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Abstract  Scintillometry has been increasingly used over the last decade for the experi-
mental determination of area-averaged turbulent fluxes at a horizontal scale of a few kilo-
metres. Nevertheless, a number of assumptions in the scintillometer data processing and
interpretation still call for a thorough evaluation, in particular over heterogeneous terrain.
Moreover, a validation of the path-averaged structure parameters derived from scintillom-
eter data (and forming the basis for the flux calculations) by independent measurements
is still missing. To achieve this, the LITFASS-2009 field campaign has been performed
around the Meteorological Observatory Lindenberg — Richard-AfBmann-Observatory of the
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German Meteorological Service (DWD) in July 2009. The experiment combined tower-
based in-situ turbulence measurements, field-scale laser scintillometers, long-range optical
(large-aperture) and microwave scintillometers, and airborne turbulence measurements using
an automatically operating unmanned aircraft. The paper describes the project design and
strategy, and discusses first results. Daytime near-surface values of the temperature structure
parameter, C %, over different types of farmland differ by more than one order of magnitude
in their dependence on the type and status of the vegetation. Considerable spatial variability
in C% was also found along the flight legs at heights between 50 and 100 m. However, it
appeared difficult to separate the effects of heterogeneity from the temporal variability of the
turbulence fields. Aircraft measurements and scintillometer data agreed in magnitude with
respect to the temporal variation of the path-averaged C % values during the diurnal cycle. The
decrease of C% with height found from the scintillometer measurements close to the surface
and at 43m under daytime convective conditions corresponds to free-convection scaling,
whereas the aircraft measurements at 54 and 83 m suggest a different behaviour.

Keywords Heterogeneous terrain - LITFASS - Scintillometer - Temperature structure
parameter - Turbulence - Unmanned aircraft

1 Introduction

The turbulent exchange of momentum, energy and matter (e.g. of water vapour through evap-
oration, trace gases, aerosols etc.) is an essential element of land-surface—atmosphere interac-
tion. The turbulent fluxes of sensible and latent heat exhibit a major influence on atmospheric
processes such as boundary-layer growth, warming and moistening of the lower atmosphere,
cloud formation and, consequently, precipitation patterns (e.g. Holtslag and Duynkerke 1998;
Ek and Holtslag 2005). In numerical weather prediction (NWP) and climate numerical mod-
els the turbulent fluxes are described at a scale of 1-100km (corresponding to the model grid
resolution) using flux—profile relationships that relate the surface flux of a given quantity to
its vertical gradient with an exchange coefficient as the factor of proportionality. Originally,
these relations were derived from measurements performed over a locally homogeneous land
surface (such as the grassland prairies in Kansas, USA, see e.g. Businger et al. 1971). In order
to determine the local turbulent fluxes over homogeneous patches of the earth’s surface, eddy-
covariance techniques are the method of choice today (e.g. Lee et al. 2004). However, at the
scale of several kilometres, the earth’s surface is often strongly heterogeneous, as is the case
in central Europe. Here, a model grid cell of 5-10km side length typically contains patches of
different types of farmland and forest, water, traffic roads, settlements etc. The local energy
balance and hence the turbulent fluxes over these different types of underlying surface may
differ considerably, even under comparable forcing conditions concerning precipitation and
radiation. For example, during the LITFASS-2003 experiment a variability of a factor of
2-3 was found for the sensible heat flux between different types of farmland (grass, cereals,
rape, maize) and also between a pine forest and the mean farmland flux (Beyrich et al. 2006;
Bange et al. 2006b).

Techniques are therefore needed to provide area-averaged fluxes at the scale of a model
grid cell. Different authors have shown that adequate averaging of flux values from local mea-
surements over the main land-use classes (tile approach, e.g. Gryning et al. 2002; Beyrich et al.
2006) may provide reliable flux averages. But this method needs local flux measurements
over all relevant types of land use; an alternative would be area-averaging flux measure-
ment techniques. In the past, aircraft measurements have often been used for this purpose
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Towards a Validation of Scintillometer Measurements 85

Table 1 Typical values for the basic characteristic length scales of different scintillometer types

Parameter DBSAS LAS MWS
Wavelength, A ~700 nm 850-950 nm ~3 mm
Aperture diameter, D (2.5 mm) 0.1-0.3 m 0.4m
Beam separation, d 2.7 mm - -

Path height, 1 0.5-10m 10-50m 10-50m
Path length, L 50-200 m 0.5-5 km 0.5-10km
First Fresnel zone diameter, F ~10 mm ~50 mm ~5m

(e.g. Mahrtetal. 2001; Bange et al. 2002a, 2006a,b; LeMone et al. 2007), which are, however,
rather expensive and hence usually limited to case studies during special field experiments.
Over the last 15 years, scintillometers have found increasing use as a relatively robust tech-
nique suited for the quasi-operational determination of at least the sensible heat flux. With a
proper set-up, scintillometers may be operated over distances of several kilometres thus being
able to provide turbulence parameters (and fluxes) at the scale of a grid box of a regional-scale
NWP or climate model, or of the pixel of a satellite image (e.g. Watts et al. 2000; Lagouarde
et al. 2002; Beyrich et al. 2002a; Chandrapala and Wimalasuriya 2003; Kleissl et al. 2009a).

Three different types of scintillometers have found broad interest in meteorological appli-
cations during the last decade, namely

e the (dual-beam) small aperture scintillometer (DBSAS),
e the (optical) large-aperture scintillometer (LAS), and
e the microwave scintillometer (MWS).

Typical values for the basic characteristics of these three scintillometer types are listed in
Table 1.

The diameter of the first Fresnel zone, F, thatis defined by F' = (AL) 172 and the aperture
diameter, D, determine the size of the optically most active eddies that corresponds to the
larger of the two. It becomes thus obvious from Table 1 that from a physical point of view
the three scintillometer types differ in important characteristics.

The DBSAS is a small-aperture scintillometer with D < F, and is sensitive to eddy sizes
of the order of 10 mm that are close to the inner scale length of turbulence, /. The DBSAS is
typically used as a surface-layer scintillometer providing fluxes at the (micro-g) field scale.
Heat fluxes derived from these measurements have been shown to compare well with local
eddy-covariance measurements (e.g. Thiermann and Grassl 1992; Hartogensis et al. 2002;
De Bruin et al. 2002; Hoedjes et al. 2002).

The LAS is a large-aperture scintillometer with D > F, implying that the LAS primarily
“sees” eddies of the order of the aperture diameter of the optics that lie well within the inertial
sub-range of the turbulence spectrum. LAS systems have been operated over distances of up
to several kilometres (e.g. McAneney et al. 1995; Kohsiek et al. 2002; Asanuma and Iemoto
2007), and the derived path-integrated heat fluxes have been shown to compare well with
independent estimates of area-averaged fluxes for a footprint area of several square kilome-
tres. The potential of the LAS has been demonstrated for a variety of surface types from
quasi-homogeneous (e.g. McAneney et al. 1995; De Bruin et al. 1995) to heterogeneous
agricultural areas (e.g. Meijninger et al. 2002a; Lagouarde et al. 2002), different types of
forest (e.g. Ezzahar et al. 2007a,b; Hoedjes et al. 2007), and mixed farmland—forest land-
scapes (Beyrich et al. 2002a) including valley sites (Meijninger and de Bruin 2000) and even
urban areas (Lagouarde et al. 2006; Roth et al. 2006). Moreover, the LAS has been shown
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to have the potential for continuous, unmanned long-term operation making it ideally suited
for monitoring applications (Beyrich et al. 2002a).

For the MWS, D < F holds and it therefore basically “sees” eddies with a size of F that
still belongs to the inertial sub-range of the turbulence spectrum if the system is installed
sufficiently high above the ground such that the outer scale of turbulence is larger than F.
This outer scale represents the transition between the production range and the inertial sub-
range in the spectrum of turbulence, and is of the order of magnitude of the measurement
height. The fact that both the LAS and MWS are sensitive to structures in the inertial sub-
range makes it possible to directly relate the measurements with these two types of systems.
By combining optical and microwave scintillometers (MWSs) an estimation of the latent
heat flux becomes possible in addition to the sensible heat flux—this has been demonstrated
for a few case studies (e.g. Green et al. 2000, 2001; Meijninger et al. 2002b, 2006; Evans
2009). The simultaneous operation of a LAS and a MWS, but also the combination of a LAS
with satellite data or hydrological models, offer additional perspectives with respect to water
management studies at the regional scale (e.g. Chandrapala and Wimalasuriya 2003; Ezzahar
et al. 2007b, 2009; Kleissl et al. 2009a; Cammalleri et al. 2010; Allen et al. 2011).

2 The Scintillometer Method—A chievements and Open Issues
2.1 Basic Principles

The scintillation technique is based on the propagation of electromagnetic radiation in the
turbulent atmosphere. The energy of the electromagnetic radiation exhibits intensity fluctu-
ations known as scintillations that are caused by fluctuations of the refractive index n of the
air within the propagation beam. The magnitude of these fluctuations can be expressed by
the refractive-index structure parameter, C,%, which is the basic parameter derived from scin-
tillometer measurements. It can be derived from the variance of the logarithm of the signal
amplitude, B;, measured at the receiver side of a scintillometer system (with equal aperture
diameters for the transmitter and receiver):

L o8]
2x(L —x)7| 4J2(kDx/2L)
B 1 22/ / ’ o oo | K7x( i |
; 6 w7k; | dx [ dk ¢n(k, 1o, C;) sin 2 L (kDx/2L)? |’ M
0 0

where k; is the optical wavenumber, « is the turbulent spatial wavenumber, ¢,, is the three-
dimensional spectrum of refractive index, [y is the inner-scale length of turbulence, D is the
aperture diameter, L is the path length, x is the distance along the path and J; is a Bessel
function of the first kind.

Within the inertial sub-range and for the conditions of locally isotropic turbulence, the
structure parameter of any given atmospheric quantity, X, is defined as (e.g. Tatarskii 1961):

C% = ((X (r) — X (r))?) r 273, )

where r = |r; — rp| is the spatial separation between two points r; and r;, and the angle
brackets denote an ensemble average. X may represent temperature, 7', humidity, ¢, refrac-
tive index, n, or wind velocity, v. In analogy, the co-structure parameter between two quantities
(X, Y) can be defined as the correlation product between X (r1) — X (r2) and Y (ry) — Y (r2).
Direct application of Eq. 2 requires measurements of the quantity of interest at two points
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Towards a Validation of Scintillometer Measurements 87

separated by some distance r within the inertial sub-range. If the Taylor hypothesis of fro-
zen turbulence is applicable, C g( may also be derived from single-point measurements (e.g.
Kohsiek 1982):

Cx = ((X (1) — X (12))?) (AtV)™2/3, A3)

where V is the mean wind speed, and #; and , are two time instants separated by Az.
The refractive-index structure parameter, C ,%, can be related to the meteorological structure
parameters CZ, Cg, and Cr via (e.g. Hill et al. 1980):

2

A
a2, 4)

2
o At 2A1Aq
q2 q

nor? Tq
Here, At and Aq are functions representing the partial derivatives of refractive index versus
temperature and humidity, respectively; these functions depend on temperature, humidity,
air pressure and on the electromagnetic wavelength. The pressure dependence is only weak
and can be neglected to a first approximation.
For optical wavelengths (visible and near-infrared) the first term dominates but the second
term can not be completely neglected; the last term is small. A practical approach to account
for the humidity contribution to C2 has been suggested by Wesely (1976):

T2 0.03\ 2
ci=c?— (1+=—) , 5
T "A%( + Bo) )

C? +

CTq +

where Bo is the Bowen ratio. The constant 0.03 in Eq. 5 was derived for 7 = 300K,
p = 1,000hPa and assuming a correlation coefficient between T and ¢ in the inertial sub-
range r74 = =£1. This equation has been used in many studies to derive the sensible heat flux
from measurements with an optical large aperture scintillometer (e.g. Beyrich et al. 2002a;
Meijninger et al. 2002a; Kleissl et al. 2008).

For wavelengths on the scale of millimetres the third term in Eq. 4 dominates, while the
absolute value of the second term is about 10 % of the third and is of opposite sign. The first
term is the smallest but cannot be fully neglected. Expressions for At and Aq in the infrared
and microwave range are given, e.g. in Hill et al. (1980) and Andreas (1989). Moene (2003)
showed that a good approximation for Cr is

Crq = rrgy/C7C2. 6)

It can be inferred from Eq. 4 that C % and Cg can be evaluated from the measurements of C ,2l
at two different wavelengths provided that 7, is known.

Derivation of the turbulent flux of sensible heat from scintillometer measurements is based
on the application of Monin-Obukhov similarity theory (MOST) using the following sim-
ilarity relationship for the vertical profile of the temperature structure parameter (e.g. Hill
1997):

C}(z —d)?? —d
L_ﬁr(z ), )

T2 N L
where fr is a universal function of (z — d)/L, z is the (effective) height of the scintil-
lometer beam, and d is the zero-plane displacement. The Obukhov length is defined as
L = uiT/ (g Ty) where u, is friction velocity, Ty = —(w'T’)/u, is the temperature scale,
(w’T’) is the kinematic heat flux, « is the von Kdrmdn constant, and g is the acceleration due
to gravity. An analogous equation can be formulated for the profile of the humidity structure
parameter that is then used to derive the latent heat flux.
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2.2 Open Issues

Although scintillometers have been successfully applied in numerous studies to determine
area-averaged heat fluxes at the kilometre scale, there are still a number of open issues that
require further research. Some of these issues are briefly discussed in the following para-
graphs.

2.2.1 Similarity Functions

There is still no unanimity in the literature on the mathematical form of the universal func-
tions fr and fq, and different formulations have been suggested (e.g. Wyngaard et al. 1971;
Foken and Kretschmer 1990; Thiermann and Grassl 1992; De Bruin et al. 1993; Hartogensis
and De Bruin 2005). Meijninger et al. (2006) discussed the uncertainty range introduced by
the use of different functions on the resulting fluxes that may be of the order of 10-15 %.
For variances the possible impact of the inequality of the universal functions for temperature
and humidity has received attention (e.g. De Bruin et al. 1993, 1999; Moene et al. 2006a,c),
but possible consequences on scintillometer-based fluxes have not been investigated to date.
In all scintillometry studies these functions have been taken as equal, i.e., fr = fg, and
moreover, these similarity functions are strictly valid for the surface layer only. However,
in scintillometer data analysis they are usually applied to measurement heights of several
decametres above the ground. This appears to be justified under convective conditions where
surface-layer scaling of structure parameters has been found to hold for the lower part of the
mixed layer as well (e.g. Kohsiek et al. 2002). In contrast, under stable conditions significant
deviations from surface-layer scaling have to be considered even at a few decametres above
the surface and no universal scaling law has been found so far for the bulk of the stable
boundary layer (e.g. Wyngaard and Kosovic 1994). The application limits of surface-layer
similarity scaling to scintillometer measurements above the surface layer, especially under
stable conditions, has not been thoroughly assessed to date.

2.2.2 Heterogeneous Terrain

Theoretically, the application of similarity methods should be restricted to homogeneous sur-
faces, and its use over heterogeneous surfaces requires the existence of a ‘blending height’
somewhere below the scintillometer path. This assumption might be justified over mixed agri-
cultural surfaces (e.g. Meijninger et al. 2002a,b) where the signatures of different patches
of farmland with a typical size of less than 1km? can be expected to vanish at a few deca-
metres above the ground. Otherwise a careful footprint analysis would be necessary in order
to relate the scintillometer signal to the different patches from which the turbulence signals
along the path originate (e.g. Meijninger et al. 2006). The existence of a blending height for
fluxes is still debated controversially, especially over moderately heterogeneous terrain (e.g.
Bange et al. 2006b). No studies at all are known to the authors dealing with the question of
identifying a blending height for structure parameters. When performing an averaging over
the local measurements at different patches in the footprint area of a scintillometer it has to
be noted that the relation between the structure parameters and the fluxes is non-linear, hence
different results are obtained depending on whether the averaging is performed for fluxes
or for structure parameters. For the latent heat flux this difference may be of the order of
10-15 % (Meijninger et al. 2006). Aggregation rules for structure parameters have still to be
developed and validated. Flux aggregation over heterogeneous terrain is also relevant for the
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Towards a Validation of Scintillometer Measurements 89

determination of the Bowen ratio that enters the correction term in Eq. 5, and which has to be
applied to transform C 3 into C % if the sensible heat flux is determined from single-wavelength
LAS measurements.

2.2.3 Independent Validation of the Scintillometer Principle

A validation of scintillometer measurements has been performed in most cases by comparing
the scintillometer-based fluxes against flux values derived from (aggregated) in-situ eddy-
covariance measurements (e.g. Meijninger et al. 2002a,b, 2006). Beyrich et al. (2005) per-
formed an evaluation of the structure parameters derived from scintillometer measurements
against tower-based in-situ turbulence measurements using a sonic anemometer-thermome-
ter and a fast-response hygrometer, but this represents a comparison of point measurements
versus path-integrated values. In a few studies airborne measurements have been considered
for comparison, but these were usually representative of a larger area (e.g. Moene et al. 2006b;
Beyrich et al. 2006) than that covered by the scintillometer path. Thus, no validation of the
path-integrated structure parameters from scintillometer measurements against independent
data representative just for the scintillometer path from either airborne measurements or
model results has become known so far.

2.2.4 The Bi-Chromatic Technique

By combining optical and MWSs, estimation of the latent heat flux becomes possible in addi-
tion to the sensible heat flux—this has been demonstrated for a few case studies (e.g. Green
etal. 2000, 2001; Meijninger et al. 2002b, 2006). In order to determine Cc2, C;, and Cry from
LAS-MWS measurements, these authors have used the so-called “two-wavelength method”
(e.g. Kohsiek and Herben 1983; Andreas 1989). With this method, path-averaged values of
the refractive-index structure parameter (C 51 = C,% xp), C 32 =C 3 (A2)) are derived from
simultaneous measurements at two different wavelengths, A;, one in the optical, A1, and one
in the microwave, A2, range of the electromagnetic spectrum. Taking into account that C? is
a function of the three “meteorological” structure parameters (see Eq. 4), measurements at
two wavelengths are not sufficient to close the resulting equation system. This would call for
a “three-wavelength method” that was discussed by, e.g., Hill et al. (1988), but it has never
been realized successfully in an experiment. Instead it is usually assumed that temperature
and humidity fluctuations are perfectly correlated (either positive or negative, rr, = %1),
which implies C74 = =(C % C;)l/ 2 (see Eq. 6). To avoid this assumption, Meijninger et al.
(2006) have used eddy-covariance measurements of rr, (which however represent a point
measurement in relation to the size of the LAS-MWS path of several kilometres) in order to
calculate Ct, from Eq. 6. Liidi et al. (2005) have for the first time measured the correlation
between optical and microwave scintillations allowing for a direct estimation of Cr, (and
also of the temperature-humidity correlation, r74) from scintillometer data. This so-called
‘bi-chromatic’ technique has several advantages, in addition to the estimation of the path-
averaged C7, from the measurements without the assumption of 77, = %1 it also gives the
sign of r7,. The bi-chromatic technique (direct measurements of the correlation between
optical and microwave scintillations) has not been thoroughly evaluated yet with respect to
the effects of saturation and different path weighting functions of its optical and microwave
components.
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2.2.5 Tower Vibrations

Application of scintillometers at the meso-y (grid) scale requires measurements over dis-
tances of several kilometres. For such path lengths, signal saturation may occur in case of
intense turbulence (e.g. Kohsiek et al. 2006). In order to avoid saturation the transmitter and
receiver units have to be mounted at heights of several decametres above ground which is
often achieved by using lattice masts as a mounting structure. However, these masts are nor-
mally subject to wind-induced vibrations that might affect the scintillation measurements. In
analyzing the scintillometer data from the LITFASS-2003 experiment, Beyrich et al. (2005)
and Meijninger et al. (2006) found that the MW S measurements were affected by tower vibra-
tions if the wind speed at the scintillometer level was >6-7ms~!, and they had to exclude
the strong-wind cases from their analysis. Von Randow et al. (2008) report about vibration
effects on LAS measurements performed at two tall lattice towers above the Amazonian rain
forest. They corrected the LAS measurements by fitting their data with a theoretical model
spectrum. However, apart from such an empirical diagnosis of vibration effects on scintil-
lometer measurements, a detailed analysis of the influence of tower vibrations on scintillation
measurements based on a direct measurement of these vibrations has not been described in
the literature to our knowledge.

2.2.6 Friction Velocity

For daytime convective conditions the influence of u, on the derived fluxes (via L in
Eq. 7) is relatively small (e.g. De Bruin et al. 1995). Thus a crude estimate of friction velocity
based on wind-speed measurements at a single level suffices to account for it. Over tall rough
vegetation (forest) or over a heterogeneous landscape and during stable conditions this is no
longer valid. However, algorithms for flux estimation from scintillometer data generally use
friction velocity estimates from point measurements that are not a-priori representative of
the scintillometer path.

3 The LITFASS-2009 Experiment
3.1 The Measurement Strategy

To further substantiate the application of scintillometers an experiment has been designed to
collect data that could contribute to answering the open issues discussed in Sect. 2.2. This
experiment was performed in the area around the Meteorological Observatory
Lindenberg — Richard-ABmann-Observatory (MOL-RAO) of the Deutscher Wetterdienst
(DWD, German Meteorological Service), the so-called LITFASS area. The acronym LITF-
ASS stands for Lindenberg Inhomogeneous Terrain — Fluxes between the Atmosphere and
the Surface: a longterm Study, and represents a program to study the question of the area
averaging of turbulent fluxes over the heterogeneous land surface around the MOL-RAO
with respect to the application to NWP modelling. This program includes the operational
boundary-layer measurement activities at MOL-RAO and also a series of field experiments
performed in the area (Neisser et al. 2002; Beyrich et al. 2002b; Beyrich and Mengelkamp
2006). In the present context, LITFASS might also be understood as LIndenberg-To-Falken-
berg Aircraft Scintillometer Study. The LITFASS-2009 experiment took place from June 29
to July 24, 2009.
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Table 2 Measurement strategy with respect to the research topics from Sect. 2.2

Issue Measurements

Similarity functions Combination of surface-layer, tower based and airborne turbulence measure-
ments using eddy-covariance techniques

Heterogeneous terrain Surface-layer scintillometer measurements of structure parameters over all
relevant patches of land use along the LAS path

Profile measurements of structure parameters along a tower, with aircraft
and LAS at different heights

Scintillometer validation Airborne measurements of structure parameters along the LAS path

Bi-chromatic technique Parallel LAS and MWS measurements with high-frequency (> 100 Hz) sam-
pling of the raw data

Tower vibrations Acceleration measurements in combination with the scintillometer measure-
ments at high sampling frequency

Friction velocity Path-averaged wind measurements using a scintillometer with cross-wind
capability

Airborne wind and turbulence measurements along the LAS path

The general ideas with respect to the measurement strategy of this experiment are sum-
marized in Table 2.

3.2 Site Conditions

A map of the area around Lindenberg/Falkenberg with the land use during summer 2009
indicated is presented in Fig. 1. The landscape in the region around MOL-RAO has been
formed by the inland glaciers of the last ice age. It is characterized by moderate changes
in orography (terrain height varies between about 40 and about 130m above sea level
over an area of 25 x 25km?), and it represents a mixture of forest and farmland with
small and medium-sized lakes embedded. A number of small villages (each with a few
hundreds of inhabitants typically) is spread over the region at typical distances of about
3-5 km.

MOL-RAO operates two facilities in this area: the observatory site and a special boundary-
layer field site, the so-called GM Falkenberg (where GM stands for “Grenzschichtmessfeld”,
the German translation of “boundary-layer field site”). Both sites are about 5km apart from
each other. At the observatory site, a suite of ground-based remote sensing systems (includ-
ing wind profiler radar, microwave profiler radiometer, cloud radar, ceilometer), a radiosonde
station (with four regular launches per day), and a platform for measurements of broadband
and spectral downward radiation components are in routine operation. At the GM Falkenberg
measurements of meteorological parameters are performed at various masts and towers (up
to a height of 98 m) providing a detailed characterization of micrometeorological processes
including soil physical parameters, profiles of mean atmospheric state variables, radiation
and turbulent energy fluxes. A sodar-RASS system is used to measure wind and tempera-
ture profiles beyond the tower range. A LAS has been in operation over the 4.9 km distance
between the two sites for more than 10years providing the background measurements for
the LITFASS-2009 field experiment.

A footprint analysis for the LAS path has been performed by Meijninger et al. (2006).
It revealed that more than 90 % of the turbulent signal at the height of the LAS beam can be
attributed to the different agricultural fields below and around the path, except for the wind
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Fig.1 Map of the study region around the MOL-RAO: the LAS path and the positions of the micrometeoro-
logical ground stations—see Sect. 3.3—are marked by the line and star symbols, respectively

direction sector around west for which about 10—15 % of the signal may result from the forest
patches visible in Fig. 1.

3.3 Measurement Systems

In addition to the operational measurement systems at MOL-RAO the following instruments
have been employed during LITFASS-2009. Five micrometeorological stations were set up
over different agricultural fields to perform surface-layer measurements of mean meteoro-
logical quantities, energy fluxes and turbulence parameters over the major types of farm-
land: grass, triticale, barley, maize, and colza. Turbulence measurements at these stations
were carried out using USA-1 (METEK GmbH, Germany) or CSAT-3 (Campbell Sci., UK)
ultrasonic anemometers/thermometers and LI-7500 (LiCor Inc., U.S.) infrared hygrome-
ters. Five dual-beam surface-layer scintillometers (SLS-20/SLS-40, manufactured by Scintec
AG, Germany) were operated close to the micrometeorological field stations. These
instruments provided surface-layer measurements of the refractive-index structure parameter
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Table 3 Set-up characteristics of the surface-layer turbulence measurements

Grass Colza Maize Barley Triticale
(Colza) (Grass)
Eddy covariance
Sonic USA-1 USA-1 USA-1 CSAT-3 CSAT-3
Hygrometer LI7500 LI7500 LI7500 LI7500 LI7500
Height (m) 2.4 2.4 52 32 32
Scintillometer
Type SLS-40 SLS-40 SLS-20 SLS-20 SLS-20
Orientation south — north north — south west — east east — west north-east— south-west
Path height (m)  2.15 24 2.40 2.31 2.35
Pathlength (m) 125 117 125 120 110

representative of the different farmland types. Two eddy-covariance stations and two SLS-40
systems were installed at the eastern and western borders of the GM Falkenberg field site,
respectively. Depending on the actual wind direction, these sensor systems “saw’ in their
footprint area either the grassland of the field site or the colza at the neighbouring fields. A
summary characterizing the operating conditions of the eddy-covariance and scintillometer
systems at the five field stations is given in Table 3.

Two more eddy-covariance systems (combining a USA-1 with a LI-7500) were mounted
at the 50- and 90-m levels of the meteorological tower at GM Falkenberg. The instruments
were installed on the booms pointing towards 190° at a distance of about 4 m from the mast
construction. This allowed for turbulence measurements not significantly affected by the
tower itself for wind directions between 090° and 300°. Temperature, wind and humidity
fluctuations were measured at a sampling rate of 20 Hz. Tower and boom accelerations in
three directions were measured with the same frequency using BG-2168 accelerometers
(M+S GmbH, Germany).

In addition to the operational LAS, a second LAS and two MWS were installed at the
GM Falkenberg and MOL-RAO towers. Both LAS systems (abbreviated as LASDWD and
LASWUR below) were built at the University of Wageningen (The Netherlands, Meijninger
et al. 2000; Moene et al. 2005), they have an aperture of 0.152 m, the operating wavelength
is 940 nm. The MWS systems were built at the University of Bern (Switzerland, e.g. Liidi
etal. 2005) and Rutherford Appleton Laboratory (UK, e.g. Evans 2009), respectively (we call
them the MWUB and MWRAL systems). Both are operated at 94 GHz (3 mm wavelength),
the apertures are 0.4 and 0.25 m, respectively. BG-2168 accelerometers were attached to the
scintillometer units at both the Falkenberg and Lindenberg towers. A combined storage of the
raw data from the LAS and MWS systems (including the accelerometers) has been realized
at 500 Hz sampling frequency.

Airborne measurements were performed using the M? AV (meteorological mini aerial vehi-
cle) research aircraft, developed at the Technische Universitit (TU) Braunschweig. M>AV
is an electrically powered, twin-engined aeroplane that operates automatically, i.e., without
remote control. It is controlled by an on-board autopilot system that communicates with a
ground station (laptop PC) for the exchange of measured data and mission updates, e.g. new
waypoints. The aircraft has a take-off weight of 6 kg (including 1kg of payload) and a wing
span of 2m. It is equipped with temperature and wind vector sensors for turbulence measure-
ments (up to 0.033 s time resolution), a humidity sensor (1 s) and a sophisticated navigation
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Fig. 2 Schematic cross-section of the measurement set-up along the Falkenberg-to-Lindenberg LAS-MWS
path. Grey-shading marks the terrain height, and the pwf of the LAS and MWS are indicated in the lower part
of the figure. The micrometeorological stations represent grass/colza, maize, triticale, and barley from left to
right (south to north), respectively

and attitude measurement system. All data are recorded at 100 Hz sampling frequency. At
a22ms~! air speed a spatial resolution in the sub-metre range is achieved. More compre-
hensive information is given in Spiel3 et al. (2007), van den Kroonenberg et al. (2008), and
Martin et al. (2011).

3.4 Experimental Set-up

The general experimental set-up in the area around the MOL-RAO and GM Falkenberg can
be inferred from Fig. 1. The LAS-MWS path extends over a distance of 4.9km between
the two sites, and the five micrometeorological stations and the laser scintillometers were
installed at four fields along the LAS-MWS path. Two stations were operated at the eastern
and western borders of the GM Falkenberg that was surrounded by colza fields in 2009.
Measurements with these two stations thus represented the conditions over grassland and
over colza with a dependence on the prevailing wind direction. Figure 2 shows a schematic
x—z cross-section along the LAS-MWS path (that was almost oriented south-north).

The terrain height slightly increases along the path. The two LAS-MWS systems employed
during LITFASS-2009 were set up for an anti-parallel operation. The transmitters of the LAS-
DWD-MWUB system were mounted at the 50-m level of the Falkenberg tower (123 m above
sea level) while the receivers were installed at the upper platform (25 m, corresponding to
133 m above sea level) of a tower at the observatory site. The LASWUR-MWRAL system
had its transmitters at this location, while the receivers were mounted at the 90-m level of the
Falkenberg tower. The measurements with the two systems thus represented two different
effective heights above ground (about 43 and 63 m, respectively). The lower path was almost
parallel to the surface except for the parts close to the receiver site.
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Two different flight patterns were defined for the operation of the M?AV aircraft during
the experiment. The first pattern consisted of straight legs at different heights along the path
but parallel to the surface (“Line profile”). Alternatively the aircraft followed the height of the
scintillometer beams along the path (“Scintillometer profile”’). Unfortunately, the flight legs
had to end at round 3.3 km north of the Falkenberg tower (thus covering about 70 % of the
LAS-MWS path) since we did not have permission to fly above the village of Lindenberg.

The path-weighting functions (pwf) for the two scintillometers are also shown in Fig. 2;
they indicate that the major contribution to the receiver signal arises from a region around
the centre of the path, in particular for the LAS.

3.5 The Meteorological Conditions

The meteorological conditions during the LITFASS-2009 experiment were not very favour-
able with respect to the project goals. At the beginning of the experiment, the weather was
characterized by weak synoptic pressure gradients over Germany, while showers and thun-
derstorms frequently developed within the prevailing humid and unstable air masses. The
last two weeks of the experiment were characterized by a cyclonic westerly to south-westerly
flow with frequent passages of low pressure systems and associated precipitation. Cloudless
conditions never lasted longer than a few hours, the daily sum of sunshine duration exceeded
8h on five days only during the measurement period (when the maximum possible sunshine
duration was about 15h). Rain occurred on 17 out of the 26 days of the field campaign.
The wind speed at 10m during the daytime frequently exceeded 6ms~! with considerable
gustiness preventing a safe operation of the M2AV aircraft. As a consequence, measurement
flights were often possible (and reasonable) during certain hours of the day only. During the
whole measurement period, 16 flights were performed on six days along the “Line profile”
and “Scintillometer profile” patterns described above.

3.6 DBSAS Inter-Comparison Experiment

As a pre-requisite for the interpretation of possible differences in the C% measurements at
field scale derived from DBSAS measurements over different surface types a quantification of
the instrumental uncertainty (i. e., the differences obtained when operating the systems over
the same type of surface) is necessary. So far, only a few scintillometer comparison results
have been published in the scientific literature (e. g., Kleissl et al. 2008, 2009b; van Kesteren
and Hartogensis 2011), and mainly consider the commercially available LAS systems from
Scintec and Kipp&Zonen. Moreover, published results generally focus on the derived fluxes.
We are not aware of any publication on the comparison of a number of DBSAS with respect
to the basic meteorological output variables, namely C2 and ly. Before installing the SLS-
20/40 systems at the agricultural fields we therefore performed a 3-day inter-comparison
experiment at the GM Falkenberg grassland site. The five DBSAS were set up over a path-
length of 145m and at a measurement height of 2.15m. The orientation of the paths was
roughly east-west with prevailing northerly winds predicted for the period of the comparison
experiment. The lateral distance between four of the paths was 8—10m, for logistic reasons
the fifth path was about 40 m to the north of the fourth path. The diagnosis data period was
set to 6 s and the basic averaging interval was set to 10 min for the measurements during this
experiment. All five paths “saw” the grass at GM Falkenberg over a fetch of at least 150 m.
Since the upstream, along-wind footprint area of a measurement system installed at 2m or
higher extends over several tens of metres, the source areas for the different paths largely
overlap for the lateral distance we have used in this set-up.
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4 Data Processing

Most of the measurements made during LITFASS-2009 were focused on the determination
of the temperature structure parameter, C%. This can be obtained from optical scintillometer
measurements, while derivation of the humidity structure parameter, CZ, has to rely on com-
bined LAS-MWS measurements. Moreover, a lightweight, fast-response humidity sensor
suitable for installation on the M?AV aircraft was not available at the time of the experiment.
The description of the data processing and the presentation of results will therefore basically
concentrate on C%.

4.1 Structure Parameters from the DBSAS Data

Determination of the structure parameters from the DBSAS data was based on the SLS-
Run/SRun system software provided by the manufacturer. This software determines C,%
from the variances and from the covariance of the logarithmic intensity of the received sig-
nals of two parallel laser beams. The inner scale length of turbulence [y is derived from the
correlation of the signal intensity between the two beams. Internal analysis of the signal is
performed over so-called diagnosis intervals (the length of which was set as 105s). A series of
statistical tests is internally applied to the signals during one diagnosis interval, and an error
code is assigned to the 10s dataset based on the results of these tests (where error_code=0
indicates that all tests have been passed). Statistics from the single sampling periods are then
aggregated to 10-min averages of the derived parameters whereby only data from sampling
intervals without an error message are considered. C % was then calculated from C2 using
Eq. 5. The Bowen ratio, Bo, was determined from the flux measurements of the eddy-covari-
ance systems at the five sites, and mean values of Bo over the time period 0900 UTC-1500
UTC for each day were considered for the correction. To allow for a comparison of the mea-
surements over the different fields the C% values were then transformed from the measure-
ment height to an overall aerodynamic reference height of 2m using Eq. 7. The displacement
height was estimated as 2/3 of the actual vegetation height.

4.2 Structure Parameters from the LAS-MWS Data

For the LAS as a single instrument, the measurement of the variances of the logarithm of the
signal intensities directly provides C, 3 C % can then be derived using Eq. 5, and finally the
sensible heat flux, H, is obtained from Eq. 7. However, an estimate of H is needed in Eq. 5
already to obtain Bo. To overcome this difficulty, a fixed pre-scribed value of Bo may be used.
Alternatively, the two equations may be solved iteratively determining Bo from Bo = H/LE,
where LE is the latent heat flux, and parametrizing LE through LE = 0.9Rpe; — H, where
Ry is the net radiation and the factor 0.9 represents a rough estimate of the effect of the soil
heat flux reducing the available energy.

The first results of the combined LAS-MWS measurements to be presented are based on
the LASDWD-MWUB system described in Sect. 3.4. From the 500 Hz raw signal inten-
sities the variances of the logarithm of the signal intensities of the LAS and the MWS,
respectively 01%1( Iopo) and 01%1( L) WETE calculated as well as the covariance of the log inten-
sities, ojn( Topt-Tmw) - The subscripts opt (for optical) and mw (for millimetre wave) refer to
the wavelengths used by the LAS and the MWS. The relations between the log variances,
the log covariance and the structure parameters at the corresponding wavelengths C 3 , are
given by
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where D as is the aperture diameter of the LAS, Fyws is the Fresnel zone of the MWS, and
L is the pathlength. The constant given in Eq. 8c is only valid for a LAS-MWS set-up with
a separation distance between the two systems of 1m. C2, Cg, and Cr, were then deter-
mined by combining Eq. 4 written down for the two wavelengths and using the so-called
bi-chromatic method described in Liidi et al. (2005).

4.3 Structure Parameters from the M2AV Data

The temperature structure parameter was determined from the time series of the fast-response
temperature measurements aboard of the M2AV using the structure—function method (see
Eq. 2 and 3) where V is the true air speed. The structure function of temperature (D77 =
(& %r‘z/ 3) was calculated for the horizontal straight flight legs of 3—5 km length for r varying
from the resolution limit (# < 1m) to » > 1 km. A double-logarithmic plot of Dy vs. r
allows the inertial sub-range to appear as a plateau with a roughly constant value (indepen-
dence of D7 on r); in our data this typically occurred for 2.5 m < r <25 m for most of the
flights. The mean value of C% over this plateau region (the r range given above) was finally
calculated in order to obtain a representative value of C% for each flight leg, and the corre-
sponding statistical error of C % was determined as described in van den Kroonenberg et al.
(2012). This method of determining the temperature structure parameter assumes Taylor’s
hypothesis of frozen turbulence to be fulfilled, implying that the sampling period (e.g. one
leg) has to be shorter then the time needed for the turbulence to develop. As the flight time
for an individual flight leg was not more then 3—4 min, turbulence was considered frozen
and the captured time series could therefore be regarded as a spatial series. Allocation with
respect to the ground was obtained by multiplying the measured time series of airborne C%
values along each flight leg with the aircraft ground speed.

4.4 Structure Parameters from LES Data

In order to compare and validate the measured structure parameters, comparative simula-
tions with the LES model PALM (Raasch and Schroter 2001) are performed. The structure
parameters can be derived from the inertial sub-range of spatial turbulence spectra under
homogeneous conditions. Alternatively, temporal spectra and a method based on local sim-
ilarity, which relates local structure parameters to the dissipation rates of turbulent kinetic
energy as well as temperature/humidity, can be used to investigate the variability of the struc-
ture parameters along the scintillometer path (e.g. Peltier and Wyngaard 1995; Cheinet and
Siebesma 2009). First simulations of a homogeneously heated convective boundary layer
with virtual path measurements have been performed.

5 Selected Results
5.1 SLS-20/40 Instrumental Uncertainty

A statistical analysis has been performed on the data collected during the DBSAS inter-
comparison experiment. The Wageningen SL.S-20 (SN221) has been chosen as the reference
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Table 4 Results of the statistical inter-comparison of the C,% measurements with five DBSAS SLS-20/40
(reference: Wageningen instrument SN221, Firmware version SLSRun 2.24)

Parameter System 2 System 3 System 4 System 5
SLS type SLS-20 SLS-40 SLS-40 SLS-20
Serial number 148 191/192 261 165/166
Firmware version SLSRun 2.03 SLSRun 2.33 SRun1.05 SLSRun 2.25
Number of data points 272 281 145 136
Correlation coefficient 0.997 0.996 0.984 0.999

Slope of linear regression line 0.94 1.27 1.23 1.05

Mean (C2(X)/C2 (WUR221)) 0.89 1.23 1.03 0.94

Median (CZ(X)/C2 (WUR221)) 0.91 1.25 1.04 0.95

for this analysis (System 1). Only those 10-min averaging intervals were considered for the
comparison for which more then 70 % of the diagnosis data periods were available without
error messages from the internal data quality checks. The results are summarized in Table 4.

The number of data points available for the comparison was considerably reduced in the
case of systems 4 and 5. While a configuration error resulted in a one-day data loss in the case
of system 5, system 4 operates on a completely revised hardware and software basis with an
increased internal sampling rate that is higher by more than a factor of 10 when compared
to all the other systems. This ensures that the internal statistical data quality tests are more
sensitive to any irregularities in the signal characteristics resulting in an increased number of
flagged diagnosis data. The correlation coefficient is very high for all systems showing that
the data from the different instruments follow the same variations (mainly the pronounced
diurnal cycle). The other three scores vary between about 0.89 and 1.28, indicating a devi-
ation of up to about 25 % in the C? values measured by the different systems. The slope
of the regression line suggests that the different instruments do not give the same values;
this might be interpreted as a certain percentage of underestimation or overestimation. But
the slope is dominated by the high values; possible problems at low values remain hidden.
The mean relative value indicates how large, in the mean, the relative deviation is for each
sample, but it is not a very robust measure (especially when using relative numbers). That
is why we also determined the median relative deviation that gives a more robust indication
of the overall relative deviation between the instruments. To assess these relative measures
is particularly useful in the case of C2 since it has such a large variation in values. If one
would only look at the absolute errors the possible problems at low C 3 would completely
disappear. While the different measures are consistent for system 2 and system 3, and still
show the same tendency for system 4, they provide a different message for system 5 for which
apparently the larger values of C? are overestimated but the lower ones are underestimated
(not sufficient to change the slope, but visible in the relative deviations).

It should be noticed that deviations of comparable relative magnitude were found for the
inner scale length, [y. Since errors in C2 and errors in [y partially cancel out when calcu-
lating the turbulent fluxes, the differences in the sensible heat fluxes are smaller than 5 %.
The reasons for these differences are not completely clear. We repeated the inter-comparison
exercise in 2010 with three of the five systems over a longer time period (more than one
month), with two of the three systems sent to the manufacturer for technical inspection and
maintenance before this second experiment. Again, we found deviations of roughly the same
magnitude. One possible reason could be the differences in the firmware version. For future
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experiments we therefore recommend a harmonization of the firmware used with the dif-
ferent laser scintillometers. In any case, the uncertainty has to be taken into account when
interpreting the measurements at the different sites.

5.2 The Temperature Structure Parameter over Different Farmland Surfaces

The structure parameter of temperature C% close to the surface over five different types of
agricultural farmland (barley, colza, grass, maize and triticale) was derived from the SLS-
20/40 measurements. Figure 3 (upper panel) shows a time series of the mean daytime value
of C % (calculated over the time period 0900-1500 UTC) for each day of the LITFASS-2009
experiment (June 29-July 24). The data show significant differences (up to an order of mag-
nitude or even higher) between the different types of farmland. This is an important result
with respect to the overall goal of the LITFASS-2009 experiment—if there was no signifi-
cant contrast at ground level we would not have to assess C% variability along a LAS path
over heterogeneous terrain. The differences can be explained by the status of the vegetation.
This is further illustrated by the mean daytime values of the Bowen ratio determined from
the eddy-covariance measurements at the micrometeorological sites (Fig. 3, lower panel).
Barley and triticale were already senescent and very dry during the experiment and hence the
observed C% as well as Bo are high. There are no data for barley after July 14, 2009, when the
harvest took place. The maize was in a phase of rapid vegetation development and actively
transpiring (during LITFASS-2009 the plants grew from a height of about 0.3 m to more than
2m). Consequently the observed C% is relatively low, and the daytime mean values decrease
during the experiment (as a tribute to the increasing portion of available energy going into
the latent heat flux also reflected in an overall decreasing mean Bo) while there is no obvious
trend at the other sites. The inter-diurnal variability of daytime C % values reaches up to about
half an order of magnitude. It is basically a tribute to the cloud cover and radiation conditions,
where relatively small values of the daily sum of global radiation were measured on July 02,
06, 14 and 18, in particular.

Itis important to note that the differences between the different plants during daytime usu-
ally exceed the instrumental uncertainty found from the laser scintillometer inter-comparison
(Sect. 5.1). With the assessment of the differences we are even on the safe side: the Wagen-
ingen SLS-20 (SN221), which served as a reference for the inter-comparison, was operated
over triticale during the main field phase. System 2 operated over barley, a correction of the
too low values (see Table 4) would thus further increase the difference between barley and
triticale, and the opposite holds for the other three systems.

5.3 The Variability of C% Along the LAS Path

The spatial series of C % along a single M?AV flight leg was calculated using a moving win-
dow over which the structure function D77 (r) was computed. This window, which had a
width of 15s (corresponding to a length of 330m), was applied to each data point i of the
temperature time series with i as the centre point. By moving this window over the whole
data series representing one flight leg the semi-local temperature structure parameter C % @)
was calculated. This resulted in C% values at a time resolution of 0.01s (corresponding to
a spatial distance of about 0.2m). A more detailed description of this methodology is given
in van den Kroonenberg et al. (2012), including a justification for the choice of the window
width.

For the flights made during midday the variability along the path is considerable (Fig. 4).
At the lower level, C% values vary by a factor of 5-10 along the flight leg, and at the upper
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Fig. 3 Time series of the mean daytime values of normalized temperature structure parameter (see Sect. 4.1),
C % (upper panel), and of the Bowen ratio, Bo (lower panel), at the different farmland sites over the period of
the experiment

level the variability reaches a factor of 2-5, which is still substantial. This variability can,
to a large part, be attributed to convective updrafts and downdrafts. This is illustrated by the
dashed lines in Fig. 4 that show the variability of vertical wind speed, w, as measured by the
MZ2AV aircraft along the north-south flight legs at the two levels. The original w time series
were filtered by a 15-s moving average in order to be consistent with the determination of
C % The mean vertical wind speed averaged over the leg was —0.034 and —0.168ms~! at
58 and 84 m, respectively. It can be clearly seen that the position of the relative maxima of
C% and w mostly coincide.

Moreover, it becomes obvious, e.g. from the comparison of the C% spatial series at the
lower flight level, that the position of the maxima and minima varies within a few minutes.
It is thus impossible to directly relate spatial structures from a single flight leg to certain
characteristics of the underlying surface. We remark that the maize field with low near-sur-
face values of C% was situated below the southern part of the flight legs (see Fig. 1). We
conclude that, based on the data from just a single flight, it is not clear if certain structures
in the spatial pattern of C% can be directly related to distinct surface structures. More flights
at the same level and under undisturbed quasi-stationary weather conditions (and possibly
even simultaneous flights with several aircraft at different heights) are needed to study these
effects in more detail.
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Fig. 4 Spatial variability of C% values along the LAS path for the “scintillometer profile” flights on July 13,
2009, between 1226 UTC and 1241 UTC. For better visibility, the spatial series measured at 84 m are displayed
with an offset of 100 x 1073 K2m~2/3 (o the spatial series below, which corresponds to the measurements
at 58 m. The solid lines represent the south-north flights, the dotted lines the north-south flights, respectively,
grey shading marks the statistical uncertainty determined according to van den Kroonenberg et al. (2012).
Dashed lilnes mark the vertical velocity for the south-north legs, the upper flight level displayed with an offset
of 3ms™

5.4 Comparison of C% Data from LAS and M?AV Measurements

The daytime evolution of C % as derived from the DBSAS, LAS and aircraft data for July
13, 2009 is depicted in Fig. 5. From the surface-layer measurements, only the barley and
grass data are shown representing two farmland types with a typical high and low value,
respectively (see Sect. 5.2). Data are plotted only if more than 70 % of the diagnosis data
intervals during a 10-min sampling period were not flagged as erroneous. For the grassland
data, the thick line compared to the thin line illustrates the effect of the Bo correction (where
the thick line marks the corrected data). For barley this correction is irrelevant due to the
high Bo values (see Eq. 5 and Fig. 3).

The diurnal variation of C% is basically consistent between the different measurement
systems. Pronounced minima occur after sunrise (around 0500 UTC) and around sunset
(1900 UTC), and their occurrence is slightly delayed at the LAS levels when compared to the
surface-layer measurements. The afternoon decrease of C2. is generally in good agreement
between the LAS and aircraft data. During the daytime, C? typically decreases with height
(under free convective conditions: C% ~ z7%3). As a result, the LAS and aircraft observed
values are a factor 10-100 smaller than the ground observations. Furthermore, the order-of-
magnitude values are comparable for the LAS and aircraft measurements with values around
1072 K2 m~2%/3 during the early afternoon and much smaller values (1-5 x 10~ K2 m~2/3) in
the evening. However, in-situ aircraft measurements at a height of about 54 m provided sys-
tematically larger values of C% than those derived from the LAS at 43 m, which contradicts
the theory and is subject to further investigation.

5.5 Vertical Profiles of C%

Vertical profiles of C% on July 13, 2009, at 1100, 1400 and 1700 UTC are shown in Fig. 6.
The scintillometer data have been averaged over one hour, while the aircraft data are an aver-
age over the different legs performed within the time period indicated. The surface-layer data
are an average of the measurements over barley and triticale, the two stations in the centre of
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Fig. 5 Daytime evolution of C % on July 13, 2009: LAS: path-averaged (bold line using Bo determined by

iteration—see Sect. 4.2, thin line using a fixed value of Bo=1). Aircraft: leg-averaged (see Sect. 4.3). Barley
and grass: SLS field measurements

the LAS path that are assumed to be most closely related to the LAS signal taking into account
the systems path-weighting function. At a later stage of our analysis, footprint calculations
are performed in order to allow for an adequate averaging of the contributions from all the
five surface stations. Around noon and in the early afternoon (1100 UTC-1400 UTC) the
decrease of C% between the surface layer and the lower LAS level is almost proportional to
z~%/3 as explained by free-convective theory. In the evening, around 1700 UTC, the decrease
with height is greater: free-convective theory is no longer applicable during the evening
transition period. In contrast to this, the aircraft data do not fit the z~#/3 law. Possible expla-
nations are the different spatial weighting of the LAS and the aircraft and different land-use
patterns in the footprint area, especially for the flights at 83 m, but further detailed analysis
of the flight data is necessary to prove this hypotheses. It should also be mentioned that both
methods sample a different part of the turbulent spectrum. If there is any discontinuity in the
inertial sub-range, this would lead to a discrepancy. To study this we suggest to use small,
fast-response thermocouples in the mast to sample the inertial sub-range down to well below
the 0.15-m scale.

5.6 The Influence of Tower Vibrations on the Scintillometer Measurements

In order to study the potential influence of tower vibrations on the LAS—-MWS measurements,
both of these systems were fitted with accelerometers to monitor their movement and vibra-
tions (see Sect. 3.3). As an example of the results, Fig. 7 shows spectra of the scintillometer
signals and of the accelerations for one 30-min interval during the experiment. The mean wind
speed at 40 m during this period was 6.6ms~!, and theoretical spectra according to Clifford
(1971) are shown for comparison. It can be seen that the LAS spectra compare well with the
theoretical spectra, whereas the MWS spectra show some bumps that are likely to be related
to tower vibrations. For the MWUB (see Sect. 3.3 for the explanation of this abbreviation,
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Fig. 6 Vertical profiles of C% on July 13,2009, at 1100, 1400 and 1700 UTC, averaged over 1 h for the scintil-
lometers and over the different legs for the aircraft. The horizontal dashed lines show the measurement levels
and the diagonal dashed lines show the expected profile slope for the free convective limit (C % ~ 7743

as well as for MWRAL) it can be seen that the bumps in the spectrum are visible in the
log-log representation of the spectrum (top right sub-figure), but the semi-log representation
of the spectrum, which is proportional to the total variance of the signal, reveals that these
bumps have little effect on aﬁl 0 (below top right sub-figure). In addition, the measurement
curve follows the shape of the theoretical spectrum adequately. The MWRAL performs much
worse on both these aspects, i.e., a bump can be seen that contributes significantly to oﬁl )
(below top left sub-figure) and it deviates from the theoretical shape. It is not exactly clear to
what effect the ill-performance of the MWRAL can be attributed, but it seems to be related
to instrumental issues and not to the difference in set-up with respect to the MWUB. The
accelerometer spectra show tower movements on many temporal scales, some of which coin-
cide with the bumps in the MWS spectra but most do not seem to affect the MWS nor LAS
spectra. Even accelerometer spectra filtered to frequencies that are most likely associated
with tower vibrations (lowest two sub-figures in Fig. 7) do not show a clear relation with the
bumps in the scintillometer spectra. We conclude that our initial idea that any tower vibration
should be visible in the scintillometer spectrum is too simple. Further investigation is needed
as to why certain types or frequencies of vibrations do show up and others do not. Figure 7
shows only one 30-min interval to illustrate this point. Inspection of the 30-min spectra for
the whole experiment shows that the conclusion we draw here is a general one.

Figure 8 shows the relation between the standard deviation of the accelerometer data
(which is a measure for the intensity of the tower vibrations) and wind speed. It is clear that
the 99-m tall Falkenberg tower exhibits much more movement than the smaller and struc-
turally more rigid Lindenberg tower. For the Falkenberg tower, the standard deviations of
the accelerometer output are about one order of magnitude higher than for the MOL-RAO
tower, moreover a clear dependence on wind speed and wind direction becomes obvious.
Especially when the wind direction is from the south (LAS-MWS systems are installed on
the north side of the Falkenberg tower) and not fluctuating much, i.e. having a small standard
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Fig.7 Spectraofthe LAS-MWS systems (fop four sub-figures) and their corresponding accelerometers (lower
Jour sub-figures) for the Falkenberg tower (left) and Lindenberg tower (right) on July 13, 0100-0130 UTC.
The LAS-MWS spectra in solid lines are measured spectra, in dotted lines the theoretical spectra are given.
The accelerometer spectra in solid lines refer to horizontal movement, in dotted lines to vertical movement.
The first and third row show a log—log representation of the power spectra to reveal the slope of the spectra,
whereas the second and fourth row show the semi-log representation of the frequency times the spectrum to
show the relative contribution of each frequency to the variance

deviation in wind direction, the tower vibrations are strongest for relatively low wind speeds
of 6 and 8ms~'. These conditions seem to define the eigenfrequency of the tower.

5.7 Combined LAS-MWS Measurements

As a last example of the results obtained, we present in Fig. 9 the time series of C,f for

optical and microwave wavelengths (CiOpt and C, ,%’mw) and their cross structure parameter
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Fig. 8 30-min standard deviation of one of the accelerometers registering the orthogonal movement of the
LAS units at the GM Falkenberg (left) and MOL-RAO (right) towers versus wind speed. Data points are col-

our-coded according to the mean wind direction (top figures) and standard deviation in wind direction (bottom
figures). In the legend, WD is the wind direction, and owp is twice its standard deviation

(Cu,opt—n,mw) as derived from the LASDWD-MWUB system for July, 12-13, 2009. From
these, we determined C%, C 3 and C7, following the bi-chromatic technique by Liidi et al.
(2005), see Sect. 4.2. These “meteorological” structure parameters are depicted in Fig. 10.

The weather during the two days was characterized by a continuously changing cloud
cover that explains the short-term variability of all structure parameters superimposed on
their daily cycle. In the early morning of 12 July fog occurred and in the early evening of
that same day it rained. This explains the loss of data for these periods.

Figure 9 shows that C,%’mw is typically one order of magnitude larger that Crzlyopt, and the
cross structure parameter Cy, opt—n,mw 18 Negative during the day and positive during night-
time. This cross structure parameter in itself is not so interesting, for our application it is
merely a necessary parameter to solve C% and C; using the bi-chromatic technique. C%
and C; are used to calculate the sensible and latent heat flux. As a bonus, the bi-chromatic
technique also gives Cry, which is related to 74 (Eq. 6) and thus provides the sign of the
sensible heat flux.

Figures 9 and 10 together corroborate the points made on the C,% to C2, Cg and Cry
relation following Eq. 4, namely that C% is dominant in C,% opt Whereas C; is dominant
in C,%,mw, i.e. the shapes of these time series are very similar. Cr, has the reverse sign of
Ch,opt—n,mw- 1.€. positive under unstable conditions and negative under stable conditions. It

seems that the light rainfall in the evening of July 12 boosted the evapotranspiration in the
LASDWD-MWUB footprint, resulting in a higher C>

n,mw

and Cg than the previous day.
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Fig. 10 Time series of c2, Cg, and Cr for the LASDWD-MWUB system on July 12-13, 2009

6 Summary, Conclusions and Outlook

The LITFASS-2009 experiment was designed to study certain aspects of the use of scintil-
lometers to derive area-averaged heat fluxes over a heterogeneous land surface. A special
focus was set on the validation of the temperature structure parameters derived from the scin-
tillometer data by independent airborne measurements performed along the scintillometer
path.

Two LAS-MWS systems were operated over a path length of 4.9 km at effective heights
of 43 and 63 m above ground level, respectively. Five micrometeorological stations equipped
with eddy-covariance instrumentation for turbulent flux measurements were set up over five
different types of agricultural farmland in the footprint area of the LAS—-MWS path. At each
of these stations a laser scintillometer was operated to derive the structure parameters near
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to the ground. 16 flights with the unmanned aircraft M2AV were performed on six days
to measure the temperature fine structure of the lower atmosphere along the LAS-MWS
path. Temperature structure parameters were derived from the laser scintillometer, LAS and
aircraft measurements.

Before being installed at the farmland sites, the five laser scintillometers were operated
side by side at the Falkenberg boundary-layer field site over a period of three days. Inter-
comparison of the refractive-index structure parameters measured with the five
systems revealed relative deviations of up to 25-30 %. This could be considered as sub-
stantial. However one has to keep in mind the large variability of C2 over two to three orders
of magnitude during the diurnal cycle. It should be remarked again that the differences in
the refractive-index structure parameter are largely compensated by oppositely directed dif-
ferences in the inner-scale length such that the sensible heat fluxes derived from the systems
typically agree within 5 %.

The height-normalized temperature structure parameter close to the ground significantly
differed between the five types of farmland depending on the status of vegetation develop-
ment. High values over senescent cereals (barley, triticale) contrasted with low values over
the growing maize and grass. The differences were typically larger than the deviations found
in the scintillometer inter-comparison experiment.

With the LAS-MWS systems we found clear indications of tower vibrations in the spec-
tra of the intensity fluctuations for higher wind speeds (as have been reported earlier for
the Lindenberg—Falkenberg path by, e.g., Meijninger et al. 2006). These particularly affect
the MWS measurements, whereas for the LAS their contribution to the overall variance (and
hence to the derived structure parameters) can be mostly neglected. For the first time we were
able to study these vibrations with the help of accelerometers attached to the LAS-MWS
transmitter and receiver units. However, the accelerometers showed many more peaks in the
spectra than did the scintillometers, such that direct use of the accelerometer data to correct
the LAS-MWS spectra appears to be not possible, and more research is needed to understand
the relationship between the accelerometer and scintillometer signals.

One of our primary goals was the independent validation of the temperature structure
parameter derived from LAS data by the use of aircraft measurements. C % values derived
from the aircraft measurements were on the same order of magnitude as the LAS data. The
variation during daytime between large values around noon and small values around sunset
and sunrise could be well reproduced from the aircraft data. However, the measurements at
the lowest flight level showed a tendency towards a systematic overestimation when com-
pared with the LAS-based values. Consequently, the decrease with height was greater than
predicted by free-convective scaling. Further analysis must show to what extent this has to
be attributed to the different spatial, temporal and statistical representativity of the aircraft
and LAS measurements.

A detailed analysis of the variation of the temperature structure parameter along the flight
legs revealed substantial spatial variability that could be basically attributed to single convec-
tive plumes. A separation of the effects of the statistical nature of turbulence from those of the
heterogeneity of the underlying surface on the spatial variability of the structure parameters
along a LAS-MWS path appears to be a crucial task in order to understand the scintillom-
eter signals. Here we have to take into account the different sampling characteristics of the
different systems. The (spatial or temporal) (inherent turbulent) variability of the structure
parameters depends on the scale at which averaging takes place: the variability decreases with
the increase of the averaging length (e.g., Cheinet and Siebesma 2009). As we are interested in
the variability of the structure parameter due to surface heterogeneity, we wish to remove the
variability due to turbulence. The averaging scale needed to suppress the turbulent variability
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to an admissible level will set the upper limit of detectable spatial structures linked to the
surface heterogeneity. Concerning our flight strategy, longer flight legs or several repeated
flights along the shorter leg might be necessary to provide statistics over a larger number of
plumes and quieter zones in between, but also to assign variations to the underlying surface.
To further substantiate these initial results with respect to the diurnal cycle, a second small
flight campaign with the M?AV has been performed on two clear-sky days in July 2010.
First results from this second experiment can be found in van den Kroonenberg et al. (2012).
Moreover, fast response in-situ temperature measurements at different levels on the 99-m
tower should provide an estimate of the turbulent variability of the structure parameters over
different integration times, since heterogeneity effects would not influence the single-point
measurements.

Referring to the open issues in the area of scintillometry discussed in Sect. 2 it becomes
obvious that our initial results presented in Sect. 5 do not address all these questions. They
can rather be seen as a starting point of a more in-depth analysis of the data that will provide
further results on which we intend to report at a later date.

Concerning the experimental strategy, we conclude that our set-up appeared to be suited
to study the behaviour of C% in the lower boundary layer over a heterogeneous landscape.
With the M2AV aircraft we were able to fly along a LAS path at low heights and with small
variations in flight altitude (1-2 m). C% values with reasonable statistical uncertainty could be
derived using the structure function method. We therefore conclude that M2 AV measurements
are a suitable technique to derive C % at the 2-5km scale along the path of a LAS.

Based on the experiences from the LITFASS-2009 experiment and from the 2010 flight
campaign, another scintillometry experiment would be a logical follow-up effort. Such a cam-
paign should extend the experimental approach to humidity structures and to larger scales of
a more heterogeneous surface covered by high vegetation (forest), low vegetation (farmland)
and open water. In more detail, such an experiment should have the following basic goals:

e to derive the complete set of structure parameters (C z C;, and Cr4) from scintillom-
eter measurements with a coupled LAS-MWS system over the Lindenberg—Falkenberg
path and from flight measurements along this path for comparison and assessment of the
scintillometer principle,

e tostudy the behaviour of structure parameters (horizontal variability, vertical profiles, pos-
sible existence of a blending height) over more complex terrain by performing LAS and
airborne measurements along different scintillometer paths representing heterogeneous
farmland (as in LITFASS-2009), forest, open water, and mixed terrain also including
LES for the larger area comprising the different types of land use,

e tostudy the similarity between the turbulent temperature and humidity fields and to assess
the consequences of a possible dissimilarity on the temperature-humidity correlation and
on the similarity functions applied to derive the turbulent fluxes from the scintillation
measurements.
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