exponents derived from the data-set measured at site A2. This
temperature model of Brocks (1948) is used in the following to determined the tempera-
ture gradients from the profile measurements at the scintillometer set-up height.

To investigated how the optically determined temperature gradients, which are derived
from the data-set measured at site A2, respond to variations in the semi-empirical func-
tions , a comparison of temperature gradients derived by scintillometry and profile
measurements is presented in Figure 4.4.23. Data are 10 min averages.

For this investigation we choose the 29 September 1999 as an example, when the atmo-
spheric boundary layer can be classified as convective. The atmospheric stability during
this day ranged between stable and unstable conditions with values of .
In this comparison, it must be kept in mind that point measurements are compared with
line-averaged values, which is actually only reasonable for homogeneous terrain. More-
over it has to be kept in mind that also an uncertainty exists in deriving temperature gra-
dients from profile measurements, because of the uncertainty in the assumed temperature
model. However, it is seen in Figure 4.4.23 that the temperature gradients derived from
scintillometry and the Pt-1000 sensors exhibit the same range of orders under unstable
conditions, that is when negative temperature gradients occure. The correlation coeffi-
cients under unstable conditions are high on the order of 0.88 < rdT/dz < 0.93.

The negative dT/dz-values derived from scintillometry with the functions of Taylor
(1960), Dyer (1974)*, and Carl et al. (1973) show a tendency to smaller absolute values
in comparison to the measurements with the profile method. On the other hand, absolute
negative dT/dz-values derived by scintillometry by using the function of Zilitinkevich
and Chalikov (1968) * shows generally larger values than derived by the Pt-1000 sensors.
The best correspondence for this example under unstable conditions seems to be obtained
with the modified function of Businger et al. (1971) *, Swinbank (1968), Fukui et al.
(1983), and Högström (1988). The uncertainty in the absolute values of dT/dz as obtained
from the different functions under unstable conditions lies in the order of tenth to hun-

dT
dz
------- âzb̂=

â b̂

z 1= â
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dredth part of K/m. Table 4.6 compares the statistical measures of fractional bias and root
mean square error for this case study of dT/dz for unstable stratification.

Figure 4.4.23: Comparison of temperature gradients from scintillometer versus Pt-1000
profile measurements, measured during the 29 September 1999. Each graph
shows a comparison of dT/dz values determined from the scintillometer mea-
surements, with one of the semi-empirical φH functions given in Tables 4.4 and
4.5.
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Table 4.6: Comparison of statistical measure: unstable stratification 29 Sep. 1999

Under stable conditions, when positive temperature gradients occure, Figure 4.23 shows
that the temperature gradient from scintillometry is generally larger than from the profile
measurements. The correlation coefficients under stable conditions are lower than under
unstable conditions and have values on the order of 0.28 < rdT/dz <0.39. A reason for the
weaker correlation might to some extent be the fact that line-averaged values are com-
pared to point measurements. The turbulence, which influences the development of gra-
dients, is weaker and sporadic under stable conditions. Therefore, local differences in
temperature gradients might develop for short periods and are better detectable by the spa-
tially averaging scintillometry measurements. A longer averaging time might be required
under stable conditions in contrast to unstable conditions.

Figures 4.4.23 shows that under stable conditions during this day larger values of dT/dz
are determined by scintillometry by using the semi-empirical functions of Högström
(1988), Businger (1971) *, Zilitinkevich and Chalikov (1968) *, and Badgley (1972),
whereas the correspondence of dT/dz values seems to be closer by using the functions of
Dyer (1974) *, Fukui et al. (1983) and Hurtalova and Szabó (1985). The uncertainty in the
absolute values of dT/dz as obtained from the different functions under stable condi-
tions can reach maximal values in the range of tenth of K/m. Table 4.7 compares the sta-
tistical measures of fractional bias and root mean square error for this case study of
dT/dz for stable stratification.

From this single case study of 29 September 1999 it is not possible to decide which
function is most accurate. For the investigation of the thermal stratification in the Riviera
Valley under different boundary layer characteristics (convective, overcast, mixed) we
will use in the following the -function of Högström (1988) under unstable stratifica-
tion and of Dyer (1974) * under stable stratification. Both functions are valid over a
wide stability range and showed good results in the comparison to the temperature gradi-
ents derived from the profile measurements.

author fractional bias and root mean square
error dT/dz

Taylor (1960) fbdT/dz=0.18; rmsedT/dz=0.09 K/m

Businger et al. (1971) * fbdT/dz=0.01; rmsedT/dz=0.06 K/m

Dyer (1974)* fbdT/dz=0.08; rmsedT/dz=0.07 K/m

Zilitinkevich and Chalikov (1968) * fbdT/dz=0.27; rmsedT/dz=0.08 K/m

Fukui et al. (1983) fbdT/dz=0.05; rmsedT/dz=0.06 K/m

Swinbank (1968) fbdT/dz=0.06; rmsedT/dz=0.06 K/m

Carl et al. (1973) fbdT/dz=0.33; rmsedT/dz=0.10 K/m

Högström (1988) fbdT/dz=0.04; rmsedT/dz=0.06 K/m

φH

φH

φH
φH
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Table 4.7: Comparison of statistical measure: unstable stratification 29 Sep. 1999

By comparing the scintillometer-derived values of dT/dz with values derived by profile
measurements, the scintillometry method for deriving correction values for optical geo-
detic measurements can be verified. Moreover, this investigation should deepen our un-
derstanding of the thermal structure inside the valley and should indicate the order of
magnitudes of refraction correction values which can be expected in such terrain.

Figure 4.4.24 shows two time series of temperature gradients derived from scintillometry
and Pt-1000 sensors measured during days which show fully convective boundary layer
characteristics. Both measurement systems indicate the same evolution of time series of
dT/dz.

It can be seen in Figure 4.4.24 that during both days unstable conditions with negative
temperature gradients occurred in the morning hours in the Riviera Valley. The absolute
values of the temperature gradients increased with the increase in solar radiation and
reached their peak-values around 11:00 UTC+1. The peak values under unstable condi-
tions of dT/dz are around -0.4 K/m. The scintillometer derived temperature gradients are
for certain time periods smaller than the temperature gradients from the profile measure-
ments. In the afternoon, when the valley wind system develops and the surface layer be-
comes near-neutral the temperature gradients decrease and can even change sign, e.g.
after 13:00 UTC+1 on 29 September 1999. This would cause inverse refraction effects in
optical geodetic measurements. Under such near-neutral conditions, a fluctuation be-
tween positive and negative gradients can be observed. In general the comparison of the
time series shows a good correspondence and underlines the potential to yield represen-
tative values of the temperature gradient by scintillometry even for a short averaging time
of only ten minutes.

author fractional bias and root mean square
error dT/dz

Taylor (1971) less data

Businger et al. (1971) * fbdT/dz=0.96; rmsedT/dz=0.24 K/m

Dyer (1974) * fbdT/dz=0.68; rmsedT/dz=0.15 K/m

Zilitinkevich and Chalikov (1968) * fbdT/dz=1.01; rmsedT/dz=0.25 K/m

Fukui et al. (1983) fbdT/dz=0.73; rmsedT/dz=0.16 K/m

Hurtalova and Szabó (1985) fbdT/dz=0.73; rmsedT/dz=0.16 K/m

Badgley fbdT/dz=0.91; rmsedT/dz=0.22 K/m

Högström (1988) fbdT/dz=0.96; rmsedT/dz=0.24 K/m
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Figure 4.4.24: Time series of the temperature gradient derived from scintillometer and Pt-
1000 profile measurements (site A2), during two days with convective boundary
layer conditions. Data are 10 min averages.

Figure 4.4.25 shows the time series of temperature gradients derived from scintillometry
and Pt-1000 sensors during days with overcast conditions, when no thermally driven val-
ley wind system can develop. Although less shortwave radiation reached the surface due
to the overcast sky, it can be seen that, until the sun was going down, unstable conditions
prevailed during daytime, with temperature gradients ranging between -0.1 and -0.3 K/m.
Peak values of dT/dz are in the range of -0.3 up to -0.4 K/m, as also observed during strong
convective days at this site. During the transition time from day to night, a fast decrease
of the temperature gradients can be observed and positive temperature gradients on the
order of more than 0.3 K/m can be found. Theses are likely due to katabatic flow from
cold air down the slopes.

Under unstable conditions the absolute values of the temperature gradients derived by
scintillometry show a tendency to lower values compared to those derived by the temper-
ature sensors and to larger values under stable conditions. However, Figure 4.4.25 shows
that the time series of the temperature gradients well reflects the development of the tem-
perature stratification on days characterized by only weak convection due to an overcast
sky.
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Figure 4.4.25: Time series of temperature gradient derived by scintillometry and Pt-1000
profile measurements (site A2) during days with overcast conditions. Data are 10
min averages.

Figure 4.4.26 shows a time series of temperature gradients derived by scintillometry and
Pt-1000 sensors measured during a day which was characterizes by a mixed boundary lay-
er conditions. A fast decrease of the absolute values of the temperature gradient is observ-
able when the sun is shaded by clouds. Moreover, under such boundary layer conditions,
no clear daily cycle can be identified. Under mixed boundary layer conditions, large tem-
perature gradients are found at this site, with maximum absolute values of more than -0.5
K/m. Although the peak values of about -0.6 up to -0.7 K/m, which were observed by the
profile measurements around noon are underestimated by the scintillometer and larger
peak values are derived by scintillometry under stable conditions, the comparison of the
time series of dT/dz shows that in general optically sensed temperature gradients react to
fast changes of atmospheric stratification.

It can be concluded from this investigation of time series of temperature gradients that,
for different boundary layer conditions under various stabilities, the values derived by
scintillometry show a good correspondence to the directly observed gradients by Pt-1000
sensors. The optically sensed temperature gradients react to fast changes of stratification
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and can therefore be determined with a temporal resolution of only 10 minutes in partic-
ular during daytime under unstable conditions.

Figure 4.4.26: Time series of temperature gradient derived from scintillometry and Pt-
1000 profile measurements (site A2) during a day which shows mixed boundary
layer conditions. Data are 10 min averages.

It was shown in the previous section that higher turbulent sensible heat fluxes are observ-
able on the slope (site D) than at the valley floor site A2. Therefore, on the slope higher
absolute values of temperature gradients can be expected. Figure 4.4.27 (upper panel)
shows the time series of dT/dz for the same day as Figure 4.4.24 (24 September 1999) but
for the slope site D. It can be seen that at the slope the temperature gradients reached val-
ues of up to -0.5 K/m during this day. In general the absolute values of temperature gra-
dients are about 0.1 up to 0.2 K/m larger on the slope side than on the valley floor side.
Such large temperature gradients correspond to line-averaged refractivity gradients,
reaching values as high as 0.4 m-1 (Figure 4.4.27, lower panel).

By comparing the daily cycle of dT/dz during 24 September 1999 at both sites in the val-
ley (Figure 4.4.24 and Figure 4.4.27), the differences in the thermal structure in the valley
are evident.

Moreover, the daily evolution of the temperature stratification in the near-surface layer of
the Riviera Valley shows that under all discussed characteristic boundary layer condi-
tions, the temperature gradients vary significantly during the day, and fast changes of ab-
solute values can be observed. Therefore, using a constant spatial or temporal temperature
or refractive index gradient for correcting terrestrial geodetic measurements would not be
advisable. For example, Jordan et al. (1956) proposed a mean value of the refraction co-
efficient , which is the ratio of radius of the Earth to radius of a curved beam ,
of . Although he pointed out that this is not a constant value,

is still used in practical geodetic applications as standard correction value, i.e.
in modern tacheometer measurements, as critically pointed out by Hennes (2002).

κ RE Rw
κ RE Rw⁄ 0.13– 0.4±= =

κ 0.13–=
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Figure 4.4.27: Time series of the temperature gradient derived from scintillometry at the
slope site D during convective boundary layer conditions (upper panel) and the
corresponding time series of refractivity gradient (lower panel). Data are 10 min
averages.

However, as shown in Table 4.8 such value of refraction coefficient is not representative
for most atmospheric conditions. Table 4.7 gives an example of the order of magnitude of
κ, determined with atmospheric conditions measured during an overcast day (22 August
1999) on site A2 at a height of 1.1 m. For this calculation the formula for κ given by Bah-
nert (1987) is used. During this particular day κ ranges between -2.15 to + 1.38. Under
convective conditions and on sunlit slope sites an even wider range of order of κ can be
expected, as can be concluded form Figures 4.4.24 -4.4.27.

The absolute values of the temperature gradient in the Riviera Valley were generally larg-
er than K/m. A temperature gradient on the order of K/m can result in a loss in
accuracy in geodetic measurements which is many times larger than the postulated accu-
racy, as discussed for example by Böckem (2001) and Hennes (1998, 1999) for different
geodetic applications. Although for certain time periods differences larger than K/
m were observable in the comparisons shown in Figure 4.4.24 - 4.4.26, it is not obvious
whether this is solely due to the uncertainty of the scintillometer method. It may be also
possible that this differences result from an uncertainty in the temperature profile method
or are caused due to the fact that point measurements are compared to line-averaged val-
ues.

0.1± 0.1±

0.1±
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Table 4.8: Example of range of order of refraction coefficient κ. Measured at side A2 on

an overcast day, 22 September 1999

In general the results of this section show that it is possible to derive by scintillometry rea-
sonable correction values for terrestrial geodetic measurements as line-averaged values
over the measurement distance under various atmospheric and site conditions with a short
averaging time of only 10 minutes. As was seen by the comparison of CT

2 an l0 in Figure
4.4.20, modern geodetic instruments, like a line scan camera, are capable for optical tur-
bulence measurements - or will be at least capable in the proximate hardware - upgrade.
By using and implementing the presented method in modern geodetic instruments would
be an essential step towards the demand to deliver a more representative correction simul-
taneously with the geodetic observations themselves.

temperature gradient
[1/m]

refraction coefficient κ

-0.4 -2.15

-0.3 -1.55

-0.2 -1.41

-0.11 -0.83

+0.2 1.38
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5 Summary and conclusions

In this work the stratification and turbulence of the atmospheric surface layer over differ-
ent types of terrain was investigated by optical scintillometry. In the present chapter the
main results are summarized, and the evaluation of the displaced-beam scintillation meth-
od for the determination of stratification and turbulence of the atmospheric surface layer
over various types of terrain is presented.

5.1 Main results

The main results of this work are as follows:

1. It is presented how the standard algorithm for deriving turbulence parameters from op-
tical scintillometry can be extended to determine the gradients of temperature and the re-
fractive index by scintillometry. This gives the potential to achieve line-averaged
refraction correction values for terrestrial geodetic measurements by active and passive
optical scintillometry.

2. The influence of humidity fluctuations to the accuracy of the derived turbulent fluxes
and refractive index gradients by optical scintillometry is investigated. For a broad range
of atmospheric conditions, humidity fluctuations can safely be neglected in the scintilla-
tion algorithm. The momentum flux is hardly impaired under all atmospheric conditions
by neglecting humidity effects. For the scintillometer-derived turbulent sensible heat flux
and refractive index gradients, the relative error is smaller than 10% for Bowen ratios in
the range of 0.6 < β < 1.3. Only for small values of the Bowen-ratio a relatively
large error of more that 15% can occur. Under atmospheric conditions when such low val-
ues of the Bowen ratio can be expected, additional humidity measurements can improve
the accuracy. Also it is shown that the influence of neglecting humidity effects is smaller
for optical scintillometry than it is for the conventional eddy-correlation technique.

3. An inter-instrument comparison of two displaced-beam scintillometers was performed
over flat, homogeneous terrain, with a focus on the turbulent fluxes of sensible heat H and
momentum M. The data analysis shows a high inter-instrument agreement for the turbu-
lent fluxes, with a correlation coefficient for H of = 0.99 and for M of = 0.85. The
root mean square errors are rmsH = 4.8 W/m2 and rmsM = 0.023 N/m2. The inter-instru-
ment agreement of the displaced-beam scintillometer is better than the inter-instrument
agreement of five sonic-anemomenter-thermometers.

4. An instrument comparison (scintillometer versus sonic anemometer) for ideal condi-
tions is discussed in order to investigate the accuracy of the turbulent sensible heat flux
derived by scintillometry under different atmospheric conditions. It is seen, that the cor-
respondence of H is very good. The correlation coefficient of the turbulent sensible heat
flux for stable and unstable stratification is , and the root mean square error
rmseH = 31.24 W/m2; and for near-neutral stratification we obtained and rm-

β 0.2<

rH rM

rH 0.87=
rH 0.93=
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seH = 14.6 W/m2. Especially for very small values of the sensible heat flux relatively large
differences of H values can be recognized under near-neutral conditions. The accuracy of
the H values shows nearly no deterioration under non-isotropic turbulence characteristics
in comparison to ideally isotropic turbulence. However, the analyzed data set reflects the
advantage of the scintillation technique in comparison to the measurements by the sonics
that the former technique is generally not very sensitive to flow distortion.

5. A comparison of values of the turbulent momentum flux derived by scintillometry and
eddy-correlation under different atmospheric conditions over flat, homogeneous terrain is
presented. The comparison for M values for homogeneous fetch conditions is good for all
atmospheric stabilities but shows better results when the turbulence is isotropic. This im-
plies that the optically derived momentum flux is more sensitive to the requirement of iso-
tropic turbulence characteristics, than the turbulent sensible heat flux. Under near-neutral
conditions, the scintillometer-derived M values show a tendency to be underestimated in
comparison to the sonic-derived M values. For the comparison of the turbulent momen-
tum flux for stable and unstable stratification a correlation coefficient of and
a root mean square error of rmseM = 0.01 N/m2 were obtained and for near-neutral cases

 and rmseM = 0.07 N/m2.

6. It is investigated whether the slight underestimation for large values of the turbulent
momentum flux derived by the scintillometers under near-neutral conditions is due to the
optically inaccurate determination of the dissipation rate of turbulent kinetic energy ε. A
comparison of the mean values of ε (scintillometer versus sonic) is presented. The accu-
racy of the dissipation rate of turbulent kinetic energy is very good for all atmospheric
conditions. Both instrument systems yield similar values of ε, with a root mean square er-
ror of rmseε = 0.0043 m2/s3 for unstable conditions and a correlation coefficient of

. The values of ε under stable conditions are very small and tend to zero, but
the comparison shows good results with a rmseε= 0.001 m2/s3. Also under near-neutral
conditions, a good correspondence is found, with a correlation coefficient of
and a root mean square error of rmseε = 0.029 m2/s3. Moreover, it is shown that values of
the normalized dissipation rate of turbulent kinetic energy derived from the sonic mea-
surements, in general, confirm the shape of the semi-empirical function of Thiermann
(1990), which is used in the scintillometer algorithm. The sonic data of verify that the
minimum of is not attained at , as was obtained for example from the Kansas
data-set by Wyngaard and Coté (1971). Rather  reaches its minimum at .

7. The semi-empirical function used in the scintillation algorithm is based on the as-
sumption of under neutral conditions. It is discussed that an underestimation
of M may result from this assumption under neutral conditions if this assumption of

is too large, i.e. a deficit in the dissipation of turbulent kinetic energy occurs.
This would result in an underestimation of M as derived by scintillometry. Such a deficit
in dissipation in the surface layer can result when the turbulence is generated in layers
near the surface more rapidly than it dissipates in the same region.

8. The underlying theoretical refractive index spectrum of Hill (1978 a, b), which is used
in the scintillometer algorithm, is verified with values of the inner scale of turbulence as
determined from the sonic measurements.

rM 0.94=

rM 0.75=

rε 0.84=

rε 0.71=

φε
φε

φε ζ 0=
φε ζ 0.25–≈

φε
φε 0( ) 1=

φε 0( ) 1=
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9. The scintillation technique is tested for non-ideal conditions over flat terrain. It is
shown that the accuracy of turbulent fluxes H and M are not impaired by an inclined opti-
cal path for all fetch conditions and stabilities. A comparison with sonic-derived values
of M and H shows that the correspondence of the turbulent fluxes between sonics and
scintillometer is as good as with a horizontal propagation path.

10. The influence on optical scintillometry for an optical path over changing terrain is ex-
perimentally investigated. This experiment was conducted with the scintillometer path
spanning two different surfaces. Each of the two surfaces was additionally equipped with
an eddy-correlation tower for deriving comparison values of , H, and M. The data anal-
ysis of this experiment indicates the possibility of deriving reasonable values of stability
and turbulent sensible heat and momentum flux by scintillometry, even with an optical
path over changing terrain.

11. The turbulent structure in the near-surface layer of the Riviera Valley is investigated
under clear sky, strong convective and overcast, weak convective boundary layer condi-
tions. Scintillation and additional eddy-correlation, radiation and wind measurements are
discussed focusing on the turbulence structure. It is shown that, under overcast condi-
tions, nearly the same development of the thermal structure occurs at a flat valley floor
site and at a slope-site with 5.5o elevation angle. On the other hand, differences between
the momentum flux measured at the flat site and on the slope are observed, with higher
M values on the slope. The superposition of weak valley and slope winds probably
caused this difference. This flow pattern causes directional shear at the slope and, hence,
enhanced values of the turbulent momentum flux.

Under strong convective conditions the turbulent fluxes are found to be significantly
larger than during overcast days at both sites. As a result of the south-west facing slope
tilt, thermal differences to the flat valley floor develop, which is reflected in larger turbu-
lent sensible heat fluxes. As a result of the thermal differences, shallow slope flows start
under unstable stratification in the morning. In the afternoon, a full valley wind system
develops. The atmospheric stability under such conditions becomes near-neutral and
large values of the momentum flux are observable at the slope site.

12. The accuracy of the scintillation-derived turbulent fluxes is investigated at a slope
site in the Riviera Valley. It is shown that at a slope a good accuracy of values of the tur-
bulent momentum flux under unstable and stable atmospheric conditions can be
achieved. Under near-neutral and neutral conditions, when a strong valley and slope
wind system develops, the determination of M is problematic and shows, in general, an
underestimation, regardless of the surface tilt of the site.
On the other hand the determination of the thermal turbulent structure by scintillometry
at the slope site shows good results under all surface layer conditions. The accuracy of
the scintillometer-determined sensible heat fluxes seems to be hardly impaired by slope
effects.

13. A comparison of the line-averaged structure parameter of temperature and inner scale
of turbulence derived by the scintillometer with measurements with an image processing
method is conducted to investigate how reliably this parameter can be derived by using
the effect of optical turbulence. Although a short averaging time of ten minute is chosen,

ζ
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the comparison shows a high correspondence, with a correlation coefficient of rCT = 0.95,
a root mean square error of rmseCT = 0.06 K2/m2/3, and a fractional bias of fbCT = 0.09
and for the comparison of the inner scale of turbulence rlo=0.97, rmselo = 0.004 mm and
fblo = 0.01. Moreover, this experiment shows that common geodetic instruments are ca-
pable for optical turbulence measurements, even as passive instrument.

14. A sensitivity analysis of different commonly used semi-empirical functions was
carried out. This study clarifies the theoretical impact of the uncertainty of the semi-em-
pirical functions on the temperature and refractive index gradients as determined by
scintillometry. The uncertainty of the temperature gradients depends on the stability pa-
rameter . For stable conditions, as increases, the uncertainty in the temperature gradi-
ents increases. For unstable stratification, the uncertainty of the temperature gradients
becomes large for values of under weakly unstable conditions. It is investigated how
the temperature gradient determined from scintillation measurements in the Riviera Val-
ley responds to variations in the semi-empirical functions . For this investigation a
comparison of temperature gradients measured simultaneously by scintillometry and by a
small instrument tower with Pt-1000 sensors is conducted. The discussion of the data-set
under various atmospheric conditions shows that it is not evident which function is
most accurate. For further investigation of the thermal stratification under different
boundary layer characteristics the function of Högström (1988) under unstable strat-
ification and of Dyer (1974) * under stable stratification are chosen. Both functions
have a wide stability range and showed good results in the comparison to the temperature
gradients derived from the profile measurements.

15. The thermal stratification in the near-surface layer of the Riviera Valley is investigat-
ed under different atmospheric boundary layer conditions. At a valley floor site, during
days which show strong convective boundary layer features, negative absolute values of
the temperature gradients increase with the increase in solar radiation and reach their max-
imum values at about 11:00 UTC+1. The peak values of dT/dz are on the order of -0.4 K/
m determined for a height of about 1.10 m. During overcast days the peak dT/dz values
are also reached at 11 UTC+1 and maximum values are only slightly smaller, with values
around -0.3 K/m up to 0.4 K/m. During mixed days strong changes of the absolute values
of the temperature gradient can be observed, and no clear daily cycle can be identified.
Peak temperature gradients under such conditions also reach values of -0.5 K/m, deter-
mined for a height of 1.10 m. Even higher absolute temperature gradients can occure at a
south-west facing slope site.

By comparing the scintillometer-derived values of dT/dz with values derived by profile
measurement, a general good correspondence is shown, in particular under unstable con-
ditions. The optically sensed temperature gradients react to fast changes of atmospheric
stability and can therefore be determined with high temporal resolution of only 10 min-
utes. Therefore, by using and implementing the presented method in modern geodetic in-
struments would be an essential step towards the demand to deliver representative
correction simultaneously with the geodetic observations themselves.
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5.2 Conclusions and Outlook

In this study an optical scintillation method is introduced to derive correction values for
high-accuracy terrestrial geodetic measurements. Moreover, it is investigated how pre-
cisely line-averaged turbulence parameters can be derived in the atmospheric surface lay-
er by this method and whether they give the possibility to deepen our understanding of the
structure of the turbulent surface layer, especially over non-homogeneous terrain. Several
experiments have been performed using optical scintillometry and other meteorological
measurement techniques to test this method with respect to different spatial and atmos-
pheric conditions.

The scintillometer algorithm, presented in this work is based on the determination of the
structure parameter of the refractive index and the inner scale of turbulence using the ef-
fect of optical turbulence. Moreover the algorithm base on the assumption of Monin-
Obukhov similarity for the structure parameter of temperature, the dissipation rate of tur-
bulent kinetic energy, and the turbulent sensible heat flux. The Monin-Obukhov theory
assumes stationarity and homogeneity of the flow field. Stationarity means that the statis-
tical properties of the flow do not change with time. This condition cannot be realized in
the atmosphere due to the long-term variability of the properties of the flow. But for most
applications, the flow processes can be treated as a sequence of quasi-steady states. For
example, the time scale of changes in the turbulent fluxes is normally much larger than
the time scale of the turbulent fluctuations. The second condition, the homogeneity of the
flow field, is actually only given over an infinitely flat surface. Non-homogeneity of the
flow field can be caused by the heterogeneity of the underlying surface. A heterogeneous
surface entails, for example, a heterogeneity of the temperature field and changes in the
roughness and surface wetness. To what extent local Monin-Obukhov similarity can be
assumed in a non-homogeneous flow field is still an unknown problem. Therefore, several
experiments were conducted in this work to investigate to what extent the presented scin-
tillation method allows a relief from the homogeneity requirement of the Monin-Obukhov
theory and whether this method can be applied over various types of terrain. The condi-
tions of the experimental sites varied from homogeneous and flat terrain to flat, non-ho-
mogeneous terrain up to slanted, non-homogeneous terrain in an alpine valley. For
validation of the method, additional meteorological measurement techniques are used and
are taken into account in the data analysis. Theses include eddy-correlation measurements
with sonic anemometer-thermometers and Krypton hygrometers, and temperature profile
measurements.

The results of the experiments over various types of terrain, presented in this work leads
to the conclusion that, to some extent, a relief of the homogeneity requirement of the Mon-
in-Obukhov theory is given for the application of optical scintillometry. The accuracy of
the scintillometer-derived values seems to be hardly impaired due to non-homogeneous
terrain. One reason might be the fact that this method is based on the inertial dissipation
technique, which appears to be very robust even for non-ideal conditions (Hill et al. 1992).
The small-scale eddies are the most optically active ones, and they are likely to be in equi-
librium with the local terrain. It is shown in this work that the optical scintillation method
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enables the determination of the thermal stratification and turbulence parameters of the
atmospheric surface layer for various atmospheric and site conditions with good accuracy.
It seems that especially the accuracy of the scintillometer-derived turbulent sensible heat
flux and therefore also of the correction values for terrestrial geodetic measurements are
hardly impaired by terrain heterogeneity. In the scope of this study, a generally good ac-
curacy of the determined thermal turbulence structures can be achieved, even for non-ho-
mogeneous terrain. However the analysis of the experimental data sets shows also
restrictions of this method. Under neutral conditions, with weak thermal turbulence, the
derivation of accurate values of the turbulent momentum flux can be problematic by this
measurement method. Moreover, the uncertainty of the universal Monin-Obukhov func-
tions and constants used in the scintillometer algorithm has an impact on the accuracy of
the turbulence parameters derived by scintillometry. There is still controversy regarding
the exact form of the universal Monin-Obukhov functions. Therefore, further experiments
should be conducted to find universal functions that would be applicable to all conditions.
However, in this work it is shown that the scintillation methods gives accurate values un-
der many atmospheric conditions also for the turbulent momentum flux and for several
other turbulence parameters.

On the basis of our field experiments, it is shown that new insights of the turbulence struc-
ture of the surface layer can be achieved by scintillometry, even over non-homogeneous
terrain. In this context, the turbulent structure over different and variable surfaces and in
an alpine valley is analysed and described under various boundary layer conditions.
However, still little is known concerning the turbulent structure over heterogeneous sur-
faces. Due to the small data-set from the experiments presented in this work, further in-
vestigations should be conducted to deepen our understanding of the influence of
changing surface characteristics on the stratification and turbulent fluxes in the surface
layer, and on the restrictions of scintillometry under such conditions. An experiment
where the change in surface characteristics leads to large local differences in the turbulent
fluxes would be interesting: for example, a change from dry asphalt to a wet meadow. The
fact that it is difficult to find a site with such a strong non-homogeneity also reflects the
supposition that for normal non-homogeneous surfaces, the violation of the homogeneity
requirement in the scintillometer algorithm has no major consequences on the result.

The presented experiments show several advantages of the scintillation method in con-
trast to point measurements. An advantage of the scintillation method is the spatially av-
eraged character of the derived values. This feature means that averaging times, as short
as ten minutes can be used. Moreover, the length scale of the eddies measured by the scin-
tillometer is bounded by the instrument aperture rather than by the instrument height as in
the case of eddy-correlation devices. Therefore, the average frequencies measured by the
scintillometer are grater than those measured by eddy-correlation and less time is needed
to gain a statistically valid sample. This enables the derivation of correction values for ge-
odetic applications in the order of only ten minutes. Such a short averaging time can also
be an advantage for many meteorological applications. Moreover, due to the spatial aver-
aging of the scintillometer-derived values, extended experimental areas can be represent-
atively characterized by a single instrument. Further investigation has to be made in order
to determine the exact spatial resolution of the scintillometer observations.
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It can be summarized that the optical scintillometry possesses a promising potential for
determining the stratification and turbulence over various types of terrain and has there-
fore a great potential for obtaining line-averaged correction values for precise terrestrial
geodetic measurements. The method also has a potential for providing material necessary
to deepen the understanding of the structure of the atmopheric boundary layer, even over
non-homogeneous terrain.
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7 List of symbols

A, B, a, b, c constants
uncorrected value

a absolute humidity
empirical parameters

Aq, AT             constant with index of moisture and temperature
Bi variance of the logarithm of the amplitude of ray i
B1,2 covariances of logarithms of amplitude of ray 1 and 2
Bn correlation function of the refractive index
b displacement of scintillometer laser beams
c0 speed of light in vacuum
c speed of light in medium

sound velocity
Cn

2 structure constant parameter of refractive index
CT

2 structure constant parameter of temperature
Cs

2 structure constant parameter of scalar s
Ce

2 structure constant parameter of water vapour
Cv

2 structure constant parameter of wind velocity
cp specific heat under constant pressure
Dn structure function of refractive index
DT structure function of temperature
dd wind direction
dT diffusivity
D diameter
E latent heat flux

electric vector of the optical wave
e water vapour pressure
err relative error
ek turbulent kinetic energy
F shortwave radiation
F(k) spectral density
fB function which described the decrease of B1,2
ff wind velocity
f cylindric frequency
G ground heat flux
g acceleration due to gravity
h thickness of atmospheric boundary layer
H sensible heat flux
Ii intensity of beam i
J0, J1 Bessel function of 0. and. 1. kind, respectively
K wave number scintillometer

three-dimensional wave number vector
von Kármán constant

k wave number
kl,k0,km constants

a'

â b̂,

ĉ

E

k3 k3 kx k y k z, ,=
k'
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L Obukhov length
Ls typical length scale
Lv latent heat of vaporization of water
l0 inner scale of turbulence
L0 outer scale of turbulence
lT inner scale of temperature fluctuation
N refractive number
N number of quantity
n refractive index
n dimensionless frequency
nd refractive index dry air
nw refractive index moist air
m1,2 constant
M turbulent momentum flux
p pressure of air
p0 reference pressure
Pr Prandtl number
q specific humidity
r, R distance, length of propagation path
Ra gas constant for dry air
Re Reynolds number
RE radius Earth
Rn net radiation

correlation coefficient of variable s
RW radius of curved beam
s variable for an atmospheric quantity

dimensionless similarity function
S phase
S(f) frequency spectrum
Sw,Su,Sv frequency spectrum for u,v,w-component
t time
T* temperature scale
T Temperature

wind vector with its components
Us typical velocity scale
u* friction velocity
Vn one-dimensional refractive index spectrum
VT one-dimensional temperature spectrum
v velocity of phases
x, y, z coordinates
z0 roughness length

corrected value

rs

S ′

u u v w, ,( )=

x'



151
α variable
α inclination angle

Kolmogorov constant
refraction angle

β Bowen-ratio
β1 Obukhov-Corrisin constant
Γ dry adiabatic temperature gradient

, , ε0 dielectric constant, dielectric constant vacuum with index 0
ε dissipation rate of turbulent kinetic energy
εT dissipation rate of temperature fluctuations
εs dissipation rate of a parameter s
ζ stability parameter
η Kolmogorov micro-scale
ηa dynamic viscosity of air
θ potential temperature

refraction coefficient
λ wave length
µ, , µ0 permeability, permeability vacuum with index 0
ν kinematic viscosity of air
π number PI
ρ density of air
ρo density of air at the ground

conductivity
σι2 variance of intensity

scintillation
scintillation index
Rytrov variance
three-dimensional refractive index spectrum

φε universal function of dissipation rate of turbulent kinetic energy
universal function of structure parameter of temperature

φH universal function of sensible heat flux
φM universal function of sensible heat flux
φF normalized flux divergence
φp normalized pressure transport divergence
φt normalized production term of buoyancy

logarithm of amplitude
logarithm of electrical field

α1

β′

ε̂ ε'

κ

µ'

σ

σχ
2

σI
2

σ0
2

Φn

φCT

χ
Ψ E
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8 Abbreviations

ABL Atmospheric Boundary Layer
ADC Analog Digital Converter
a.s.l. above sea level
DC Direct Current
CET Central European Time
ETHZ Eidgenössische Technische Hochschule Zürich
FFT Fast Fourier Transformation
FLAT Full Look at Turbulent kinetic energy
GEWEX Global Energy and Water Cycle EXperiment
LIDAR LIght Detection And Ranging
LAS Large Aperture Scintillometer
LASER Light Amplification by Stimulated Emission of Radiation
MAP Mesoscale Alpine Program
MCR Meteorology, Climatology and Remote sensing
MOST MOnin Obukhov Similarity Theory
PEARL Precise Elevation Angle Measurements for real-Time Levelling
SAS Small Aperture Scintillometer
SOP Special Observation Period
SODAR Sounding detection and ranging
TKE Turbulent Kinetic Energy
UTC Universal Time Coordinated
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	2 Theory
	2.1 Introduction to the atmospheric boundary layer
	The atmospheric boundary layer (ABL) is the lowest part of the atmosphere which interacts with th...
	Main characteristics of the ABL are diurnal variations of its atmospheric parameters, like temper...
	The five basic governing equations for describing the physical state of the ABL are the ideal gas...
	An idealized, homogeneous ABL can roughly be divided in an inner and outer region, according to e...
	Figure 2.1.1: Schematical illustration of regions of an idealized atmospheric boundary layer.
	In the outer region (Ekman layer), the flow shows little dependence on surface characteristics, b...
	The energy that drives all processes in the ABL comes directly or indirectly from the solar radia...
	(2.1)

	where Rn is the net radiation flux, G is the heat flux into ground, H the sensible heat flux, and...
	Figure 2.1.2: Energy balance terms in the ABL.
	The basic dynamic interactions of surface and atmosphere are through the turbulent fluxes of mome...
	Laboratory experiments provide a criterion for the onset of turbulence in terms of the dimensionl...
	(2.2)

	where Ls is a length scale, Us a velocity scale, characterizing the flow, and n is the kinematic ...
	The kinematic viscosity of air can be obtained from the dynamic viscosity by dividing by the air ...
	(2.3)

	and
	(2.4)

	where is air density with the dimension kg/m3.
	For Re greater than a critical value of about 5000 (Salby, 1996), smooth laminar motion undergoes...
	The fact, that the ABL contains always some turbulence can be verified by inserting characteristi...
	Turbulent motions are inherently unsteady, three-dimensional, and involve a spectrum of space and...
	Figure 2.1.3: Schematic representation of the energy spectrum of turbulence.
	Mean and turbulent motion can be described by the Reynolds decomposition. This decomposition stat...
	(2.5)

	The Reynolds decomposition is a common procedure to describe the turbulent and mean atmospheric b...
	2.1.1 The atmospheric surface layer
	The atmospheric surface layer is the lower part of the atmospheric boundary layer, as seen in Fig...
	For a homogeneous surface layer, the five fundamental equations can be simplified (e.g. Garratt, ...
	The equation of motion becomes, for longitudinal x and lateral y direction, respectively:
	(2.6)
	(2.7)

	where f is the Coriolis parameter, the mean pressure, and the mean air density.
	By neglecting compressiblity effects, the mass balance equation can be written as:
	(2.8)

	For the ideal gas law, for moist air, we have:
	(2.9)

	where is the gas constant for dry air with a values of [m2s-2K-1] and is the mean specific humidity.
	The first law of thermodynamics yields:
	(2.10)

	whereby cp is the specific heat of air under constant pressure.
	The last terms in Equations 2.6, 2.7, 2.10 are second order moments, which describe the vertical ...
	Equations 2.6-2.10 are a set of equations which cannot be solved analytically because they contai...
	2.1.2. Monin-Obukhov Similarity
	The atmospheric surface layer is also known as the constant flux layer because under the assumpti...
	Monin and Obukhov (1954) stated that, for a constant flux layer, the structure of turbulence is d...
	(2.11)

	the temperature scale :
	(2.12)

	Moreover, the humidity scale q*:
	(2.13)

	the height above ground z, and the buoyancy parameter , where g is the acceleration due to gravity.
	The stability of the surface layer can be expressed with the Obukhov length L, which is defined as:
	(2.14)

	where is the von Kármán constant.
	The Obukhov length is the height where the amount of energy that is produced mechanically equals ...
	The stability of the ABL can also be defined statically by the potential temperature gradient . T...
	(2.15)

	where is the reference pressure, 1000 hPa. Ra is the gas constant for dry air, as given in Equati...
	The potential temperature is defined as the temperature that would result if a parcel of air were...
	Table 2.1 summarizes the stability criteria for certain stratifications which are used in this wo...
	Table 2.1: Stability criteria of stratification
	stratification
	z/L
	unstable
	< -0.05
	< 0
	near-neutral
	-0.05 < z/L < +0.05
	stable
	> 0.05
	> 0
	According to the hypothesis of Monin and Obukhov (1954), various atmospheric parameters and stati...
	For example, with MOST, it is possible to normalize the equation for the turbulent kinetic energy...
	(2.16)

	where represents the mean turbulent kinetic energy per unit mass.
	For the horizontally, homogeneous case, the TKE equation becomes (e.g. Businger, 1982):
	(2.17)

	where e is the dissipation rate of turbulent kinetic energy.
	The first two terms (I and II) on the right hand side of Equation 2.17 are the production rate of...
	The third term is the turbulent transport term. It represents the rate at which turbulent kinetic...
	The fourth term is the dissipation rate of turbulent kinetic energy, i.e., the term that gives th...
	The last term is the pressure transport term and describes how the turbulent kinetic energy is re...
	By multiplying all terms in 2.17 by we can define, using the above given scaling parameters:
	a normalized wind shear:
	(2.18)

	a normalized dissipation rate of turbulent kinetic energy:
	(2.19)

	a nomalized flux-divergence:
	(2.20)

	and a nomalized pressure transport divergence:
	(2.21)

	Wyngaard and Coté (1971) found that the non-dimensional production term of buoyancy is . Therefor...
	(2.22)

	Three different cases of universal functions can be distinguished depending on the stratification...
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