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Summary

Summary

The eddy-covariance technique is the most direct and scale-appropriate method for determining
fluxes of energy and matter of ecosystems. However, the calculated fluxes often underestimate
the ‘true’ fluxes, which causes the energy balance closure problem. It is widely recognized that
the non-consideration of flux contributions of meso-scale structures is the major reason for that
systematic error, but the current recommendations for the adjustment of the eddy-covariance
fluxes lack experimental evidence. Since meso-scale fluxes cannot be captured with point
measurements alone, specific measurement strategies are required.

The aim of this thesis is to investigate those scales of convective transport that cannot be
captured with the eddy-covariance technique, by using Doppler lidar, tower and aircraft
measurements. At first, the principle scales of convective transport in the surface layer are
determined, with an emphasis on the role of meso-scale structures for near-surface exchange.
Moreover, the meso-scale flux contributions are calculated, and their partitioning between
sensible and latent heat is investigated in particular. In addition, potential input variables for
future parametrizations ought to be found.

The Doppler lidar measurements provided clear evidence for the presence of meso-scale
structures in the surface layer. At least two devices are required and they need to be operated
together in dual-Doppler mode, so that the two-dimensional wind field can be detected. The
persistent structures that were measured with such a set-up were not directly related to
landscape heterogeneities, but they represented turbulent organized structures that extended the
entire boundary layer.

The airborne data showed that meso-scale structures significantly contribute to the sensible and
latent heat fluxes in the surface layer. Moreover, the issue of the correct energy balance closure
adjustment was examined by calculating the meso-scale and small-scale Bowen ratios. The
meso-scale Bowen ratios were often found to be smaller than the small-scale ones, which
contradicts assumption of scalar similarity.

Regarding the parameterization of the energy balance closure, two approaches from the
literature were not applicable to the surface-layer datasets used in this thesis. In particular, the
parametrization based on large-eddy simulation suffers from its poor grid resolution close to
the surface. Nevertheless, several promising input variables for future parametrization
approaches were found. All datasets confirmed that the energy balance closure improves with
increasing friction velocity. It can be interpreted as a measure of the relative importance of

high-frequency turbulence, as inferred from the surface-layer horizontal wind spectra. The
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meso-scale structures become apparent as low-frequency contributions to the horizontal wind
spectra, but not to the surface-layer vertical wind spectra. Moreover, the vertical gradients of
temperature and moisture were correlated with the energy balance residual. These two variables
have much potential for developing a parametrization since they deliver additional information
on how to distribute the residual among the sensible and the latent heat flux. In the datasets
under investigation, the vertical moisture gradients showed a higher correlation with the
residual than the temperature gradient which again suggests that the latent heat flux is more

underestimated than the sensible heat flux.



Zusammenfassung

Zusammenfassung

Die Eddy-Kovarianz Technik ist der direkteste Weg und fiir die Beobachtungsskala passendste
Methode, Energie- und Stofffliisse von Okosystemen zu bestimmen. Die hiermit berechneten
Flusse unterschdtzen jedoch oft die ,wahren‘ Flisse, was im sogenannten
EnergiebilanzschlieBungsproblem deutlich wird. Die Nicht-Berlicksichtigung der Flussbeitrége
mesoskaliger Strukturen wird im Allgemeinen als Hauptgrund fur diesen systematischen Fehler
angeflihrt. Die gegenwartigen Vorschldge zur Korrektur der Eddy-Kovarianz Flisse sind
jedoch noch nicht experimentell bestatigt. Weil die mesoskaligen Flisse nicht mit
Punktmessungen alleine erfasst werden konnen, sind hierzu besondere Messstrategien
erforderlich.

Die vorliegende Arbeit mochte, aufbauend auf Doppler-Lidar-, Turm-, und Flugzeug-
messungen, jene Skalen des konvektiven Transports untersuchen, welche mit der Eddy-
Kovarianz Methode nicht erfasst werden konnen. Zuerst sollen die Hauptskalen des
konvektiven Transports in der bodennahen atmospharischen Grenzschicht bestimmt werden.
Ein Schwerpunkt wird hierbei auf die Rolle mesoskaliger Strukturen fur den bodennahen
atmospharischen Austausch gelegt. AuBerdem werden die mesoskaligen Fliisse bestimmt und
dabei insbesondere das Verhaltnis von fuhlbarem zu latentem Wé&rmestrom untersucht. Des
Weiteren sollen potentielle Eingangsvariablen fir zukilnftige Parametrisierungen gefunden
werden.

Die Doppler-Lidare lieferten eindeutige Beweise dafir, dass mesoskalige Strukturen in der
Bodenschicht vorhanden sind. Mindestens zwei Gerdte sind hierzu nétig und mussen
zusammen im dual-Doppler Modus betrieben werden, damit das zweidimensionale Windfeld
erfasst werden kann. Die mit diesem Aufbau gemessenen langlebigen Strukturen waren jedoch
nicht direkt an Heterogenitaten in der Landschaft gebunden, sondern es waren aus der
Selbstorganisation der Turbulenz entstandene Strukturen, die sich Uber die gesamte
Grenzschicht erstrecken.

Die Flugzeugmessungen zeigten, dass die mesoskaligen Strukturen signifikant zu den fiihlbaren
und latenten Warmestromen in der Bodenschicht beitragen. AulRerdem wurden die
mesoskaligen und kleinskaligen Bowen-Verhéltnisse berechnet und somit die Frage untersucht,
wie man die ungeschlossene Energiebilanz korrigieren sollte. Das mesoskalige Bowen-
Verhéltnis war oft niedriger als jenes der kleinen Skalen, was der Annahme von skalarer

Ahnlichkeit widerspricht.



Zusammenfassung

Bei der Parametrisierung der EnergiebilanzschlieBung erwiesen sich zwei Ansédtze aus der
Fachliteratur als nicht anwendbar fiir die in dieser Arbeit verwendeten Datensétze aus der
Bodenschicht. Insbesondere mangelt es jener Parametrisierung, die auf Large-Eddy-Simulation
beruht, an einer ausreichenden Gitterauflésung des Modells nahe dem Boden. Nichtsdestotrotz
wurden einige vielversprechende EingangsgrofRen flr zukinftige Parametrisierungsansatze
gefunden. Alle Datensétze bestatigten eine bessere SchlieBung der Energiebilanz mit
zunehmender Schubspannungsgeschwindigkeit. Diese kann als Mal fur die relative Bedeutung
hochfrequenter Turbulenz interpretiert werden, was sich aus den Horizontalwindspektren der
Bodenschicht folgern lasst. Dort rufen mesoskalige Zirkulationen erhebliche niederfrequente
Beitrdge hervor, jedoch nicht in den Vertikalwindspektren der Bodenschicht. Des Weiteren
wurden die vertikalen Gradienten der Temperatur und Luftfeuchte mit dem
Energiebilanzresiduum korreliert. Diese zwei GroRen weisen ein besonderes Potenzial fir die
Entwicklung einer Parametrisierung auf, weil sie zusatzlich einen Hinweis dafur liefern, wie
das Residuum auf den fiihlbaren und latenten Warmestrom aufgeteilt werden soll. In den
untersuchten Datensatzen wiesen die vertikalen Feuchtegradienten eine stérkere Korrelation
mit dem Residuum auf als der Temperaturgradient, was erneut nahelegt, dass der latente

Warmestrom starker unterschéatzt wird als der fiihlbare Warmestrom.
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Introduction

1. Introduction

The atmospheric boundary layer (ABL) is the lowest part of the atmosphere that responds to
surface forcings within a timescale of several tens of minutes (Stull 1988). Since the solar
energy that reaches the surface of the earth is the primary energy source for terrestrial
ecosystems and the atmosphere, near-surface atmospheric transport processes are of major
importance for weather, hydrology and biogeochemistry. In particular, global change has drawn
much attention to the investigation of ecosystem-atmosphere interactions. Surface fluxes of
energy and trace gases are subject of process-oriented ecosystem research and they are key
input variables for atmospheric models. However, for conducting accurate atmospheric flux
measurements, a thorough understanding of the structure and the dynamics of the near-surface
ABL is required.

1.1 Turbulence in the homogeneous convective boundary layer

In this thesis, the convective ABL is considered. It is conceptually divided into three layers
(Stull 1988; Wyngaard 2010): the surface layer, the mixed layer and the entrainment zone or
interfacial layer. The surface layer represents approximately the lowest 10% of the boundary
layer, where vertical turbulent fluxes do not change with height. The mixed layer is the well-
mixed bulk of the convective boundary layer, where wind speed and conserved variables are
constant with height. Finally, the entrainment zone constitutes the transition zone from the ABL
to the free atmosphere.

The flow in the ABL, unlike in the free troposphere, is turbulent and characterized by irregular
local motions, so-called eddies (Batchelor 1950). Since the set of equations describing turbulent
flow is not closed, it has to be investigated using phenomenological classifications, stochastic
approaches and similarity theories (Stull 1988). Above homogeneous and flat terrain,

turbulence in the stationary surface layer follows Monin-Obukhov similarity theory (Monin and

Obukhov 1954), with the friction velocity u., the surface heat flux w'6’o, the buoyancy
parameter g/ and the height z as governing parameters (Wyngaard 2010).

Under these idealized conditions, the surface-layer spectra exhibit a well-defined shape. The
frequency range around the spectral peak at about 100 s denotes the energy-containing eddies,
where turbulence receives its energy from shear and buoyancy forces (Tennekes and Lumley

1972; Stull 1988). The turbulent energy is transferred to smaller eddies until energy is dissipated
1
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into heat on the molecular scale, which becomes apparent as an —5/3-power law in the high-
frequency inertial subrange (Obukhov 1941; Kolmogorov 1941). In the low-frequency range
left to the spectral peak, there is little spectral energy, a so-called spectral gap, which separates
the turbulent motions from the diurnal and synoptic motions (Fig. 1).

However, in contradiction to Fig.1, the horizontal wind components often exhibit significant

contributions from convective coherent structures (Kaimal et al. 1972, 1976; Panofsky et al.

1977; Kaimal 1978; Hgjstrup 1981). Those follow mixed-layer similarity with w'6’o, g/6o, z
and the ABL height z; as scaling parameters, if entrainment is negligible (Wyngaard 2010).
They are also called turbulent organized structures (Kanda et al. 2004) and exhibit time scales

in the order of tens of minutes.

1.2 The eddy-covariance technique

During the last decades, networks of eddy-covariance (EC) systems were established
(Baldocchi et al. 2001; Zacharias et al. 2011). It is the method of choice for quantifying energy
and trace gas fluxes on the ecosystem scale, since it does not disturb the target area and it
operates on the appropriate scale (Baldocchi 2003). The measured fluxes are widely used in
environmental research, e.g. to validate models (Chen et al. 2005) and remote sensing

techniques (Heinsch et al. 2006) or for determining physical constraints on hydrology (Wilson

T
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Fig. 1Horizontal wind speed spectra at approximately 100 m a.g.l. measured at the meteorological tower

of the Brookhaven National Laboratory (Van der Hoven 1957)
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et al. 2001) and carbon balance (Reichstein et al. 2007). In the following, a brief description of
the EC technique and the underlying assumptions is provided.

Due to the spectral gap that separates turbulence from the mean flow (Fig. 1), atmospheric
signals can be decomposed into a mean and a turbulent part, known as Reynolds decomposition
(Reynolds 1894). After applying some first simplifications (Businger 1982; Foken 2008a), the
kinematic flux F;of any scalar quantity {"across the ecosystem-atmosphere interface, measured
at a height zn is

Zm Zm Zn
F,=w'¢’ +J.%dz+'|.(ﬁ%+\_/%)dz+jv_va—gdz+
moy ot ) oX oy ) 0z
I I i v
g - , ¢
+I ug +6V§ dz
5 OX oy
\Y

where overbars indicate temporal means and primes the corresponding turbulent fluctuations
(Foken et al. 2012a).

For measurements near the surface, under stationary conditions and without any significant
sources or sinks of ¢ between the measurement height and the surface, storage (term 11) can be
neglected. Terms 1l and V represent horizontal advection and horizontal flux divergences that
are insignificant for a horizontally homogeneous flow field. Furthermore, large-scale
subsidence is neglected, so that vertical advection (term V) can be disregarded. If all these

conditions are satisfied, Eq.1 simplifies to

Fo=w(¢l . 2)

Thus, the flux of {"between the surface and the atmosphere is equal to the covariance of w and
¢ at the measurement height. The averaging timescale is usually 30 min (Foken et al. 2012Db)
and according to Eqg. 2, only the turbulent fluctuations contribute to the flux. Moreover, the
ergodic hypothesis is assumed, i.e. the temporal average from a single point in space is

representative of the ensemble average (Wyngaard 2010).
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1.3 Heterogeneous terrain and the energy balance closure problem

A series of assumptions are invoked so that the turbulent flux at a certain measurement height
above ground is identical to the flux at the surface. However, it was found that the EC technique
systematically underestimates the true surface fluxes. This became evident as the energy

balance closure problem, meaning that the energy balance ratio R,

R = QH*+ Qe 3)
—-Qs - Qg
is usually smaller than unity (Desjardins 1985; Tsvang et al. 1991; Kanemasu et al. 1992; Twine
et al. 2000; Wilson et al. 2002; Hendricks-Franssen et al. 2010; Stoy et al. 2013).
Instrumental issues (Nakai et al. 2006; Kochendorfer et al. 2012; Horst et al. 2015) or the
violation of the underlying assumptions (Finnigan et al. 2003; Aubinet et al. 2003; Foken
2008b; Foken et al. 2011; Leuning et al. 2012) were discussed as potential causes for the non-
closure of the energy balance. In particular, the condition of horizontal homogeneity is hardly
ever satisfied under field conditions. Differences in surface properties, such as surface
roughness, albedo, surface moisture, surface temperature and topography, induce secondary
circulations that do not move in space (Mahfouf et al. 1987; Dalu and Pielke 1993; Shen and
Leclerc 1995; Patton et al. 2005; Suhring and Raasch 2013; Kang and Lenschow 2014).
Accordingly, advection and horizontal flux divergences (terms Il — VI in Eqg.1) become
significant, but these terms cannot be captured with an EC system. Consequently, the missing
flux contributions from secondary circulations cause a systematic underestimation of the
turbulent fluxes (Lee and Black 1993; Mahrt 1998; Foken 2008b). Similarly, turbulent
organized structures with timescales larger than the averaging time of the EC method could be
a reason for the non-closure of the energy balance (Laubach and Teichmann 1999; Sakai et al.
2001; Finnigan et al. 2003; Foken et al. 2006; Charuchittipan et al. 2014). Since secondary
circulations or turbulent organized structures usually have spatial scales of the meso-y regime
(Orlanski 1975), they are often simply called “meso-scale structures”.
As a consequence, the measured EC fluxes need to be adjusted. The current recommendation
is to distribute the missing energy among sensible and latent heat according to the measured
Bowen ratio (Twine et al. 2000; Foken et al. 2012b). However, other studies found that it should
be completely added to the latent heat flux (Falge et al. 2005; Wohlfahrt et al. 2010), or to the
sensible heat flux (Ingwersen et al. 2011), or it should be distributed according to ratio of the

4
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sensible heat flux to the buoyancy flux (Brétz et al. 2014; Charuchittipan et al. 2014). Thus,

there is still no conclusive finding about how to adjust the EC fluxes.

1.4 Measurement approaches for detecting meso-scale structures

This thesis investigates the hypothesis that meso-scale structures are a major reason for the
unclosed energy balance. This requires showing their existence in the surface layer and
evaluating their flux contributions. Point measurements, even using multiple-tower setups, are
not suitable for detecting advection (Aubinet et al. 2010) or meso-scale circulations. Instead,
the turbulent flow field needs to be resolved in space.

This can be achieved with a scanning Doppler lidar. A Doppler lidar emits pulsed laser light in
the near-infrared range, and detects its frequency shift caused by the movement of air particles
(Werner 2005). From this frequency shift, the velocity component along the line-of-sight of the
lidar beam is calculated, the so-called radial velocity. The Doppler lidars applied in this thesis
allowed scanning the whole half-sphere above the devices. The turbulent wind field of the ABL
was resolved at a spatial resolution in the order of tens of metres and at a temporal resolution
of seconds to tens of seconds.

Moreover, airborne platforms offer the possibility to sample atmospheric variables along their
flight track. Hence, an airplane can fly “through” secondary circulations and coherent structures
and deliver their spatial extent and their flux contributions. This can be achieved with spectral
analysis tools, e.g. the wavelet technique (Mauder et al. 2007). With respect to point
measurements, it also possible to detect low-frequency motions with timescales > 30 min with

spectral analysis, but only if these structures move in space.

1.5 Objectives of the thesis

The main objective of this thesis is to extract those scales of convective transport that cannot
be captured with the eddy-covariance technique and to investigate their role for ecosystem-
atmosphere exchange. In particular, the following three specific objectives were pursued:

Q) investigate whether turbulent organized structures with time scales > 30 min and

heterogeneity-induced secondary circulations reach down into the surface layer;
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(i) quantify the flux contributions of these structures in order to show how the missing
energy of the EC method should be distributed between sensible and latent heat;
(i) find parameters that could be suitable for developing a parameterization of the
energy balance closure.

All these objectives are addressed by three individual publications presented in Appendices B-
D of this thesis.
Eder et al. (2014, Appendix B) test two existing parameterizations of the energy balance closure
by Huang et al. (2008) and Panin and Bernhofer (2008) using airborne and tower measurements.
Primarily, this study is concerned with objective (iii) by evaluating which of the proposed
parameters are applicable to the surface-layer datasets. Moreover, the work of Mauder et al.
(2007) is revisited, where meso-scale flux contributions using the same airborne dataset were
already calculated. Eder et al. (2014) now focus on the ratio of sensible heat to latent heat carried
by meso-scale structures. Assuming that these fluxes are not captured by EC systems, this
analysis ought to show how the missing energy is distributed among the sensible and the latent
heat flux, which addresses objective (ii).
Eder et al. (2015a, Appendix C) present a comprehensive dataset from single- and dual-Doppler
lidars, towers and a microwave radiometer. The Doppler lidar data are analyzed with regard to
objective (i), by searching for temporarily persistent patterns in the horizontal and vertical wind
components. Objective (ii) is addressed with measurements from a passive microwave
radiometer. Vertical temperature and moisture gradients in the atmospheric boundary layer
derived from this instrument serve as indicators for the partitioning of the meso-scale flux
contributions. This is closely connected to a correlation analysis that refers to objective (iii):
Eder et al. (2015a) investigate the relation of the energy balance residual to atmospheric
parameters that could be useful for parameterizing the energy fluxes that are not captured with
EC systems.
Finally, Eder et al. (2015b, Appendix D) show the results of a measurement campaign at the
Yatir forest in Israel, a planted pine forest that is surrounded by semi-arid shrubland. Due to the
strong differences in surface buoyancy fluxes, this site is ideal for investigating heterogeneity-
induced circulations. According to objective (i), it is attempted to detect a stationary secondary
circulation between the forest and the semi-arid shrubland using lidar measurements and large-
eddy simulation (LES). Moreover, Eder et al. (2015b) compare the different energy balance
ratios in the forest and the desert with the low-frequency contributions to the wind spectra of

the sonic anemometers, which is related to objective (iii).
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2. Experiments and Datasets

The three individual papers of this thesis (Appendices B, C, D) use data from four different
datasets that were collected above the Canadian boreal forest, in a flat agricultural area in the
West of Germany, in pre-alpine grasslands in southern Germany and in a semi-arid forest region
in Israel. The predominant part of these measurements were conducted during the research
activities of the Helmholtz Young Investigator Group led by M. Mauder “Capturing all relevant
scales of biosphere-atmosphere exchange — the enigmatic energy balance closure problem”,
which is funded by the Helmholtz-Association through the President’s Initiative and
Networking Fund, and by the Karlsruhe Institute of Technology (KIT). The paper presented in
Appendix B uses data from the German Terrestrial Environmental Observatories (TERENO)
programme that were collected at the Institute of Atmospheric Environmental Research (IMK-
IFU) of the KIT, and aircraft data from the Boreal Ecosystem-Atmosphere Study (BOREAS)
project and the Boreal Ecosystem Research and Monitoring Sites (BERMS) programme that
were provided by R.L. Desjardins from Agriculture and Agri-Food Canada and lan MacPherson
from the National Research Council of Canada. The paper in Appendix C contains an analysis
of an extensive Doppler lidar-, radiometer- and tower-based dataset that was obtained in the
framework of the High Definition Clouds and Precipitation (HD(CP)?) project, during the
“HD(CP)? Observational Prototype Experiment” (HOPE) in close collaboration with T. Damian
and K. Traumner from the Institute of Troposphere Research (IMK-TRO) of the KIT and M.
Schmidt and A. Graf from the Agrosphere Department (IBG-3) of the Jilich Research Centre.
Finally, the paper in Appendix D uses a lidar and tower-based dataset that was collected during
a measurement campaign initiated by H. P. Schmid and D. Yakir as a cooperation of the
KIT/IMK-IFU and the Department of Earth and Planetary Sciences (EPS) of the Weizmann
Institute of Science at the Yatir forest in Israel. In the following, a short description of the

respective datasets will be given.

2.1 TERENO Alpine/Pre-Alps Observatory, southern Germany

The TERENO programme (Zacharias et al. 2011) that is funded by the Helmholtz Association
and the Federal Ministry of Education and Research (BMBF) is designed to observe the effects
of global change on terrestrial environmental ecosystems on the regional level. For this purpose,

three research stations were established in the Bavarian Alps/pre-Alps Observatory at
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Graswang (47.57°N, 11.03°E), Rottenbuch (47.72°N, 10.97°E) and Fendt (47.82°N, 11.06°E),
along an altitudinal gradient in the Ammer catchment in southern Germany. The landuse types
of the Ammer catchment comprise settlements, grassland, arable land and forests and the terrain
is hilly up to mountainous (Eder at al. 2014, Appendix B). At these three sites, the KIT/IMK-
IFU operates three surface energy balance stations above managed grassland. For calculating
the surface energy balance, data from a CNR 4 net radiometer (Kipp & Zonen, The
Netherlands), a CSAT-3 sonic anemometer-thermometer (Campbell Scientific Inc., USA) and
LI-7500 or LI-7200 infrared gas analyzers (LI-COR Biogeosciences, USA) were used. The
ground heat fluxes were determined from HFPO1SC soil heat flux plates (Hukseflux Thermal
Sensors B.V, The Netherlands), from M-107 soil temperature probes (Campbell Scientific Inc.,
USA) and from soil water content measured with CS616-L time domain reflectometers
(Campbell Scientific Inc., USA) according to a calorimetric approach (Liebethal et al. 2005).
A more detailed description of the measurement setup can be found in Zacharias et al. (2011).
The sensible and latent heat fluxes were calculated using the EC technique with the software
package TK3.1 (Mauder and Foken 2011) according to the post-processing strategy presented
in Mauder et al. (2013). Moreover, CL51 ceilometers (Vaisala Ovj., Finland) are installed next
to the EC towers. A ceilometer is a lidar that continuously measures profiles of the attenuated
atmospheric backscatter intensity. From the backscatter profiles, the ABL height was
determined with the gradient method (Emeis et al. 2007, 2008), which was done with the
software ‘BL_Matlab’ provided by C. Minkel from Vaisala.

2.2 BOREAS and BERMS, Canada

During the BOREAS project (Sellers et al. 1997) from May to September 1994 and the BERMS
programme (Barr et al. 2002) in April 2002, the Twin Otter Research Aircraft of the Canadian
National Research Council (NRC) conducted 20 flights in the Candle Lake area in
Saskatchewan, Canada. The flight track was located along a transect between 53.57°N,
106.40°W and 53.98°N, 104.29°W. The aircraft overflew the boreal forest and three major lakes
in flat terrain, at approximately 30 m a.g.l. at a ground speed of 60 m s™. Aboard the aircraft,
the wind vector was determined from a 858AJ28 5-hole probe (Rosemount Inc., USA) in
combination with a LTN-90-100 inertial reference system (Litton Industries, USA), the air
temperature with a 102DJ1CG heated probe (Rosemount Inc., USA) and the water vapour
mixing ratio with a LI1-6262 infrared gas analyzer (LI-COR Biogeosciences, USA) at a
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frequency of 16 Hz during BOREAS and 32 Hz during BERMS. This high measurement
frequency allows calculating the turbulent fluxes of sensible and latent heat using the EC
technique. For the study presented in Appendix B, the turbulent heat fluxes were determined
using the wavelet transform based on the algorithm of Torrence and Compo (1998). The applied
wavelet package was developed by B. Trancon y Widemann. Short introductions to the wavelet

transform are given in Mauder et al. (2007) and Eder et al. (2014, Appendix B).

2.3 HOPE, western Germany

The HD(CP)? research initiative that is funded by the German Federal Ministry of Education
and Research (BMBF) aims to improve the understanding about cloud and precipitation
processes and to build a high-resolution atmospheric model for Germany. For providing a
comprehensive dataset, especially for delivering information on sub-grid variability on clouds
and precipitation in the convective ABL, the HOPE project was conducted in the west of
Germany, in the catchment of the river Rur and close to the Julich Research Centre, in April
and May 2013. The topography is flat, except for the intensive surface mining areas, and the
landuse types mainly comprise settlements and agricultural land. During the measurement
campaign, a large number of ground-based remote sensing measurements and surface energy
balance stations were installed in the area, including the KIT-Cube facility of KIT/IMK-TRO.
For the paper presented in Appendix C, data from three scanning Doppler lidars, one radiometer
and two surface energy balance stations were used. Two Doppler lidars (Wind Tracer,
Lockheed Martin, USA) were operated in dual-Doppler mode using a scan strategy optimized
for detecting coherent structures (Stawiarski et al. 2013; Stawiarski 2014; Traumner et al.
2014). The third Doppler lidar (Streamline, Halo Photonics, UK) performed range-height
indicator (RHI) scans, i.e. the lidar measured at different elevation angles, but at the same
azimuth angle. Moreover, a HATPRO radiometer (RPG Radiometer Physics GmbH, Germany)
was operated next to one Wind Tracer system and recorded vertical profiles of potential
temperature and relative humidity. The two surface energy balance stations at Merzenhausen
(50.93°N, 6.30°E) and Selhausen (50.87°N, 6.45°E) were located above winter wheat and their
instrumentation was very similar to the TERENO stations of the Bavarian Alps / Pre-Alps
Observatory (Sect. 2.1). The post-processing of the EC data was done with TK3.1. Further
information on the research site, the measurement setup, the measurement strategy and the post-

processing can be found in Eder et al. (2015, Appendix C).
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2.4 Yatir forest, Israel

From 21 August to 10 September 2013, ground-based lidar and EC measurements were carried
out by KIT/IMK-IFU and the Weizmann Institute of Science (Eder et al. 2015b, Appendix D).
The measurements took place in the Yatir forest (31.35°N, 35.05°E) and the surrounding semi-
arid shrub land (31.32°N, 34.98°E). The Yatir forest is a planted pine forest dominated by Pinus
halepensis and covers an area of about 2800 ha (Griinzweig et al. 2003; Rotenberg and Yakir
2011). Since the campaign took place more than 6 months after the last rain event in the area,
the site in the semi-arid shrub land was almost free of vegetation and will be called the “desert”
site for simplicity. The campaign aimed at quantifying the surface heat flux differences between
the forest and the desert, investigating the effects on the local ABL height, and clarifying
whether the differences in surface heat flux induce a secondary circulation. For this purpose, a
Streamline Doppler lidar was deployed next to a meteorological tower in the Yatir forest that
was equipped with a R3-50 sonic anemometer-thermometer (Gill Instruments, UK), a L1-7000
infrared gas analyzer (LI-COR Biogeosciences, USA), two CM21 pyranometers (Kipp &
Zonen, The Netherlands) and two PIR pyrgeometers (The Eppley Laboratory Inc., USA). The
sonic anemometer and the inlet of the gas analyzer were mounted at a height of 8 m above the
canopy top, the radiation sensors at 5 m above the canopy top (Rotenberg and Yakir 2011). The
Doppler lidar was located at the forest floor. It was continuously pointing vertically except for
the velocity-azimuth display (VAD) scans that were performed every 30 minutes in order to
measure the horizontal wind profile. Moreover, a CL51 ceilometer and a mobile meteorological
tower system with similar equipment like the forest tower were deployed at the desert site. The
measurement height of the EC system at the desert site was 6 m a.g.l. Further information on

the measurement campaign can be found in Eder et al. (2015b).
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3. Results and Discussion

3.1 Detection of meso-scale structures with scanning Doppler lidars

EC measurements on meteorological towers are point measurements that rely on the condition
that turbulent structures are brought by the mean wind during the observation period, assuming
Taylor’s frozen turbulence hypothesis (Taylor 1938). As a result, stationary or slowly-moving
meso-scale circulations cannot be captured completely. In order to detect such structures, the
turbulent flow field in the atmospheric boundary layer needs to be resolved in space and time.
This can be achieved with scanning Doppler lidars (Sect. 1.4).

The wind components measured with Doppler lidars contain information about the mean wind,
meso-scale circulations and small-scale turbulence. The small-scale turbulence causes high-
frequency fluctuations, and the meso-scale circulations cause persistent spatial deviations from
the mean wind (Kanda et al. 2004). Accordingly, to extract the meso-scale structures, the
retrieved velocity fields were averaged in time in order to eliminate the high-frequency modes.
Afterwards, the mean component was removed from the averaged velocity field, e.g. by
subtraction. This approach that corresponds to the rationale of the triple decomposition

(Wilczak 1984) and was applied to the single- and dual-Doppler measurements.

3.1.1 Single Doppler lidar

The simplest way to operate a Doppler lidar is to make it point vertically, which yields profiles
of the vertical wind component with the maximum temporal resolution. Stationary meso-scale
circulations should appear as persistent up- or downdrafts above the device. This approach was
tested by Eder et al. (2015b, Appendix D) during the measurement campaign at the Yatir forest
in Israel (Sect. 2.4). There, the forest surface creates about 220-290 W m higher surface
buoyancy fluxes than the adjacent desert due to its low albedo and its increased surface
roughness, which Rotenberg and Yakir (2010) called the ‘canopy convector effect’. These flux
differences are supposed to create a quasi-stationary secondary circulation between the forest
and the desert. Above the forest centre, where the Streamline Doppler lidar was installed, a
persistent updraft was expected. It was defined as a mean vertical wind component > 0.5 m s
for a time period of at least 3 h over a height range > 500 m. However, a persistent updraft was

found only on 5 of the 16 measurement days. In order to clarify why no clear evidence for a
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secondary circulation was found on every day, a LES of the area (Fig. 2) was performed using
the PArallelized Large-eddy simulation Model for atmospheric and oceanic flows (PALM),
version 3.9 (Raasch and Schroter 2001; Maronga et al. 2015). The Yatir forest was represented
by a rectangular triangle, the difference between forest and desert was encoded in different
surface fluxes and roughness lengths, and the topography was neglected (Eder et al. 2015b,
Appendix D). Without background wind, the simulation shows a strong persistent vertical
updraft above the forest centre (Fig. 2a). With realistic background wind (6 m s), only weak
updrafts appear (Fig. 2b). In particular, the strongest updrafts occur approximately 5 km
downwind of the forest centre, i.e. the lidar measurements were probably conducted at the
wrong location in order to capture these motions. Moreover, the spatial structure of the vertical
wind component is dominated by turbulent organized structures that are not related to the
surface heat flux heterogeneities. Without background wind, cell-like structures with updrafts
at the border lines, so-called Bénard cells (Rayleigh 1916) appear, that are typical for open-cell
convection (Schmidt and Schumann 1989; Traumner et al. 2014). With background wind,
parallel bands of up- and downdrafts can be recognized, that are traces of horizontal roll
structures (Etling and Brown 1993; Maronga and Raasch 2013). As a result, simple vertical
measurements with a Doppler lidar are not ideal for detecting secondary circulations, since the
device has to be located at the exact location of the up- or downdrafts. Moreover, a vertical
profile is still a one-dimensional measurement, and the lidar does not deliver reliable data within
the first 80 m, so that near-surface measurements are not possible.

However, scanning lidars offer a variety of measurement strategies. During the HOPE
campaign (Sect. 2.3), RHI scans were performed in order to get vertical cross-sections of the
lower part of the ABL. A complete scan took about 40 seconds and the obtained radial velocity
fields were averaged over 30 min. Then, the spatial deviations of the radial velocities from the
space-time averaged wind speed were calculated. Fig. 3 shows an example from 28 April, 1230-
1300 UTC. A convergence zone is located at a distance of 750 m from the lidar. Thus, a
stationary circulation was detected that reached deep into the surface layer, at least down to 15
m a.g.l., and there is no indication that the circulation got less intense in the surface layer. In
contrast, the largest amplitude of the radial velocities occurred close to the surface. However,
such strong persistent patterns were not frequently observed, probably to the limited field-of-
view of the lidar and because the RHI-scan has to be exactly orientated relative to the mean
wind direction. Moreover, the radial velocity component contains information about both the
vertical and the horizontal wind components which complicates the interpretation. For

disentangling at least two wind components, an additional lidar is needed.
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Fig. 2 Large-eddy simulation of the atmospheric boundary layer above the Yatir forest area: 30-min

average of the vertical wind component w at 0.6 z; with a prescribed background wind of 0 m s (a) and
6 m s (b) from North-West after 3 h of simulation; the thick black triangle indicates the Yatir forest,

i.e. the area with increased surface roughness and increased surface heat flux (Eder et al. 2015b,
modified)
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Fig. 3 30-min averages of the deviations of the radial velocity v, from the space-time averaged wind,

measured with the Streamline Doppler lidar during HOPE on 28 April 2013, 1230 — 1300 UTC; the

black dots indicate the respective centres of the range gates, i.e. the measurement points (Eder et al.
2015a, modified)

3.1.2 Dual-Doppler lidar
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In order to overcome the problems regarding the interpretation of radial velocities, two lidars
can be combined in order to measure the two-dimensional wind field in a plane. During HOPE,
the IMK-TRO operated two Doppler lidars in Dual-Doppler mode and resolved the horizontal
wind field in a slightly tilted horizontal plane at 40-120 m a.g.l, i.e. in the surface layer. The
flow fields were averaged over 30 min and from the averaged patterns, the convergence of the

horizontal wind field,

~V(uv)= —(g—i + j—;j (4)

was calculated (Eder et al. 2015a, Appendix C). On 7 April 2013, 1130-1200 UTC, a low-wind
case, thin convergence lines and wide divergence zones were found (Fig. 4a). Above the
convergence lines, the vertically-pointing Streamline lidar detected a persistent updraft (Fig.
4b) which indicates that these stationary circulations extended up to ABL top. The observed
pattern is known as open-cell convection (Sect. 3.1.1) that is typical for free-convection
conditions.

However, pure open-cell convection was only observed on 7 April 2013. Usually, in the
presence of background wind, parallel bands of high and low wind speed were found in the
surface layer (Eder et al. 2015a, Appendix C) that could be traces of horizontal roll structures
similar to those displayed in Fig. 2b. In Eder et al. (2015a, Appendix C), an example from 16
April 2013 is presented. The roll structures and the convective cells were not bound to
heterogeneities of the surrounding landscape, since they did not predominantly appear at
specific locations. Accordingly, the persistent surface-layer patterns that were observed during
the HOPE campaign were most likely turbulent organized structures generated by the self-
organizing tendency of geophysical flows (Holmes et al. 1996), but not heterogeneity-induced

circulations.

3.2 Meso-scale flux contributions

As already mentioned (Sects. 1.3 and 1.4), the energy fluxes that are carried with the meso-
scale motions cannot be captured with point measurements. However, an airborne platform
moves in space and is able to sample meso-scale fluxes along its flight track. But, the flight

track needs to be at least 10 times longer than the largest eddies in order to deliver robust flux
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Fig. 4 (a) 30-min averages of convergence in the horizontal flow field around Selhausen measured with
two Doppler lidars in dual-Doppler mode on 7 April 2013, 1130-1200 UTC; the arrows show the
horizontal wind vector, the colors show convergences and divergences, the black dot indicates the
location of the additional Streamline lidar and the black cross indicates the location of the eddy-
covariance station of Selhausen; (b) the vertical wind component w measured with the Streamline wind

lidar during the same 30-min period (Eder et al 2015a, modified)

estimates (Lenschow and Stankov 1986; Lothon et al. 2007). The Candle Lake runs of the Twin
Otter research aircraft (Sect. 2.2) were about 115 km long, which is sufficient for this purpose.
Mauder et al. (2007) calculated the turbulent fluxes from the airborne data of BOREAS and
BERMS using the wavelet technique. Pursuing this approach, Eder et al. (2014, Appendix B)
determined the meso-scale flux contributions by integrating over those wavelet coefficients that
were associated with scales > 2 km. This cut-off wavelength was suggested by Williams (1996)
and Strunin and Hiyama (2005), and Mauder et al. (2007) confirmed a spectral gap (cf. Fig. 1)
in the wavelet cospectra around a wavelength of 2 km. In this manner, considerable low-
frequency transport could be detected with the airborne measurements. For 15 of the 20 aircraft
flights, the meso-scale flux contribution was between 9% and 14%, which corresponds well to

the mean non-closure of the energy balance of the EC sites in the area (Barr et al. 2012).
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Then, the meso-scale flux partitioning among sensible and latent heat was compared to the
small-scale (< 2 km) flux partitioning. If the Bowen-ratio was around unity, the Bowen-ratio of
the meso-scale structures was similar to the Bowen-ratio of the small-scale turbulence (Fig. 5).
However, for many cases with Bowen-ratios further away from unity, different small-scale and
meso-scale Bowen ratios were found and the meso-scale Bowen-ratio was often smaller. In
these cases, the meso-scale structures transported relatively more latent heat than the small-
scale structures. Let us assume that these meso-scale fluxes were not captured by an EC station,
and the energy balance would be corrected with the measured small-scale Bowen-ratio
according to Twine et al. (2000). Then, the corrected latent heat fluxes would underestimate the
‘true’ latent heat fluxes, and the corrected sensible heat fluxes would be overestimated.
However, under the assumption that the energy balance closure is about 90%, the resulting
relative error of the flux estimates for all flights would be less than 6% (Fig. 5).

Studies above rural landscapes in central Europe reported that the sensible heat flux might be
more sensitive to an underestimation (Ingwersen et al. 2011; Charuchittipan et al. 2014; Brotz
et al. 2014), which contradicts the findings from the BOREAS and BERMS dataset. This can
be probably explained by the properties of the research area. The airborne measurements were
conducted above a boreal forest with the lake-land boundaries as dominant heterogeneities. As
a consequence, the meso-scale surface moisture differences are stronger than the meso-scale
surface temperature differences which implicates stronger meso-scale latent heat fluxes.
During the HOPE campaign (Sect 2.3), the meso-scale flux partitioning was evaluated
indirectly using the vertical gradients of potential temperature and specific humidity (Eder et
al. 2015a, Appendix C), which will be discussed in Sect. 3.3.3.

3.3 Parameters related to the energy balance closure

3.3.1 Evaluation of existing parametrizations

The third goal of this thesis is to find variables that are suitable for developing a
parameterization of the energy balance closure. At first, Eder et al. (2014, Appendix B) tested
two approaches from the literature using the airborne measurements during BOREAS and
BERMS (Sect. 2.2) and the EC data from the TERENO sites of the Alpine/Pre-Alps
Observatory (Sect. 2.1). The goal of this analysis was to find out whether the existing
approaches could help to develop a robust parametrization.
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Fig. 5 Bowen ratio of the small-scale turbulence (< 2km, Boss), that is supposed to be measurable with
EC towers, versus the respective Bowen ratio of the meso-scale range (> 2km, Bons) for the Twin Otter
aircraft flights during BOREAS and BERMS; the colours and solid contour lines indicate the relative
error of the sensible heat flux if it was corrected according to the method of Twine et al. (2000) and if
an energy balance closure of 90% was assumed; the dashed line indicates the assumption of scalar
similarity, i.e. Boss = Boms (Eder et al. 2014, modified)

According to the approach of Huang et al. (2008), the non-closure of the surface energy balance
is caused by turbulent organized structures, which is in accordance with the dual-Doppler lidar
measurements (Sect. 3.1.2). Huang et al. (2008) argue that the energy imbalance can be
parameterized with ‘universal functions’ of u./w, and zm/zi. Thus, for convective conditions, it
should be possible to parameterize the energy balance closure for every 30-min period.
However, this approach was neither applicable to the airborne nor to the tower-based dataset.
No significant correlation was found with the suggested parameters except for u, alone, for
which a weak negative dependence was confirmed for the TERENO sites Graswang and Fendt
(data not shown). The failure of this approach is probably due to the fact that this
parametrization was developed using LES runs of the homogeneous convective boundary layer
with a grid resolution (50 x 50 x 20 m) that is not sufficient to represent turbulence in the surface
layer realistically. Moreover, Monin-Obukhov similarity theory is used for the first grid layer
of the model grid, which is based on horizontal homogeneity and explicitly does not consider
turbulent organized structures that obey mixed-layer scaling (Sect. 1.1). In contrast, the lidar
measurements (e.g. Fig. 3) clearly demonstrated that turbulent organized structures extend

down into the surface layer. This questions the applicability of current LES models for
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investigating the energy balance closure problem, unless the simulations are run at a very high
resolution.

As an alternative, Panin and Bernhofer (2008) developed an empirical approach that considers
quasi-stationary heterogeneity-induced secondary circulations as the major reason for the
energy balance closure problem. Thus, the energy balance closure is supposed to be related to
the heterogeneity of the surrounding landscape. As heterogeneity index, Panin and Bernhofer
(2008) suggested the ratio of the effective surface roughness length zeert to the dominant
horizontal length scale Lesr of the surface roughness patches (Fig. 6). This length scale was
determined with Fourier analysis from surface roughness maps. Details about this approach and
its implementation can be found in Panin and Bernhofer (2008) and Eder et al. (2014, Appendix
B). This parametrization only characterizes the mean energy balance closure of a site. Only the
data from the Candle lake site (Sect. 2.2) corresponded well with the data that are presented in
Panin and Bernhofer (2008). For the TERENO sites, this method underestimates the energy
imbalance, probably because solely the surface roughness heterogeneities were considered. In
the Candle lake area, the lake-land boundaries are the dominant heterogeneities and they are
easily captured with the surface roughness, but this approach is not sufficient for the highly
complex sites in the pre-alpine area. Differences in surface temperature (Maronga and Raasch
2013; Kang and Lenschow 2014), surface moisture (Higgins et al. 2013; Dixon et al. 2013) and
topography (Brotz et al. 2014; Wagner et al. 2015) also induce stationary meso-scale structures.
Unfortunately, the lidar measurements from the HOPE campaign did not give clear evidence
for strong heterogeneity-induced meso-scale circulations in the ABL. However, at the Yatir
forest site, the lidar data showed evidence for a heterogeneity-induced circulation on 5 of the

16 measurement days (Sect 3.1).

3.3.2  Friction velocity and low-frequency contributions to wind spectra
The friction velocity w, is the square root of the shear stress divided by the density of the fluid

(Foken 2008a). It is a very common quality criterion to filter out stable, low-wind conditions
during night when turbulence is not well developed (Goulden et al. 1996; Barr et al. 2006).
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Fig. 6 Energy balance correction factor ki, which is the inverse of the energy balance ratio (Eq.3), for
the airborne measurements during BOREAS and BERMS (,,Candle Lake*) and the EC masts at the

TERENO sites Graswang, Rottenbuch and Fendt versus heterogeneity index zoei/Lett ; median values
and interquartile ranges are displayed; the data shown in Panin and Bernhofer (2008) are indicated as

grey dots and a fit through these data is displayed as a grey dotted line (Eder et al. 2014)

Moreover, many studies (Blanken et al. 1997; Wilson et al. 2002; Falge et al. 2005; Hendricks-
Franssen et al. 2010; Stoy et al. 2013; Anderson and Wang 2014) found a negative correlation

between the energy balance residual Qg,
QR :_Q;_QG_QH _QE, 5)

and u,.
For the HOPE campaign (Sect. 2.3), this dependence was confirmed for the energy balance

station at Selhausen (Fig. 7a), but only a very weak correlation was found for the Merzenhausen
site (R2 = 0.11). This dependence became also evident in the data from the Yatir area in Israel.
For this dataset, since the ground heat fluxes were not measured, R (Eq. 3) was calculated by
integrating —Qs*, Qn and Qe over the whole measurement campaign, assuming that the long-
term averages of Qg and the heat storage terms are insignificant for this 20-day time period

(Leuning et al., 2012). The energy balance at the forest site was closed, but a non-closure of
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Fig. 7 Linear regression analysis between the daytime averages of the energy balance residual Qg at
Selhausen and (a) friction velocity u,, (b) the vertical gradients of potential temperature A6/Az
multiplied by ¢, and (¢) specific humidity Ag/Az multiplied by A, determined from the HATPRO profiles
(0 — 250 m a.g.l); days with a mean wind direction from 0° - 135° and less than 50% data availability
were excluded from the analysis; the specific heat capacity of air at constant pressure c, and the heat of
vaporization /1 were needed for the conversion into energy units; for each data point, only the daytime
data (0800-1700 UTC) were used and the circle denotes an outlier (Eder et al. 2015a).

19% was found at the desert site (Eder et al. 2015b, Appendix D). The mean friction velocity
at the forest site was significantly higher (0.78 m s2) than at the desert site (0.24 m s™).

The dependence on friction velocity illustrates that the energy balance closure improves with
the intensity of mechanically-induced turbulent mixing. If mixing is strong, the high-frequency
turbulence that is generated from the wind shear near the surface contributes more to near-
surface exchange, whereas meso-scale structures are less relevant. In order to test this
hypothesis, wavelet spectra of the three wind components were calculated. Point measurements
are not able to detect secondary circulations that do not move in space. However, slowly moving
turbulent organized structures with timescales > 30 min are detectable if the time series is long
enough.

For the Yatir measurement campaign, wavelet spectra were calculated from the u, v and w time
series measured with the sonic anemometers in the desert (Fig. 8a) and the forest (Fig. 8b).
From the wavelet spectra, the ratio of the low-frequency spectral energy (period > 30 min) to
the total spectral energy was calculated (Eder et al. 2015b, Appendix D). For the u and v spectra,
it was found that about 30% of the spectral energy at the desert site originated from low-
frequency fluctuations, but only about 11-12% at the forest site. The low-frequency
contributions to the w spectra were negligible at both sites. As previously mentioned, the energy
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Fig. 8 Normalized wavelet spectra of the surface-layer wind components u, v and w from 25 August at
(a) the desert site and (b) the forest site. The spectra were compared with the spectral model of Hgjstrup
(1981), indicated as thin solid lines. The vertical dashed line indicates a period of 30 minutes, i.e. the

averaging time for the EC measurements (Eder et al. 2015b).

balance was closed at the forest site, and an imbalance of 19% was found at the desert site.
Consequently, the poor closure at the desert site is probably due to low-frequency motions that
are not captured within the 30-minute averaging period of the eddy-covariance method. In the
roughness sublayer above the forest, however, mixing is very intense and the friction velocities
are significantly higher. There, the large structures are either (i) broken up into smaller eddies
or (ii) additional high-frequency turbulence is generated according to the mixing-layer analogy
(Raupach et al. 1996). As a consequence, the low-frequency contributions are less significant,
and the energy balance is closed.

The measured spectra were also compared with the spectral model of Hgjstrup (1981) that
explicitly considers the low-frequency contributions of turbulent organized structures to the
surface-layer horizontal wind components (Fig. 8). The data from the forest site show a good
agreement, but the measured low-frequency contributions at the desert site were larger than
predicted by the model. These additional contributions probably originate from secondary
circulations induced by the forest-desert heterogeneity or by the topography. However, this
cannot be verified with the present dataset, since no Doppler lidar measurements were
conducted at the desert site.

Thus, investigating the u and v spectra may help to identify the presence of meso-scale
structures. For this reason, a similar analysis was performed for the Selhausen site of the HOPE

dataset. It was possible to characterize the different energy balance ratios on specific days, e.g.
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7 April and 16 April 2013 (Eder et al. 2015a, Appendix C), but for the whole dataset, a
correlation analysis between the relative low-frequency contribution to the u spectra

and the mean daytime energy balance ratio was not conclusive (R? = 0.05). The synoptic
weather conditions in Central Europe are highly variable, and the veering wind causes low-
frequency fluctuations that are probably not related to meso-scale circulations. As a
consequence, this approach is only applicable to sites with constant mean wind and constant
weather conditions, such as the Yatir forest.

Commonly, low-frequency contributions to surface-layer measurements are assessed with the
ogive function (Desjardins et al. 1989; Foken et al. 1995), which is the cumulative integral of
the co-spectrum starting at the highest frequencies. If the normalized ogive function converges
to unity within the averaging interval of the EC method, all relevant turbulent motions are
captured. This test was performed with the Yatir dataset (Eder et al., 2015b, Appendix D). At
the forest site, the ogive functions converged for all fluxes within a period of 30 min (Fig. 9c,
d). At the desert site, the ogive functions converged for the sensible heat flux (Fig. 9b), but not
for the momentum flux (Fig. 9a). Thus, low-frequency contributions can be found in the co-
spectrum of u and w, but not in the co-spectrum of w and T. As a consequence, the ogive test
cannot be applied to the vertical turbulent heat fluxes in order to test for low-frequency
contributions, because only the momentum flux contains meso-scale flux contributions. A
virtual control volume approach based on LES (Eder et al. 2015b, Appendix D) confirmed that
the meso-scale structures do not affect the vertical turbulent heat fluxes in the surface layer.

The meso-scale structures induce horizontal advection and horizontal flux divergences.

3.3.3 Vertical gradients of temperature and humidity

The flux contribution of meso-scale structures could be successfully estimated using an airborne
platform (Sect. 3.2). However, aircraft data are usually not available for every research site. As
an alternative, meso-scale fluxes could also be estimated from ground-based remote sensing
measurements, but only if the instruments are able to measure the instantaneous wind,
temperature and humidity field over a sufficient large area, i.e. several km, and at a sufficient
temporal resolution, i.e. at least in the order of tens of seconds. However, such systems are not

available yet.
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Fig. 9 Ogive analysis for the Yatir measurement campaign. Fourier co-spectra and ogive functions
normalized by the co-spectrum for momentum flux (a, ¢) and sensible heat flux (b, d) at the desert site
(a, b) and the forest site (c, d) on 25 August 2013. The grey line indicates the original co-spectrum, the
black line the smoothed co-spectrum, the solid coloured lines the normalized ogive function, and the
horizontal dashed line the respective value of the ogive function at a period of 30 min (Eder et al.,
2015b).

Nevertheless, Eder et al. (2015a, Appendix C) developed a simple method to indirectly estimate
the meso-scale flux partitioning, but this requires several assumptions. First, only the daytime
convective boundary layer above terrestrial ecosystems is considered. Accordingly, the air in
the surface layer is expected to be warmer and moister than in the overlying mixed layer (Fig.
10), if no internal boundary layers (Garratt 1990) disturb the local profiles. As a consequence,
regardless of whether relatively cool and dry air is brought downward or warm and moist air is
lifted upward, the resulting vertical heat fluxes are always positive. Meso-scale structures are
supposed to extend over the entire atmospheric boundary layer (Sect. 3.1.2) which means that

they directly transport air from the surface layer to the mixed layer and vice versa. This leads
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to the hypothesis that large differences in potential temperature and specific humidity between
the surface layer and the mixed layer entail large meso-scale fluxes. If meso-scale fluxes are
large, eddy-covariance systems should exhibit a poor closure of the surface energy balance.

This hypothesis was tested with the HOPE dataset (Eder et al. 2015a, Appendix C) by
performing a correlation analysis between the energy balance residual Qr and the vertical
gradients of temperature and humidity. In a first step, data from problematic wind sectors were
discarded, since it was found that backwind deficiencies of the CSAT-3 sonic anemometer and
flow distortion effects due to the tower mountings considerably reduce the energy balance ratio
R. Moreover, days with precipitation and days with less than 50% data availability were
excluded from the analysis. Then, the mean daytime Qr of Selhausen was compared to the mean
daytime vertical gradients of temperature and humidity measured with a HATPRO radiometer
(Fig. 7b, c). A positive correlation with the humidity gradient was found (R2 = 0.36), but no
correlation with the potential temperature gradient (R2 = 0.01). Thus, a poor energy balance
closure predominantly occurred on days with strong differences in humidity between the
surface layer and the mixed layer, i.e. when the meso-scale latent heat fluxes were large. Since
no relation between Qr and the potential temperature gradient was found, the energy balance
residual at the Selhausen site should be completely added to the latent heat flux. This finding
conflicts with the approach of Twine et al. (2000) that assumes scalar similarity, and with the
suggestion of Brétz et al. (2014) and Charuchittipan et al. (2014) who distribute the residual
according to the ratio of sensible heat flux to buoyancy flux. The results from the airborne
measurements during BOREAS and BERMS (Sect. 3.2) also suggest that the majority of the
energy balance residual should be assigned to the latent heat flux, or it should be distributed
according to the Bowen ratio. The latter was confirmed for the Merzenhausen site, where Eder
et al. (2015a, Appendix C) calculated the vertical gradients from the measured turbulent fluxes
using the universal functions, and found a correlation with both temperature (R2 = 0.35) and
moisture gradients (R? = 0.38). Apparently, the distribution of the meso-scale energy among
sensible and latent heat seems to be highly dependent on the measurement site. However, at
least for the data presented in this thesis, it seems likely that the relative underestimation of the

latent heat flux is either larger than or equal to the underestimation of the sensible heat flux.
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Fig. 10 Scheme illustrating the meso—sca.le structures in th‘e atm‘osphedric boﬁndary layer and the mean
daytime vertical gradients of potential temperature 8 and specific humidity g. The meso-scale structures
either transport warm and moist air upward (1) or cool and dry air downward (2) or cause horizontal
advection (3), i.e. the sensible (Qu) and latent heat fluxes (Qg) are always underestimated by the EC
technique — independent of the measurement location. Strong vertical gradients of 8 and q cause large
meso-scale fluxes of Qu and Qe (M. Mauder, pers. comm., concept is based on Stull 1988 and Mahrt
1998)
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4. Conclusions

For detecting meso-scale structures, the velocity field of the atmospheric boundary layer has to
be resolved in space and time. Eder et al. (2015a, Appendix C) achieved this with scanning
Doppler lidars. Using one single device, only a few stationary circulations were detectable, and
only during periods when the measurement plane was orientated parallel to the mean wind
direction. The dual-Doppler technique makes it possible to continuously measure the two-
dimensional velocity field in the surface layer. This method proved to deliver robust evidence
for turbulent organized structures with timescales > 30 min. However, for the HOPE dataset
(Eder et al. 2015a, Appendix C), these structures were obviously not induced by surface
heterogeneities, but rather the result of the self-organizing tendency of atmospheric flows. At
the Yatir site (Eder et al. 2015b, Appendix D), which is characterized by strong surface heat
flux differences, the lidar measurements provided solid evidence for a heterogeneity-induced
secondary circulation on 5 of 16 measurement days. Consequently, this work clearly shows that
turbulence in the surface layer does not purely consist of high-frequency modes, which partially
invalidates Monin-Obukhov similarity theory. Mixed-layer structures reach close to the surface
and cause convergences, divergences, and low-frequency motions in the horizontal wind
components.

The flux contributions of meso-scale structures to surface sensible and latent heat fluxes were
successfully estimated from the aircraft measurements of BOREAS and BERMS using wavelet
analysis (Eder et al. 2014, Appendix B). In particular, it was found that the meso-scale Bowen-
ratio is not necessarily identical to the Bowen ratio of the high-frequency turbulence. During
the HOPE campaign (Eder et al. 2014, Appendix C), the meso-scale fluxes were indirectly
estimated from the vertical temperature and humidity gradients in the lower atmospheric
boundary layer. Both studies show that the flux partitioning in the meso-scale range is highly
dependent on the measurement site and the meso-scale fluxes tend to have lower Bowen ratios
that the small scales. Therefore, the universal use of the scalar similarity approach or the
recently published approach based on the ratio of buoyancy flux to sensible heat flux for closing
the energy balance cannot be recommended in general. Both methods tend to underestimate the
latent heat fluxes for the datasets used in thesis.

No reliable parametrization of the energy balance closure is available at the moment (Eder et
al. 2014, Appendix B). To provide recommendations for future approaches, atmospheric
variables and turbulence parameters were compared with the energy balance closure. For the
datasets collected during HOPE (Eder et al. 2015a, Appendix C), in the Yatir area (Eder et al.
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2015b, Appendix D) and at the TERENO sites the energy balance closure improved with
increasing friction velocity, which characterizes the relative importance of the high-frequency
turbulence for the exchange process. For sites with constant synoptic weather conditions, e.g.
the Yatir site (Eder et al. 2015b, Appendix D), the energy balance closure is even directly
inferable from the low-frequency contributions to the surface-layer horizontal wind spectra or
from the co-spectrum of u and w. However, the surface-layer vertical wind spectra did not show
considerable energy in the low-frequency range for the HOPE and the Yatir dataset, which
questions the rationale of the ogive test for detecting low-frequency contributions to turbulent
heat fluxes. Finally, the vertical gradients of temperature and moisture between the surface layer
and the mixed layer turned out to be very promising variables for developing a parametrization.
They correlate with the energy balance closure (Eder at al. 2015a, Appendix C), and in
particular, the gradients also give hints about how to distribute the energy balance residual
among sensible and latent heat.

Thus, further progress is made when surface energy balance measurements are combined with
a ground-based remote sensing instrument that is able to conduct temperature and moisture
profile measurements close to the surface and in the mixed layer. Ideally, the remote sensing
instrument could also measure horizontal gradients over at least a few km, since these gradients
may also be associated with significant meso-scale fluxes, similar to the vertical gradients. For
an improved understanding of the underlying processes, high-resolution LES models should be
consulted that are able to resolve atmospheric turbulence down to a few metres or even
decimetres above ground. Only under the controlled conditions in a model simulation, the

different factors affecting the EC flux measurement could be disentangled.
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Abstract A general lack of energy balance closure indicates that tower-based eddy-
covariance (EC) measurements underestimate turbulent heat fluxes, which calls for robust
correction schemes. Two parametrization approaches that can be found in the literature were
tested using data from the Canadian Twin Otter research aircraft and from tower-based mea-
surements of the German Terrestrial Environmental Observatories (TERENO) programme.
Our analysis shows that the approach of Huang et al. (Boundary-Layer Meteorol 127:273—
292, 2008), based on large-eddy simulation, is not applicable to typical near-surface flux
measurements because it was developed for heights above the surface layer and over homo-
geneous terrain. The biggest shortcoming of this parametrization is that the grid resolution of
the model was too coarse so that the surface layer, where EC measurements are usually made,
is not properly resolved. The empirical approach of Panin and Bernhofer (Izvestiya Atmos
Oceanic Phys 44:701-716, 2008) considers landscape-level roughness heterogeneities that
induce secondary circulations and at least gives a qualitative estimate of the energy balance
closure. However, it does not consider any feature of landscape-scale heterogeneity other
than surface roughness, such as surface temperature, surface moisture or topography. The
failures of both approaches might indicate that the influence of mesoscale structures is not
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a sufficient explanation for the energy balance closure problem. However, our analysis of
different wind-direction sectors shows that the upwind landscape-scale heterogeneity indeed
influences the energy balance closure determined from tower flux data. We also analyzed
the aircraft measurements with respect to the partitioning of the “missing energy”” between
sensible and latent heat fluxes and we could confirm the assumption of scalar similarity only
for Bowen ratios ~1.

Keywords Airborne measurements - Eddy covariance - Energy balance closure - Surface
heterogeneity - TERENO programme

1 Introduction

The eddy-covariance (EC) technique is widely used in environmental research to quantify the
biosphere-atmosphere exchange of mass and energy. However, in numerous field experiments
over the last few decades, it was found that the surface energy balance at the land surface
could not be closed. The available energy, which is the sum of net radiation (Q3) and ground
heat flux (Qg), should be totally balanced by the surface fluxes of sensible (Qp) and latent
heat (Qg) except for minor terms, e.g. photosynthesis. In most field experiments and long-
term measurements, the sum of turbulent fluxes usually are about 10-30% lower than the
available energy, which produces an energy balance residual A up to more than 100 W m—2
around noon in summer (Desjardins 1985; Lee and Black 1993; Twine et al. 2000; Wilson
et al. 2002; Oncley et al. 2007; Foken et al. 2010; Hendricks-Franssen et al. 2010; Barr et al.
2012; Stoy et al. 2013),

— 05— 06=0u+ 0 +A. (1

The fluxes are defined to be positive when directed away from the earth’s surface. As an
alternative to Eq. 1, an energy balance ratio (R) can be defined as the ratio of turbulent
energy to available energy (Wilson et al. 2002),

R— Ou + Ok

—05* —0¢’
In the literature, various hypotheses for the non-closure of the energy balance can be found.
Instrumental issues have always been under discussion, but intercomparison experiments
such as Mauder et al. (2007¢) could not confirm that instrumental errors are the reason
for the systematic underestimation of turbulent fluxes. Currently, the underestimation of
vertical wind velocity by non-orthogonal sonic anemometers is considered (Kochendorfer et
al. 2012). Furthermore, a considerable amount of energy can be stored in the soil, vegetation
and air between the surface and the location of the measurement devices (Leuning et al.
2012). The energy storage in the atmosphere is directly related to the flux divergence (Betts
et al. 1992). For measurements above low vegetation, the energy storage in air and biomass
is negligible, but not the energy storage in the soil (Oncley et al. 2007). In this study, the
latter was determined according to Liebethal et al. (2005) and included into Qg.

The aim of our study is to test two parametrizations of the energy balance closure that
follow the hypothesis that large-scale circulations are the reason for the non-closure of the
energy balance (Sect. 2). Huang et al. (2008) argue that the EC method underestimates tur-
bulent fluxes as compared to spatially-averaged fluxes due to large, organized structures,
whereas Panin and Bernhofer (2008) claim that non-closure is correlated with the hetero-
geneity of the land surface, which can be regarded as an initiator of secondary circulations.

(2
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Therefore, the role of large-scale circulations on EC measurements will be explained further
in the following paragraphs.

Conventionally, EC flux estimates are based on block averages over time periods of a
certain length, usually 30 min. It is assumed that within this time interval, the meteorological
conditions are sufficiently stationary and all turbulent scales are captured. However, low-
frequency motions with time scales larger than the selected averaging time (Finnigan et al.
2003) and non-propagating eddies that do not move with the mean wind (Lee and Black
1993; Mahrt 1998) are not detected: when calculating the EC flux, a Reynolds decompo-
sition is applied, the flux is calculated from the covariance of the fluctuating parts of two
atmospheric entities, but the structures mentioned above only affect the mean components.
During daytime, when the absolute values of the fluxes are large, the air close to the ground
is usually warmer and moister than above, so that the non-consideration of any turbulent
transport mechanism would lead to an underestimation in Qy and Qg, i.e. to a non-closure
of the energy balance (Mauder et al. 2010). In addition, low-frequency motions and non-
propagating eddies might also be responsible for the net advection of energy into the control
volume of the measurement, which is an alternative explanation for the energy balance closure
problem (Aubinet et al. 2003).

Horizontal homogeneity is one condition for the validity of EC theory (Finnigan et al.
2003), and above such surfaces, energy balance ratios ~1 have been reported (Heusinkveld
et al. 2004; Mauder et al. 2007a; Leuning et al. 2012). However, most sites do not ful-
fil the condition of horizontal homogeneity, especially at the landscape scale. Secondary
circulations that are induced by surface heterogeneities, e.g. differences in surface rough-
ness, temperature and moisture (Segal et al. 1988; Segal and Arritt 1992; Sun et al. 1997;
Strunin and Hiyama 2005), transport up to 30 % of scalar fluxes (Randow et al. 2002) and
were related to the energy balance closure problem (Foken 2008; Foken et al. 2010; Ingw-
ersen et al. 2011). Moreover, Desjardins et al. (1992) showed during the First ISLSCP Field
Experiment (FIFE) that heterogeneous topography also induces a lack of energy balance
closure.

Secondary circulations are also called ‘mesoscale’ motions because the respective size
of the surface patches is crucial: for the mesoscale heterogeneity regime, the established
theories developed for the homogenous atmospheric boundary layer (ABL) are not valid
(Mahrt 2000). The minimum size that surface patches must have in order to induce mesoscale
motions, is considered to be of the size of the ABL height (Shen and Leclerc 1995; Raasch and
Harbusch 2001). Patton et al. (2005) found that the wavelength of any surface heterogeneity
should be around 4-9 times the ABL height in order to be effective in generating secondary
circulations. Simulations above multi-scale landscapes showed that mesoscale motions have
a preferred scale ~10-20 km (Baidya Roy et al. 2003) and they are mainly formed due to
surface differences in the upstream area (Maronga and Raasch 2013). However, complex
topography, small-scale heterogeneities and flow singularities might also be responsible for
the non-closure of the energy balance, at least at certain sites in ‘non-ideal’ terrain (Panin et
al. 1998; Foken et al. 2010).

To date, however, there is still no clear evidence that surface heterogeneities and secondary
circulations cause the non-closure of the energy balance. The arguments presented above
should be regarded as hypotheses, not as facts. Nevertheless, because surface fluxes are
necessary input parameters for atmospheric models, and the EC method is widely used to
determine trace gas budgets on an ecosystem scale, a robust parametrization of the missing
turbulent energy is necessary. If the magnitude of underestimation, as well as the partitioning
of the missing energy among sensible and latent heat are known, the measured fluxes can be
corrected.

@ Springer
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Therefore, we tested the two above-mentioned approaches that attempt to parametrize
the non-closure of the energy balance, one of Huang et al. (2008) and one of Panin and
Bernhofer (2008). Firstly, the two approaches are presented (Sect. 2) and data from aircraft
and ground-based tower measurements (Sect. 3) are used to determine the respective value
of R and to test both parametrizations (Sect. 4). The observed energy balance closure is
discussed in the light of landscape heterogeneities. Fundamental shortcomings of the existing
parametrization approaches are highlighted and potential improvements suggested (Sect. 5).
We debate whether the underlying hypothesis, i.e. the existence of mesoscale circulations,
can be verified. In addition, a note on the partitioning of the missing energy between Qy and
Qg is made, which is not included in either of the two parametrizations.

2 Approaches to Parametrize the Non-Closure of the Energy Balance
2.1 Parametrization of Huang et al. (2008)

Huang et al. (2008) used large-eddy simulation (LES) to develop a parametrization scheme,
based on earlier LES studies of Kanda et al. (2004) and Steinfeld et al. (2007). They showed
that the spatial average of the EC flux of any scalar ¢ that is based on the temporal covariance

<w’<p’> (the ‘temporal” EC method) is smaller than the temporarily-averaged spatial covari-

ance (w”¢"”) (the ‘spatial” EC method), where w represents the vertical wind component.
Here, the single prime denotes deviations from the temporal mean, the double prime denotes
deviations from the spatial mean, angular brackets represent spatial averages, and the overbar
represents temporal averages. Under horizontally homogeneous conditions and a negligible
spatially-averaged vertical velocity (w), the spatial EC flux can be regarded as the ‘true’
ensemble flux (Kanda et al. 2004; Steinfeld et al. 2007), so that the mean imbalance (/) of
the temporal EC method can be defined as

(w”¢")

In terms of conventional EC tower measurements, this definition is equivalent to the ratio
A/(—=Qg — Qc). The underestimation of the ‘true’ flux by the temporal EC method can be
explained by the presence of turbulent organized structures, which are a fundamental property
of the homogeneous convective ABL. They are characterized by narrow bands of relatively
strong thermal updrafts that are surrounded by larger regions of weak subsidence. Under low
wind conditions, the thermal updrafts are organized into spoke-like patterns, whereas with
a significant background flow, streaky patterns appear near the surface, which merge into
roll-like vortices at larger heights (Schmidt and Schumann 1989; Moeng and Sullivan 1994).
It is important to note that these coherent structures remain at the same place even after
1-h averaging (Kanda et al. 2004). Therefore, they produce low-frequency trends and mean
vertical advection, which cannot be reliably captured by point measurements and the use of
the temporal EC technique. Consequently, turbulent fluxes are systematically underestimated,
resulting in a negative imbalance. Kanda et al. (2004); Steinfeld et al. (2007) and Huang et
al. (2008) argued that this imbalance can explain the energy balance residual detected by the
EC approach in field measurements.

Following Huang et al. (2008), the magnitude of the underestimation depends on fric-
tion velocity u,, the Deardorff convective velocity w,, and the ratio of measuring height z

@ Springer



Appendix B

Evaluation of Two Energy Balance Closure Parametrizations 199

Iy =~ (;}‘-) f (—) . @)

The empirical functions f1 and f> capture an exponentially decreasing dependence of (/) on
us/w, and an elliptic relationship to z/z; and are further explained in Egs. 11a, b and Table 2
in Huang etal. (2008). With increasing i the absolute value of the imbalance should decrease
(Aubinet et al. 2000; Wilson et al. 2002; Hendricks-Franssen et al. 2010), because the stronger
mechanical turbulence increases the probability that large-scale structures are advected past
the point measurement and can be captured by the temporal EC method (Kanda et al. 2004).
Larger sensible heat fluxes, inducing larger values of w, are supposed to be accompanied by
lower flux imbalances (Kanda et al. 2004; Steinfeld et al. 2007). Finally, the imbalance relates
to the height within the ABL (z/z;) because turbulent organized structures are strongest in the
middle of the ABL and the magnitude of imbalance might also be influenced by entrainment
processes at the top of the ABL (Steinfeld et al. 2007; Huang et al. 2008).

to the ABL height z;,

2.2 Parametrization of Panin and Bernhofer (2008)

Besides the parametrization of Huang et al. (2008) an alternative approach was proposed by
Panin and Bernhofer (2008). Whereas the former concentrates on the large-scale structure
of turbulence in a homogeneously heated ABL, the latter explicitly focuses on the role of
surface heterogeneities by advancing the concept of Panin et al. (1998). Moreover, Panin and
Bernhofer (2008) only propose a parameter that describes the mean closure of a site, whereas
the approach of Huang et al. (2008) is designed to parametrize the energy balance closure on
a 30-min basis.

The presence of surface heterogeneities violates basic assumptions of the EC methodology,
so that they can be regarded as a potential reason for the lack of energy balance closure.
In heterogeneous landscapes, cospectra of surface fluxes show additional peaks in the low-
frequency range, far beyond the typical averaging period of the temporal EC method (Finnigan
et al. 2003). Consequently, flux contributions associated with these low-frequency motions
are not captured. Therefore, the sum of sensible and latent heat fluxes determined by the EC
method under the assumption of horizontal homogeneity (Qy + Qg)un has to be corrected
by a factor k¢, which is independent of the magnitude of the fluxes, in order to retrieve the
‘true’ sum of the heat fluxes in inhomogeneous terrain (Qy + QF)INH,

(On + O)uu = k¢ (On + OF)iNH - 5)

Here, (Qn + Qg)iNH is equivalent to the amount of available energy (—Q§ — Q). Panin
and Bernhofer (2008) showed that the magnitude of the correction factor kf relates to the
heterogeneity of the surrounding landscape. As a measure of non-homogeneity, they pri-
marily focussed on surface roughness expressed by the roughness length zg, and suggested
a parameter zgff /L where 18“ is the effective roughness length of the surrounding area
of the measurement location and L is the dominant horizontal scale of landscape inho-
mogeneities. Following Panin and Bernhofer (2008), there should be a linear dependence

between k¢ and zgff JLoE,

5
with K and C being empirical constants.
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The analysis is restricted to several km around the measuring point because only hetero-
geneities within that distance have a significant influence on the exchange process.

3 Data and Analysis
3.1 Description of Aircraft Data and Tower Measurements

Parts of the dataset for this study were taken from flights of the Twin Otter aircraft of the
Canadian National Research Council (NRC). An intercomparison study proved the reliability
of the data with respect to spectra, standard deviation of horizontal and vertical wind and
flux estimates (Dobosy et al. 1997). In the framework of the Boreal Ecosystem-Atmosphere
Study (BOREAS) experiment (Sellers et al. 1997), 16 flights were conducted over the boreal
forest at Candle Lake, Saskatchewan, Canada between May and September 1994. These
“Candle Lake Runs” always followed the same flight route along an approximately 115 km
long transect between 53.57°N, 106.40°W and 53.98°N, 104.29°W at a height of roughly
30 m a.g.l. (MacPherson 1996). The landscape is flat and can be characterized as a homo-
geneous boreal forest with numerous major or minor lakes distributed within; for details,
see Mauder et al. (2007b). Measurements of the wind vector, temperature (7)) and water
vapour mixing ratio (¢) were conducted on board of the Twin Otter aircraft, with a sam-
pling rate of 16 Hz (MacPherson 1996). In April 2002, four additional flights took place on
the same track in the framework of the Boreal Ecosystem Research and Monitoring Sites
(BERMS) programme (Barr et al. 2002), when data were recorded at a sampling rate of 32
Hz.

In addition, tower-based measurements were also used to test both parametrizations. These
measurements were conducted in the framework of the Terrestrial Environmental Observa-
tories (TERENO) programme (Zacharias et al. 2011), which aims at observing the long-term
impact of global change at a regional level. EC masts were mounted at three sites: Graswang
(47.57°N, 11.03°E, 865 m a.s.l.), Rottenbuch (47.72°N, 10.97°E, 763 m a.s.l.) and Fendt
(47.82°N, 11.06°E, 600 m a.s.l.). They are located in the Ammer catchment in southern
Bavaria, Germany and are part of TERENO’s Bavarian Alps/pre-Alps Observatory (Figs. 1,
2). The landscape is a varied mosaic of villages, grassland, some arable land and coniferous
and mixed forests. Furthermore, the sites are surrounded by hilly terrain and the southernmost
site, Graswang, is already located in the “Ammergebirge”” mountains. All three EC stations
are located on grassland (Fig. 2b, d, f). The EC stations run continuously and here, data for
the period 1 April 2012-30 September 2012 were used. The equipment used for this study is
listed in Table 1, and further information on instrumentation and data storage can be found
in Zacharias et al. (2011).

3.2 Calculation of Turbulent Fluxes and the Energy Balance Residual

In order to derive estimates of Qy and Qg from the time series of the Twin Otter aircraft,
wavelet analysis (Grossmann and Morlet 1984; Kronland-Martinet et al. 1987; Grossmann
et al. 1989) was applied. As compared to the Fourier transform, the wavelet transform has
the advantage that it is able to resolve the signal in frequency domain and time domain.
Therefore, it especially allows spectral analysis of non-stationary data, e.g. if the dominant
transport scales vary along the flight track. Details on the applied wavelet methodology can be
found in Torrence and Compo (1998) and Mauder et al. (2007b). Here, only the fundamental
steps are given.
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Fig. 1 Overview of the of the Bavarian Alps/pre-Alps Observatory located in southern Germany (a) and
overview of the Ammer catchment (b) with black squares showing the locations of the TERENO sites
(Zacharias et al. 2011)

In analogy to Mauder et al. (2007b), the Morlet wavelet with frequency parameter wg = 6
served as mother wavelet because of its better resolution in the frequency domain than other
mother wavelets that are frequently used for analyzing atmospheric time series, such as the
Haar wavelet or the Mexican Hat wavelet. Let Ty(a, b) and Ty (a, b) denote the wavelet
coefficients of two time series x(n) and y(n), where a is the scaling and b is the translation
parameter. The integration over the product T (a, b)T," (a, b) in time and frequency domain,
where the asterisk represents the complex conjugate, gives an estimate of the covariance, i.e.
an estimate of the turbulent flux. We considered only those wavelet coefficients outside of
the cone of influence; accordingly, the cross-spectrum Wi, (a) is defined as

N-1
Wiy (a) = 6—’8—ti ~ 2 Te(@.b) T{ (a.b) )

I)—O

and gives the spectral contributions to the turbulent flux x”y’ (Hudgins et al. 1993). The non-
dimensional factor §j = 0.25 determines the spacing between the scales a of the wavelet
transform, 8¢ denotes the timestep of the time series, Cs = 0.776 is a constant for the Morlet
wavelet and N is the length of the time series. The integration over the cross-spectrum in the
frequency domain gives the total flux. When the integration is restricted to distinct scales,
their respective contribution to the total turbulent flux can be quantified.

As suggested by Williams et al. (1996) and Strunin and Hiyama (2005), 2 km was chosen
as the cut-off wavelength to separate small-scale from mesoscale motions. We claim that
the scales larger than 2 km are not captured by typical EC masts, because they represent
secondary circulations that do not move with the mean wind. Under the assumption that the
neglect of mesoscale fluxes is the major reason for the lack of energy balance closure, their
respective flux contributions could be regarded as an estimate of the corresponding value of A
(Eq. 1) and the ratio of small-scale contributions to total turbulent fluxes should be equivalent
to R (Eq. 2). Accordingly, the negative mean energy imbalance — (/) (Eq. 3) is the mesoscale
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Fig. 2 Satellite images (area roughly 25 km x 25 km, i.e. landscape scale, (a, ¢, e) and 2 km x 2 km, i.e. flux
footprint scale (b, d, f), Google 2013) of Fendt (a, b), Rottenbuch (¢, d) and Graswang (e, f), where yellow
crosses indicate the approximate location of the EC masts

contribution divided by the total turbulent flux. Please note that this is a very crucial step,
since this method might underestimate A because other potential reasons for the lack of
energy balance closure, such as instrumental problems or horizontal heterogeneity within the
footprint of the measurement, are not considered. The method could also overestimate A if
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Table 1 Part of the equipment of the TERENO stations (Zacharias et al. 2011) of the Bavarian Alps/pre-Alps
Observatory used for this study

Variables Device Manufacturer

Wind vector, T CSAT-3 Campbell Scientific Inc., Utah USA

q LI-7500, LI-7200 LI-COR Biosciences, Nebraska USA

Q§ CNR 4 Kipp & Zonen, The Netherlands

OG.HFP HFPO1SC (3x) Hukseflux Thermal Sensors B.V., The Netherlands
Soil temperature M-107 (18x) Campbell Scientific Inc., Utah USA

Soil moisture CS616-L (18x) Campbell Scientific Inc., Utah USA

Zi CL51 Vaisala Oyj., Finland

LI-7500: Graswang, Fendt; LI-7200: Rottenbuch

at least some parts of the scales >2 km completely pass by an EC tower within the averaging
period of 30 min (Sect. 5.1).

Turbulent fluxes at the EC stations in Graswang, Rottenbuch and Fendt were derived
by using the software package TK3.1 (Mauder, Foken 2011); for detailed information on
post-processing of the high-frequency tower data, including quality assessment and quality
control, see Mauder et al. (2013). The respective EC estimates of Qy and Qg were derived
on a 30-min basis. A considerable amount of energy is stored in the soil layer between the soil
heat flux plate at depth zypp and the soil surface (Oncley et al. 2007). This storage term was
calculated using a calorimetric approach and added to the measured soil heat flux QG Hrp
(Liebethal et al. 2005), so that the ground heat flux (Qg) is defined as

0
5T
06 = QG Hrp + / cv,sonydz. (8)

Zurp

The amount of stored energy equals the vertically integrated temperature change 87 /8t
within the considered time interval multiplied by the volumetric heat capacity of the soil
Cy.s0il- For testing both parametrizations, only those EC data with the best quality flag of
0 according to the scheme described in Mauder et al. (2013) were used; these high-quality
data are characterized as being suitable for fundamental research. For the Huang et al. (2008)
parametrization, only daytime data with absolute values of global radiation >30W m~2 were
considered. With respect to the approach of Panin and Bernhofer (2008), R was calculated
on a daily basis.

3.3 Data Preparation for the Parametrization of Huang et al. (2008)

According to Huang et al. (2008), the energy balance residual is a function of u,, w,, z and
zi (Sect. 2). For the calculation of u.., high-frequency data of the wind vector are needed,
— 2  —\1
Uy = (u’w’ +v'w’ ) 3 )]
With respect to the Twin Otter aircraft data, the wind vector was determined from the vector
difference between the air velocity relative to aircraft, measured by pressure transducers of a

Rosemount 858 AJ 5-hole probe, and the aircraft velocity relative to the ground (MacPherson
1996). For the EC tower data from the TERENO sites, the wind vector was measured with
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a CSAT3 sonic anemometer (Table 1) and u, was automatically calculated with the TK3.1
software.

For the calculation of the convective velocity scale w, (Deardorff 1972), the surface
sensible heat flux w'6’g, a reference potential temperature 6 of the convective ABL, and z;
are needed,

1
w*==(§znw9b)’. (10)

where g represents the acceleration due to gravity. For the aircraft data, w6’y was
determined by integration of the cross-spectrum of w and T (Sect. 3.2). For 6, the
mean potential temperature along the flight track was used and, during BOREAS, z;
was determined every hour by a ground-based 915-MHz wind profiling radar system
near the north-eastern edge of the flight track at 104.67°W and 53.91°N (Wilczak et
al. 1997). For BERMS, no values of z; are available, so that the test of the parame-
trization of Huang et al. (2008) is restricted to the BOREAS dataset. With respect to
the TERENO stations, the surface sensible heat flux was calculated with the TK3.1
software and for 6, the 30-min average of the sonic temperature was used. The ABL
height was determined by continuously running CL51 ceilometers (Table 1) at all three
TERENO sites, which measure profiles of optical backscatter intensities. The height of
the mixed layer, which can be regarded as the ABL height during convective condi-
tions, was determined with the software tool ‘BL_Matlab’ that was run in Matlab2012a
(version 7.14). It uses the algorithm of ‘BL-VIEW’(Vaisala Oyj., Finland) that is based
on the gradient method (Emeis et al. 2007, 2008). In the mixed layer, particle con-
centrations are considerably higher than in the free atmosphere, and accordingly, z;
is the height at which the first derivative of the measured backscatter intensity has a
minimum.

3.4 Data Preparation for the Parametrization of Panin and Bernhofer (2008)

In order to test the parametrization of Panin and Bernhofer (2008), spatial distributions of
2o for the surrounding area are necessary, which can be derived from land-use maps. For the
Candle Lake area, data from the Landsat Thematic Mapper image at a grid resolution of 30
m are available (Hall et al. 1997). For the TERENO sites, raster data on land use at a grid
resolution of 100 m were obtained from the Coordination of Information on the Environment
(CORINE) programme of the European Union. Here, raster data from version 16 of the
CORINE Land Cover 2006 project (CLC2006) were used (URL: http://www.eea.europa.eu/
data-and-maps/data/corine-land-cover-2006-raster-2). Afterwards, each land-use class was
assigned a zo value according to Table 2. The effective surface roughness z(e)ff was evaluated

using
X 1 n
logzf" = ~ > logz0, (11)
i=l

where 7 is the number of pixels of the z¢ raster map of the analyzed terrain. This approach was
originally proposed by Taylor (1987) but there would be more sophisticated schemes devel-
oped using LES that also consider the effect of horizontal variability, such as the blending-
height concept of Bou-Zeid et al. (2007). In addition, the zo for water (Table 2) is quite
high, especially at low and moderate wind speeds (Smith 1988), but we wish to test the
parametrization of Panin and Bernhofer (2008) without serious modification.
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Table 2 Roughness length z( for

homogenous land-use patches 204m) Lil-ussnge
(Wieringa 1993; Jong et al. 1999) 0.0002 Witss
0.0003 Bare rocks
0.0005 Roads
0.0012 Sparse vegetation
0.003 Bare soil
0.019 Grassland, pasture
0.04 Bog, heath
0.08 Fen
0.11 Arable land
0.3 Woodland-shrub transition
0.8 Green urban areas
0.95 Villages, urban area
1.2 Forest (coniferous, deciduous, mixed)

Here, LT was determined from selected transects along the zo map. For the Candle Lake

area, both in the north—south direction and in the east—west direction, 10 transects of the zq
pixel map were randomly chosen. For the TERENO sites, the surrounding area was divided
into eight wind sectors, and at the centre of each sector—at 0°, 45°, ..., 315°—one transect
of 15-km length and starting at the location of the EC mast was taken. For each transect, a
Fourier spectrum was calculated. The dominant horizontal scale L of one transect is half the
wavelength of the maximum of the Fourier spectrum. Generally, values of L were discarded
if no clear maximum could be found for the transect, i.e. the Fourier coefficients increased
with wavelength and the maximum of the spectrum appeared at the largest wavelength. Only
for the Rottenbuch site, along two of the eight transects (135° and 180°), no maximum was
found in the Fourier spectrum. The L value of each area is the arithmetic mean of the L
values of the respective transects. Panin and Bernhofer (2008) used only two transects, but
it is assumed that the method applied here delivers a measure that is more representative of
the surrounding area.

The CORINE raster data are projected in Lambert azimuthal equal-area projection centred
at 52°N and 10°E. The projection is not length preserving and as the TERENO sites are
located at a considerable distance from the projection centre (Table 1), this introduces an
error into the estimation of horizontal length scales. However, in order to keep the regular
grid, the original raster data were not re-projected. All calculations, if not stated otherwise,
were made with the statistical software R, version 14.2.

4 Results

4.1 Energy Balance Closure for the Candle Lake Aircraft Flights and the TERENO EC
Measurements

For the Twin Otter aircraft flights in the Candle Lake area, the values of R range from 0.73 to
0.99 and for 15 of the 20 flights during BOREAS and BERMS, R is between 0.86 and 0.91.
The missing energy at all TERENO sites within the period from 1 July 2012 to 31 October
2012 (Table 3) is larger than for the Candle Lake area. Graswang (R = 0.75) and Fendt
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Table 3 Observed values of R at :
the TERENO sites Graswang, Period Graswang Rottenbuch Fendt
Rottenbuch and Fendt in the
75 5 ;

period from July to October July 2012 07 0.6l 081
2012; due to a malfunction of the ~ August 2012 0.75 0.60 0.74
LI1-7200, no reliable data are September 2012 0.77 = 0.77
available at the Rottenbuch site

October 2012 0.74 0.54 0.75
between 30 August and 12 ctober
October 2012 July 2012-October 2012 0.75 0.60 0.77

Table 4 Height of aircraft above the ground z, boundary-layer height z;, friction velocity u, convective
velocity scale wy, and mesoscale flux contribution to the sum of the sensible and latent heat fluxes (interpreted
as the negative mean energy imbalance along the flight track —(/), Sects. 2.1 and 3.3) during the Twin
Otter aircraft flights of the BOREAS experiment between May 1994 and September 1994 and the BERMS
programme in April 2002

Date Time (LT) z (m) zj (m) U (ms_l) Wy (M s_') —(I) (%)
25 May 1994 1041-1116 29:6 1,850 0.16 241 93
25 May 1994 1118-1152 30.0 2,000 0.14 3.05 12.5
25 May 1994 1154-1228 31.2 2,000 0.30 3.48 13.5
27 May 1994 1328-1403 425 1,500 0.84 2.07 1.1
1 Jun 1994 1259-1333 64.7 2,150 0.76 3.82 12.4
6 Jun 1994 1058-1130 347 700 0.71 0.71 14.1
6 Jun 1994 1133-1212 34.7 850 0.73 0.99 95
21 Jul 1994 1611-1647 36.1 1,700 0.65 1.49 11.7
23 Jul 1994 1056-1126 38.4 1,700 0.69 1.61 10.9
25 Jul 1994 1220-1252 38.8 1,500 0.42 2.04 11.3
25 Jul 1994 1631-1702 38.0 2,250 0.41 1.76 12.5
25 Jul 1994 1515-1547 375 2,200 0.38 2.57 19.8
27 Jul 1994 1106-1137 41.4 900 0.36 0.90 10.7
8 Sep 1994 1413-1444 355 700 0.38 0.70 6.1
12 Sep 1994 1140-1208 41.6 500 0.55 0.55 272
17 Sep 1994 1201-1232 337 1,200 0.45 1.04 11.9
20 Apr 2002 1237-1309 33.8 - 0.71 - 12.5
20 Apr 2002 1359-1435 43.6 - 0.69 - 8.7
21 Apr 2002 1234-1304 44.0 - 0.97 - 5.7
21 Apr 2002 13561432 435 - 0.88 - 9.6

(R = 0.77) sites are similar, whereas the Rottenbuch site exhibits an exceptionally poor
energy balance closure (R = 0.60). Thus, it is of interest whether the two parametrization
approaches are able to explain these large differences.

4.2 Parametrization of Huang et al. (2008)

Table 4 gives an overview of the data from the Twin Otter aircraft that are necessary for testing
the parametrization of Huang et al. (2008). All flights were conducted at heights between 29
m and 65 m a.g.l. during fair weather conditions, i.e. the sky was either cloudless or less than
50% cloud cover. The friction velocities range between 0.14 and 0.84ms™'; values of w,
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Fig. 3 Observed energy imbalance —/ for the 16 Candle lake runs during BOREAS and for the TERENO
sites Graswang, Rottenbuch and Fendt as a function of the ratio of friction velocity to convection velocity
s /ws. Due to the large amount of data, the respective data from the TERENO sites were binned into 15
groups of equal size according to their value of us/ws; for each group, the median and the interquartile
range is displayed; for the Candle Lake data, the error bars represent the random error of the airborne flux
measurements (Lenschow and Stankov 1986). In addition, the suggested function f| for Qy by Huang et al.
(2008) is indicated as a dashed line

are highly variable (0.55-3.82ms~"), which could be attributed to the large differences in
Zi (500-2,250 m). Thus, during these convective conditions, buoyant plumes need ~10-20
min for rising from the ground to the top of the ABL. The mesoscale flux contributions
determined from the aircraft flights range between 1.1 and 27.2 %.

With respect to the EC data from the TERENO sites, only daytime data were analyzed and
values of u, w, and z; were calculated on a 30-min basis (data not shown). At the Rottenbuch
site the values of u, (median: 0.21 m s~ !) and w, (median: 1.01ms™!) are larger than at
Graswang (u,: 0.20m s, wy: 0.95ms™!) and Fendt (u: 0.17ms ™!, wy: 0.87ms™!) sites.
The mean ABL height is largest at Graswang (median of z;: 997 m), which is located in the
Alps, and smallest at the Fendt site (median of z;: 813 m), which is located furthest away
from the mountains.

Huang et al. (2008) derived the parametrization in the following way: for constant z/z;,
they attempted to find the function f; that describes the dependence of —(7) on i, /w.. Then,
they determined f> by finding a fit for —(7)/f versus z/z; for zero background wind, i.e. free
convection conditions and constant u, /w,. Neglecting any interaction between both terms,
the product of these two functions should be a reliable parametrization of —(/). Figure 3
shows the attempt to find the function f| for the BOREAS aircraft data and for the EC
data from the TERENO sites. The data do not follow the exponential relation suggested by
Huang et al. (2008) and no correlation was found between — (/) and u. /w,. This implies that
us/w, cannot explain the observed variability it —(7), but the suggested universal function
of Huang et al. (2008) might serve as a lower bounds for the data. The function f> also
cannot be confirmed, simply because it does not make sense to calculate —(7)/fi, since fj
is already false. Furthermore, we could not find a significant correlation between - (I) and
z/zi. It should be noted that close to the surface (z/z; < 0.08), the function f> becomes
imaginary and the parametrization becomes invalid. All in all, the parametrization did not
work for our near-surface measurements.
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Fig. 4 Surface roughness maps of the Candle Lake area (a) and the TERENO sites at Graswang (b), Rotten-
buch (¢) and Fendt (d); in (b)—(d), black crosses mark the approximate location of the EC masts; please note
that the colour scale is logarithmic

4.3 Parametrization of Panin and Bernhofer (2008)

The maps of the Candle Lake area and the TERENO sites that show the spatial distribution of
the roughness length z¢ are displayed in Fig. 4. Lakes and rocky areas are green, grassland and
agricultural land is yellow and villages and forests are red. The values of the heterogeneity
index z(e)ff/Leff are 3.66 x 1075 for the Candle Lake area, 1.4 x 10~ for the Graswang,
2.11 x 10~ for the Rottenbuch and 4.52 x 10~ for the Fendt sites. Thus, according to Panin
and Bernhofer (2008), the Candle Lake area represents the least heterogeneous landscape.
As shown in Fig. 5, only the data from Candle Lake and Graswang are in accor-
dance with the results of Panin and Bernhofer (2008) and all sites lie above a linear fit
(R? =0.87, p = 0.002) through the data of Panin and Bernhofer (2008). Please note that in
Fig. 5, the regression line does not appear as a straight line due to the logarithmic y-axis. The
non-closure of the energy balance, especially at the TERENO stations Fendt and Graswang,
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is poorer than this parametrization suggests. However, at least the order of the k¢ values can

roughly be explained by the heterogeneity index, e.g. the Rottenbuch site has the poorest clo-
sure of all sites and the largest value of zgff /LT, To summarize, the parametrized imbalance

using the approach of Panin and Bernhofer (2008) is lower than the measured imbalance,

especially for the sites in the pre-alpine region.

5 Discussion

5.1 Short Note on the Aircraft-Based Estimate of the Energy Balance Closure

An aircraft is able to detect mesoscale structures that EC towers are not able to capture due to
its motion in space (Mauder et al. 2007b). Consequently, we assumed that the energy balance
residual measured with EC towers can be estimated with the aircraft by determining the flux
contribution of eddies of scales >2km (Sect. 3.2). However, several conditions need to be
fulfilled in order to apply this method.

First, the flight track should be sufficiently long in order to capture the complete longwave
fraction of the flux, e.g. it should be >50z; (Lothon et al. 2007). This condition is fulfilled,
because the largest value of z; during the BOREAS flights (Table 4) would require a track
length of 112.5 km. The long flight track of 115 km also ensures that the random error of the
flux measurement is below 10 % (Lenschow and Stankov 1986). Moreover, the aircraft-based
fluxes are a good estimate of the surface fluxes, because all flights were conducted within
the surface layer whose height is approximately 0.1z; (Stull 1988). Finally, the selection
of the cut-off wavelength is a crucial step, because it is assumed that atmospheric motions

with wavelengths longer than the cut-off wavelength are not detected with an EC tower.
Here, a scale of 2 km serves as a cut-off wavelength that was suggested by Williams et al.
(1996) and Strunin and Hiyama (2005). Mauder et al. (2007b) also used this threshold and
showed, for the Twin Otter aircraft flights, that the flux contribution from scales >2km is
approximately equal to the missing energy measured at EC stations in the Candle Lake area.
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Moreover, eddies of scale >2km usually exceed the ABL height, and there is a spectral gap
in the wavelet cospectra at a wavelength of 2 km (Mauder et al. 2007b) that separates the
small-scale region from the mesoscale region (Vickers and Mahrt 2003).

The mean yearly values of R in the Candle Lake area, based on long-term EC measure-
ments, vary between 0.76 and 0.95 with a mean R of 0.85 for all sites and years (Barr et
al. 2012), which is close to the estimated value of R from the Twin Otter runs (Sect. 4.1).
Consequently, the chosen cut-off wavelength delivers reliable results and it is assumed that
the energy balance closure of near-surface EC masts can be assessed with airborne flux
measurements in the surface layer.

5.2 Energy Balance Closure at the TERENO Sites

This study is the first to present the energy balance closure at all three sites of the TERENO
Bavarian Alps/pre-Alps Observatory. With respect to the Fendt and Graswang sites, Mauder
et al. (2013) already reported estimates on systematic errors, which were based on monthly-
averaged energy balance ratios of 0.81 and 0.72, respectively. Thus, the energy balance at the
Fendt site is usually closer to balance than at the Graswang site, although the data used in this
study only show a minor difference (Table 3). The observed non-closure is in accordance with
similar studies conducted over short vegetation (Wilson et al. 2002; Hendricks-Franssen et al.
2010; Stoy et al. 2013). The R value from 32 grassland sites from the FLUXNET database is
0.86£0.20, and for the crop sites, itis 0.78 £0.16 (Stoy et al. 2013). Above agricultural land
near Ottawa, Canada, a mean R of 0.77 was found (Mauder et al. 2010). During the LITFASS-
2003 (Lindenberg Inhomogeneous Terrain — Fluxes between Atmosphere and Surface: a long
term Study) experiment, a mean R of 0.75 was measured at a grassland site during daytime
(Mauder et al. 2006; Foken et al. 2010). With respect to the patchiness of the land use, the
last two experiments were conducted in landscapes that are similar to the TERENO area,
but the topography around the TERENO sites is more complex. Nevertheless, the values of
R are comparable, which suggests that surface heterogeneities due to fragmented land use
might play a key role for the energy balance closure problem (Sect. 5.4).

Sites with a comparably poor non-closure such as at Rottenbuch (R = 0.60) can rarely be
found in the literature. We can exclude serious measurement errors because the measurement
set-up as well as the post-processing is identical at the other two sites except for the enclosed-
path gas analyzer used at Rottenbuch (Table 1). In the FLUXNET database, there are several
sites with a comparable or even poorer non-closure: Stoy et al. (2013) report values of R
down to 0.26, even after excluding severe outliers because of quality control concerns. In
addition, Hendricks-Franssen et al. (2010) mention two EC stations above short vegetation
with a comparably poor non-closure. The site of ‘East Saltoun’ is located east of Edinburgh,
United Kingdom, approximately 10 km from the coastline, and has a mean R of 0.49. The
site “Grignon’ lies west of Paris, France, within a densely populated area and has a mean R
of 0.68. These two EC stations might be influenced by local circulations, due to sea-breeze
effects or due to an urban heat-island circulation. The measurements at Rottenbuch might
be influenced by similar circulations because of its proximity to a village and to the steep
Ammer valley (Fig. 2d).

5.3 Parametrization of Huang et al. (2008)
No correlation was found between — (/) and u,., w, or z;, which firstly could be attributed to

problems in determining z;, which also affects the values of w, (Eq. 10). The z; values at the
Candle Lake site vary considerably (Table 4), which causes most of the variability in u, /w..
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Atthe TERENO sites, the mixed-layer height z; was determined with ceilometers by detecting
the sharp decrease of particle concentration at the top of the ABL (Emeis et al. 2008). This
requires, (a) a significant particle source at the surface, and (b) good vertical mixing up to
ABL top. Aerosol layers in the free atmosphere might cause unrealistically high estimates of
zi, whereas weak turbulent mixing results in an underestimation of z;. Nevertheless, single
daily cycles measured at the TERENO sites show the well-known pattern with increasing
values of z; during the morning hours and the highest values in the late afternoon. Thus, at
least during daytime convective conditions, ceilometers produce reliable results.

Furthermore, Huang et al. (2008) derived the functions f} and f> in a different way than
used here. They first derived f| by restricting their LES analysis to the heights between 0.3
and 0.5z/z;, where they found the maximum imbalance in the model, and afterwards, they
determined f> for zero background wind. In contrast, the measurements at Candle Lake and
at the TERENO sites were conducted in the surface layer, as with most experiments focusing
on air-land interactions. Furthermore, all daytime data with sufficient data quality (Sect. 3.2)
were used, including wind speeds up to 10ms~".

In addition, it should be mentioned that this parametrization is based on LES above
homogeneous terrain. However, according to Inagaki et al. (2006) and Steinfeld et al. (2007),
turbulent organized structures are not the only transport mechanism that the temporal EC
method is not able to capture. Thermally-driven mesoscale circulations also play a significant
role, especially in the lower half of the ABL above heterogeneous terrain (Strunin and Hiyama
2005). Maronga and Raasch (2013) confirm the formation of secondary circulations due to
surface differences in the upstream area. According to Hiyama et al. (2007), low values
of u,/wy serve as a good indicator for the presence of such heterogeneity-induced local
circulations, but we could not confirm that (Fig. 3).

The usual dimensionless scaling parameter for universal functions in the surface layer is
z/ L, with L being the Obukhov length (Stull 1988), which differs mainly differs from u /w
(Egs. 8, 9) by the height scaling. For z/L, the measurement height is an important parameter,
but the term u./w. is height-invariant due to the use of z; instead of z. Attempts to explain the
observed energy imbalance by z/L have shown that R is lowest for very unstable conditions
(Stoy et al. 2013). We did not find a comparable dependence on u,/w, (Fig. 3), so that the
use of w, for parametrizing the energy imbalance in the surface layer does not appear to be
a promising approach.

Finally, a shortcoming of the configuration of current LES models should be mentioned.
If the boundary conditions at the ground surface are prescribed by the heat fluxes and the
model correctly captures the physics, the energy balance near the surface has to be closed. In
LES models, the strength of turbulent organized structures, as well as the simulated energy
imbalance, are negligible within the entire surface layer (z/z; < 0.1, Kanda et al. 2004;
Inagaki et al. 2006; Steinfeld et al. 2007; Huang et al. 2008; Maronga and Raasch 2013).
The latter contradicts almost all EC tower measurements so that we conclude that either (a)
mesoscale motions are not the major reason of the unclosed energy balance of near-surface
measurements, or (b) that the grid resolution of LES models is too coarse near the surface. The
simulations of Huang et al. (2008) were obviously not able to resolve all turbulent motions
due to the limited grid resolution, so that the major part of the turbulent energy had to be
parametrized. Furthermore, many subgrid parametrization schemes work better away from
wall regions, and Monin-Obukhov similarity theory, which was used for the first gird layer
of the LES grid, is based on horizontal homogeneity. In other words, heterogeneity-induced
secondary circulations might also have a high impact on transport processes near the surface
and might even make contact with the ground (Foken 2008), but this can neither be justified
nor falsified with current LES models.
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5.4 Parametrization of Panin and Bernhofer (2008)

In contrast to the functions suggested by Huang et al. (2008), which consider boundary-layer
dynamics, the empirical approach of Panin and Bernhofer (2008) focuses on the role of
roughness heterogeneities for the non-closure of near-surface EC measurements. Following
a similar hypothesis, Stoy et al. (2013) recently demonstrated for 180 FLUXNET sites across
the world that the energy imbalance can be related to the variability of the vegetation within
an area of 20 km by 20 km surrounding the measurement site.

The parametrization of Panin and Bernhofer (2008) does not explain the entire missing
energy (Fig. 5). This finding suggests that heterogeneity-induced mesoscale motions are not
the only reason for the unclosed energy balance, and other effects that are not included in
the parametrization, such as instrumental issues, also play a role. Moreover, there might be
factors other than zgff /L, such as topography, differences in surface temperature or surface
moisture, that induce mesoscale circulations, see below.

For the Candle Lake area, the observed imbalance is quite close to that derived from
the data used by Panin and Bernhofer (2008), but for the TERENO sites, especially for
Rottenbuch and Fendt, the imbalance is larger than expected (Fig. 5). One reason for the
poor closure at the TERENO sites might be the use of non-orthogonal sonic anemometers
that are suspected to underestimate sensible heat fluxes (Kochendorfer et al. 2012; Frank
et al. 2013). However, this problem is still under debate (Mauder 2013) and it also can-
not explain the different magnitudes of underestimation at the different sites. Probably the
observed deviations from the data of Panin and Bernhofer (2008) can be better explained
by the fact that not all surface heterogeneities are represented in a zo map. It should be
noted that the experiments on which they developed their parametrization were mainly con-
ducted over flat terrain and in remote areas. So, surface heterogeneities are mainly caused
by differences in vegetation and, therefore, calculating LT based on a zg map is suffi-
cient to determine the heterogeneity of the landscape. The topography of the Candle Lake
area is also flat and the lake-forest boundaries, which are clearly visible in the zo maps
(Fig. 4a), are the dominant heterogeneities. The data from Graswang are also close to the
data from Panin and Bernhofer (2008), although the topography is very complex. However,
the mountains can be recognised in the zp map, because the mountain slopes are usually
covered with forest and mountain tops are rocky areas. Thus, at Graswang, LT deter-
mined on the basis of zp is a good estimate for the dominant horizontal scale. Regarding
the zp maps of the Rottenbuch and Fendt sites (Fig. 4c, d), not all surface heterogeneities
are clearly visible. Forests and villages, for example, have a similar roughness length, but
usually a different surface temperature. However, a re-analysis of the data with an unreal-
istic high surface roughness for villages (zo = 30 m) did not improve the results (data not
shown).

If we plot the values of R from the Fendt (Fig. 6a) and Rottenbuch (Fig. 6b) sites for
different wind directions (¢) it can be seen that the surrounding landscape affects the EC
measurements. For southerly winds (157.5° < ¢ < 247.5° for Fendt, 112.5° < ¢ <
202.5° for Rottenbuch), the energy balance closure is significantly lower than for all other
directions (one-sided Wilcoxon rank sum test, p < 0.05). Due to the foehn effect of the
Alpine mountains, warm and dry air is brought from southern directions, but the EC method
does not account for horizontal advection. The secondary minimum at the Fendt site for the
northern wind sector (—22.5° < ¢ < 22.5°) might be caused by the advection of moist
air, because there is a small lake surrounded by swampy terrain approximately 3 km north
of the site (visible in Fig. 4d as a small bluish spot). As explained Sect. 5.2, small-scale
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Fig. 6 30-min R values for different wind directions at Fendt (a) and Rottenbuch (b) sites; the data were

grouped into wind sectors of 45° size and the respective sample sizes are indicated as grey italic numbers.
The black dots indicate the sample median and the error bars represent the interquartile range

effects might also play a role at the Rottenbuch site that exhibits an extraordinarily poor
closure.

Besides our main criticism that Panin and Bernhofer (2008) only consider roughness het-
erogeneities, we also argue that the suggested heterogeneity index zgﬂ\ /L isnot well chosen.
There is no evidence that the magnitude ofz(e)ff has any influence on the energy balance closure
because large imbalances were found above various land-use types (Hendricks-Franssen et al.
2010; Stoy et al. 2013). For constant zgff, the heterogeneity index increases with decreasing
L®. Thus, the shorter LT, the larger should be the energy balance residual. However, this
contradicts theoretical considerations (Dalu et al. 1996), scaling approaches (Mahrt 2000)
and LES results (Raasch and Harbusch 2001; Patton et al. 2005) on heterogeneity-induced
mesoscale transport, which found that there is an optimal surface length scale with respect to
the strength of mesoscale motions. Particularly, the heterogeneities should be at least as large
as z;, so that there should be a minimum threshold for L&, below which no considerable
imbalance occurs. However, the estimated L of the TERENO sites and the Candle Lake
area are larger than the corresponding values of z;, so that we could not identify a decrease
of the imbalance for small horizontal length scales.

Finally, a short methodological note should be made: when calculating the Fourier spec-
trum along a transect on a 7o map, multiple local maxima can occur in the spectrum, implying
that the landscape is not dominated by one single heterogeneity scale, but is a superposition
of multiple scales. Here, we followed Panin and Bernhofer (2008) and only considered the
global maximum, although we might have neglected additional heterogeneity scales that also
have an impact on the exchange process.

All in all, the parametrization approach of Panin and Bernhofer (2008) appears to work
only if LT captures, through z, the dominant landscape-scale heterogeneities. In our study,
this is only the case for the Candle Lake area and, to a minor extent, for the Graswang site.
Consequently, future parametrizations should not neglect the influences of surface temper-
ature, surface moisture and complex topography, which might also be responsible for the
generation of secondary circulations. A thorough assessment of the importance of all surface
heterogeneities for the energy balance closure problem is beyond the scope of the present

paper.
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5.5 Partitioning of the Missing Energy Between Qy and Qg

A parametrization suitable for correcting the measured turbulent heat fluxes also has to
consider the partitioning of the missing energy between Qp and Qg. Foken et al. (2012)
recommend correcting both energy fluxes using the measured Bowen ratio. This implies the
assumption of scalar similarity, which is justified for the high-frequency range of turbulence
(Pearson et al. 1998), but cannot be taken for granted at longer wavelengths (Ruppert et
al. 2006). Therefore, the Bowen ratios of the small-scale (Boss) and the mesoscale range
(Bons) were determined from the flux contributions of the Twin Otter aircraft flights (Fig. 7).
In accordance with Lamaud and Irvine (2006), the mean Bowen ratio itself influences the
partitioning of 7 and ¢ in the mesoscale range. For Bogs ~ 1, the assumption of scalar
similarity could be confirmed, but if Bog largely differs from unity, Bop, is mostly smaller
than the respective Bogg. This implies that assigning the missing energy to Qg and Qg
according to the measured Bowen ratio would result in an underestimation in Q.

This finding is in accordance with Barr et al. (2006), who found a larger flux deficit for Qg
in the Candle Lake area. This can be explained by the fact that the dominating surface hetero-
geneities are the lakes that are distributed within the boreal forest. These lakes can be regarded
as small, wet patches within a relatively homogeneous ‘matrix’ and, following Moene and
Schiittemeyer (2008), these wet patches of mesoscale size mainly affect the mesoscale fluxes
of Qg. Consequently, the finding that Qf is more sensitive to an underestimation seems to
be a site-specific effect and cannot be transferred to other areas. Studies above forests or
agricultural sites, where differences in surface temperature are larger, found that the resid-
ual should be mainly added to Oy (Stoy et al. 2006; Ingwersen et al. 2011). In summary,
we hypothesize that the partitioning of the missing energy between Oy and Qg depends
on the surface properties of the surrounding landscape: if surface moisture differences are
more important than surface temperature differences, the EC method underestimates Qf to
a greater extent than Qy.

6 Conclusions

We investigated the energy balance closure of tower-based measurements from the Bavarian
Alps/pre-Alps observatory of the German TERENO network. In addition, we also estimated
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the closure fromaircraft data obtained in Canada: the flux contribution of atmospheric motions
with wavelengths longer than 2 km served as an estimate of the missing energy of near-surface
tower measurements. The energy balance ratios of the aircraft flights (0.86-0.91) are larger
than at the TERENO sites (0.60-0.77). The main focus was on testing two energy balance
closure parametrization schemes of Huang et al. (2008) and of Panin and Bernhofer (2008).
However, both approaches are not able to predict the closure, but the latter leads at least to
qualitatively correct results.

The approach of Huang et al. (2008) was not suitable for our measurements in the surface
layer and the proposed dependencies of the imbalance on u./w, and z/z; could not be
confirmed. The main problem of this approach is that it is only based on LES studies, which
have insufficient grid resolution near the surface, so that the relevant transport processes are
not resolved. Additionally, this parametrization only considers the homogeneous ABL and
neglects the influence of an underlying heterogeneous surface. This is the main asset of the
approach of Panin and Bernhofer (2008), which focuses on surface roughness heterogeneities.
The non-closure at the Candle Lake site is in good agreement with the data analyzed by Panin
and Bernhofer (2008), but the observed non-closure at the TERENO sites in the pre-alpine
region is worse than expected using this approach. This might be due to neglecting additional
surface heterogeneities, e.g. complex topography or differences in surface temperature and
moisture. We are not able to state which type of surface heterogeneity is the most important for
parametrizing the energy balance closure, but our wind-direction dependent analysis indicates
that there is indeed an influence of the upwind surface characteristics on the landscape
scale. Particularly, the advection of warm air through foehn winds from the south strongly
contributes to the non-closure of the energy balance.

In addition, we have analyzed the aircraft data from the Candle Lake area with regard
to the partitioning of the mesoscale flux between Qy and Q. For Bowen ratios around
unity, we could confirm the recommendation of Foken et al. (2012) to correct the fluxes with
the Bowen ratio. But for Bowen ratios different from unity, the mesoscale structures mostly
transport more latent heat than sensible heat.

Therefore, we suggest that an analysis of tower and aircraft data for the same area might
give more insights into the role of large-scale structures on point measurements. With respect
to the tower measurements, special attention should be addressed to longer wavelengths, i.e.
time scales >30 min. Such investigations should go in hand with LES models that have a
fine grid resolution close to the surface. Future parametrization approaches should probably
also include the effects of topography and surface temperature besides surface roughness.
Appropriate parameters for characterizing the relevant meteorological conditions that control
the energy balance closure remain to be found.
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ABSTRACT

The eddy-covariance technique tends to underestimate turbulent heat fluxes, which results in nonclosure of
the surface energy balance. This study shows experimental evidence that mesoscale turbulent organized
structures, which are inherently not captured by the standard eddy-covariance technique, can affect near-
surface turbulent exchange. By using a combined setup of three Doppler wind lidars above a cropland-
dominated area in Germany, low-frequency turbulent structures were detected in the surface layer down to
a few meters above ground. In addition, data from two micrometeorological stations in the study area were
analyzed with respect to energy balance closure. In accordance with several previous studies, the data confirm
a strong friction velocity dependence of the energy balance residual. At both stations, the energy balance
residual was found to be positively correlated with the vertical moisture gradient in the lower atmospheric
boundary layer, but at only one station was it correlated with the temperature gradient. This result indicates
that mesoscale transport probably contributes more to the latent heat flux than to the sensible heat flux, but
this conclusion depends largely on the measurement site. Moreover, flow distortion due to tower mountings
and measurement devices affects the energy balance closure considerably for certain wind directions.

1. Introduction matter on a long-term basis. For this reason, large EC

The eddy-covariance (EC) method (Swisbank 1951) measurement nerorks have been establls:hed (Baldoccl?l
3 ; ; ; et al. 2001). During the last few decades it became obvi-
is the most direct measurement technique for quantify-

B e s that the EC technique usually does not close the
g Y P & gy energy balance at the surface—a fact that is known as the

energy balance closure problem (Desjardins 1985; Lee
and Black 1993; Twine et al. 2000; Wilson et al. 2002;
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not totally balanced by the sum of the sensible heat flux
Q;; and the latent heat flux Qg

#Q§*QG:QH+QE+QR~ (1)

The energy balance residual Qx can amount to more than
100 Wm 2, depending on measurement site, time of day,
and time of year. As an alternative to Eq. (1), Wilson
et al. (2002) defined the energy balance ratio R as the sum
of the turbulent fluxes divided by the available energy:

_ 9yt 0

R=—¢F—=,
95 Q6

@

Given that general systematic errors of that extent in the
measurement of Q% (Kohsiek et al. 2007) and Qg
(Liebethal et al. 2005; Foken 2008b) can be excluded,
the energy balance is not closed because the EC method
underestimates Qy and Qp.

Several reasons for the underestimation of turbulent
heat fluxes are discussed in the literature. Early studies
considered instrumental errors (Laubach et al. 1994;
Goulden et al. 1996). Angle-of-attack-dependent errors
of nonorthogonal sonic anemometers resulting from
flow distortion were recently addressed (Kochendorfer
et al. 2012; Nakai and Shimoyama 2012; Mauder 2013;
Frank et al. 2013). In addition, the EC technique is based
on assumptions of horizontal homogeneity and statio-
narity that are usually not completely fulfilled under typ-
ical field conditions. Therefore, rigorous data screening
using a statistical test procedure is a necessary requirement
for studying the surface energy balance (Mauder and
Foken 2006; Mauder et al. 2013). Moreover, surface het-
erogeneities within the flux footprint of the measurement
(Schmid 1997; Panin et al. 1998) as well as different
source areas of the instruments (Culf et al. 2004; Gockede
etal. 2008) have to be considered. The above-mentioned
issues often cannot sufficiently explain why the turbu-
lent fluxes are generally underestimated at many sites,
however. A considerable amount of energy can be stored
in the layer between the surface and the location of the
measurement devices—for example, in the soil (Heusinkveld
et al. 2004; Liebethal et al. 2005) and the plant biomass
(Meyers and Hollinger 2004; Lindroth et al. 2010; Kilinc
et al. 2012; Emmel et al. 2013). A small amount of en-
ergy is also fixed by photosynthesis (Blanken et al. 1997;
Schmid et al. 2000; Meyers and Hollinger 2004). Ac-
counting for all storage terms reduces Qr significantly,
but it is not sufficient for closing the energy balance
(Leuning et al. 2012; Stoy et al. 2013).

Another theory is that a considerable amount of Qg
can be attributed to transport by turbulent structures that
are inherently not captured by an EC tower (Mauder
et al. 2007; Foken et al. 2011). These could be either
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low-frequency motions with time scales that are larger
than the averaging time of the EC system (Sakai et al.
2001; Finnigan et al. 2003) or heterogeneity-induced sec-
ondary circulations that do not move with the mean wind
(Lee and Black 1993; Mahrt 1998; Foken 2008b). These
structures induce site-specific horizontal and vertical ad-
vection (Staebler and Fitzjarrald 2004; Higgins et al. 2013),
which are difficult to capture with tower measurements
(Aubinet et al. 2010). In this study, we focus on low-
frequency organized structures that fill the entire atmo-
spheric boundary layer (ABL), and, following Kanda et al.
(2004), we will call them “turbulent organized structures”
(TOS). Large-eddy simulation (LES) studies showed that
point measurements, such as the tower-based EC tech-
nique, are not able to capture TOS appropriately (Kanda
et al. 2004; Inagaki et al. 2006; Steinfeld et al. 2007).
Because of the limited grid resolution of current LES
model runs, it is still not clear whether these structures
reach down into the Prandtl layer or surface layer where
flux measurements are usually conducted.

The objective of this study is to show that the TOS extend
down to the ground and affect the near-surface exchange.
First, the surface energy balances at two EC stations in an
agricultural area in the west of Germany are determined.
To demonstrate the existence of TOS in the Prandtl layer,
data from three synchronously scanning Doppler lidars are
analyzed. Because the flux contributions of the TOS cannot
be measured directly, we evaluated their role for the ver-
tical exchange of energy indirectly by analyzing the vertical
gradients of temperature and moisture in the lower ABL.
We assume that TOS are an effective exchange mechanism
between the surface layer and the layers farther up in the
atmosphere. They can only contribute substantially to the
vertical fluxes if there is a pronounced difference in po-
tential temperature and specific moisture between the dif-
ferent layers. During daytime conditions, the air close to the
ground is usually warmer and wetter than above, and tur-
bulent fluxes carried by TOS are consequently always
positive. In accord with this situation, the neglect of the
TOS transport by the EC method results in a systematic
underestimation of turbulent heat fluxes, that is, the non-
closure of the surface energy balance. The vertical gradients
in the lower ABL were detected with a radiometer and
alternatively calculated from surface-layer universal func-
tions. From these data, we attempt to identify parameters
that are related to the different magnitudes of nonclosure of
the energy balance observed at the sites.

2. Measurements and methods

a. Site description

The measurements were conducted in the Eifel/
Lower Rhine Valley Observatory of the Terrestrial
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Environmental Observatories (TERENO) network,
which is located near Jiilich in the west of Germany,
close to the borders of Belgium and the Netherlands.
The TERENO program is a long-term interdisciplinary
research program in Germany that aims to observe the
impacts of global change on terrestrial ecosystems at the
regional level (Zacharias et al. 2011). The data were
collected in the framework of the High Definition
Clouds and Precipitation for Advancing Climate Pre-
diction [HD(CP)?] project, during the HD(CP)* Ob-
servational Prototype Experiment (HOPE), which took
place in the area in April and May of 2013.

Data from two permanently running EC towers at
Selhausen (50.87°N, 6.45°E; 103 m MSL) and Merzen-
hausen (50.93°N, 6.30°E; 93 m MSL) were used, which
are located in the catchment of the Rur river (Fig. la).
Most of the land in the study area is used for agriculture,
mainly sugar beet and winter cereal cultivation (Graf
et al. 2010). The regional landscape was originally flat,
but it has changed dramatically as a result of the intensive
brown-coal surface mining that has occurred there. The
replanted spoil heap “Sophienhéhe” (302m MSL) is
the highest topographic elevation in the area and is
located approximately 7.5 km north of the EC station at
Selhausen and 11 km east of Merzenhausen (Fig. 1a).
The two open pit mines that are located 4 km northeast
and 6.5 km west of Selhausen are the deepest points in
the area.

b. Micrometeorological tower measurements

In April and May of 2013, winter wheat was grown on
the fields instrumented with EC systems at Selhausen
and Merzenhausen. At both sites, all components of the
surface energy balance were measured directly: the
turbulent fluxes of sensible and latent heat, the net ra-
diation, and the ground heat flux [Eq. (1)].

Model CSAT-3 sonic anemometers (Campbell Scien-
tific, Inc.) were used to measure the three-dimensional
wind vector and the sonic temperature and model LI-
7500 open-path infrared gas analyzers (Li-Cor, Inc., Bio-
sciences) to measure the absolute humidity at 2m. The
measurement frequency was 20 Hz, and turbulent fluxes
of sensible and latent heat were calculated using the
“TK3.1” software package (Mauder and Foken 2011).
The postprocessing of the field data followed the strat-
egy presented in Mauder et al. (2013) and included the
following: a raw-data delay correction that is based on
maximizing the initial cross correlations of vertical wind
speed with temperature and water vapor concentration,
a spike-removal algorithm that is based on median abso-
lute deviation, a planar-fit coordinate rotation (Wilczak
et al. 2001), and corrections for high-frequency spectral
losses (Moore 1986), the difference between sonic
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temperature and air temperature (Schotanus et al.
1983), and density fluctuations (Webb et al. 1980). For
postfield quality assurance and quality control (QA/QC),
a three-class quality-flagging scheme following that of
Mauder et al. (2013) was applied to the 30-min statistics
and fluxes. In this study, only data of the highest quality
(flag 0) were used, except for the calculation of mean
daily energy balance ratios in section 3a, where data of
moderate quality (flag 1) were also used.

The net radiation was measured with an NRO1 four-
component net radiometer (Hukseflux Thermal Sensors
B.V.) at Selhausen and with an NR Lite net radiometer
(Kipp & Zonen B.V.) at Merzenhausen. The data from
the NR Lite were corrected on the basis of side-by-side
measurements with an NRO1 radiometer at the end of
the HOPE campaign. The ground heat flux was deter-
mined from three soil heat flux plates (model HFPO1SC;
Hukseflux), of which one was buried at 3-cm depth and
two were placed at 8-cm depth; three Campbell Scientific
model TCAYV soil temperature sensors at 1-, 5- and 2-6-cm
depth; and two Campbell Scientific model CS616 soil
moisture sensors at 2.5-cm depth using a calorimetric
approach (Liebethal et al. 2005).

c¢. Doppler-lidar wind measurements and
dual-Doppler technique

In the area of the Selhausen site, we also measured the
spatially resolved turbulent flow field using Doppler li-
dars. To measure profiles of the vertical wind compo-
nent above the site, we operated a Doppler wind lidar
(Streamline model; HaloPhotonics, Ltd.) approximately
500 m northeast of the micrometeorological tower (Fig. 1b).
The Streamline lidar emits a pulsed laser light of 1.5-um
wavelength at a pulse repetition frequency of 15kHz.
To reduce the random error of the velocity estimate, an
ensemble average over 15000 pulses is calculated so
that the effective measurement frequency is about
1 Hz. The Streamline lidar achieves a spatial resolution
of 18 m. The data from the first five range gates and
from range gates with signal-to-noise ratios < —17dB
were not used. The random error, determined from the
difference between lag 0 and lag 1 of the autocovariance
function (Lenschow and Kristensen 1985; Frehlich 2001),
is < 0.2ms"! for signal-to-noise ratios > —17 dB. The
Streamline either pointed vertically upward into the at-
mosphere to measure profiles of the vertical wind com-
ponent, or it performed range-height indicator (RHI)
scans (Fig. 1b). During the RHI scan, the lidar perma-
nently changed its elevation angle; that is, it moved from
2° elevation to 30° elevation at 2° intervals, but held its
azimuth angle at 357°.

In addition, two Doppler lidars (WindTracer model;
Lockheed Martin Technologies, Inc.) were used as
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FIG. 1. (a) Overview map (http://openstreetmap.org; this map is made available under the Open Database License 1.0: http:/
opendatacommons.org/licenses/odbl/1.0/) of the investigation area indicating the locations of the EC stations at Selhausen and Mer-
zenhausen. (b) Instrument setup for Doppler wind lidar measurements in the Selhausen area: locations of the EC station at Selhausen, the
Streamline Doppler lidar, and the WindTracer systems that were operated in dual-Doppler mode. The HATPRO radiometer for
the temperature and moisture profiles was located next to the northeastern WindTracer system. The black dashed lines in (b) indicate the
borders of the PPI scans of the WindTracer lidars and the orientation of the RHI scans performed by the Streamline lidar.

a coordinated dual-Doppler system that was located
approximately 3.5 km north of the Selhausenssite (Fig. 1b).
Both lidars performed 90°-sector plan-position indicator
(PPI) scans (Newsom et al. 2008) at a low elevation. The

system placed in the northeast measured a sector PPI
between the azimuth angles of 155° and 245°, whereas the
lidar placed in the northwest conducted measurements
between the azimuth angles of 84° and 174°. The
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elevation for both sector scans differed in a way (0.025°-
2.025°) that the overlap area was tilted by 2°. In the overlap
area of both measurements, the retrieval algorithm
(Stawiarski 2014) that was used delivers a 2D horizontal
wind field for an area of approximately 12km?> with
a spatial resolution of about 70m and a temporal resolu-
tion of 12s. Both lidar systems were synchronized by
a control program that ran at a remote operation station.
Detailed information on instrumentation, error handling
and scan optimization of the applied dual-Doppler tech-
nique can be found in Stawiarski et al. (2013). During
HOPE, the dual-Doppler technique was also used to de-
tect coherent structures with relatively short time scales in
the surface layer (Trdumner et al. 2014).

d. Determination of vertical gradients

Vertical profiles of potential temperature 6 and specific
humidity ¢ in the ABL were obtained from a passive
microwave radiometer (HATPRO model; RPG Radi-
ometer Physics GmbH) that was located approximately
4km northeast of the EC system at Selhausen (Fig. 1b).
Average vertical profiles from 0 to 10000m AGL were
calculated every 15min. Here, we used the potential
temperature and humidity measurements at 0 and 250 m
to determine the differences between the surface layer
and outer layer. The outer layer is the main part of the
ABL above the surface layer. Additional information on
instrument technique and measurement accuracy can be
found in Rose et al. (2005), Lohnert et al. (2009), and
Lohnert and Maier (2012).

If no profile measurements are available, the local
vertical gradients of temperature 7" and specific humid-
ity ¢ can be calculated from surface-layer profile equa-
tions (Foken 2008a):

— anKlty 9T

will=——C""__""_ and 3
¢y (z/L) dlnz )
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where z is the aerodynamic measurement height. This
approach was tested using the EC data from Selhausen
and Merzenhausen. The turbulent fluxes of temperature
w'T" and moisture w'q’ and the friction velocity i, were
measured using EC, the coefficients a and aq are ap-
proximately equal to 1.25, and the von Karman constant
k is taken to be 0.4. The universal functions of the ex-
change of temperature ¢ and moisture ¢z account for
the dependence of the turbulent diffusion coefficient
on the atmospheric stability parameter z/L, with L being
the Obukhov length. Thus, the vertical scalar profiles
can be derived from
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where z is surface roughness length and zo7 and z( are
roughness lengths of temperature and moisture (Foken
2008a). The value of z, was set to 0.01 m, which has been
suggested for short grass (Wiernga 1993) and should
roughly equal the roughness length of winter wheat
during spring, and we assumed that zo7 and zox were
equal to 0.1zy (Foken 2008a). Here, we used the integral
of the universal function for temperature after Businger
et al. (1971) and as modified by Hogstrom (1988):
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We assumed that the integral of the universal function
for the exchange of moisture ¢ is equal to .

e. Wavelet spectra

Spectra of the horizontal and vertical wind components
were calculated from high-frequency raw data measured
by the sonic anemometer and the vertically pointing
Streamline lidar. Time series with more than 5% of data
missing as a result of unreliable measurements (sections
2b,c) were excluded from the analysis. The remaining gaps
in the time series were filled using linear interpolation. We
did not apply any coordinate rotation to the measured
wind vector. Then, the data from the sonic were block
averaged to 1Hz to reduce the computation time. The
block-averaging procedure serves as a low-pass filter that
removes all fluctuations with frequencies of greater than
1Hz, but we focus on low-frequency structures in this
study.

The continuous wavelet transform was applied to the
data using the Morlet mother wavelet with a frequency
parameter of 6 (Torrence and Compo 1998; Mauder
et al. 2007). The wavelet coefficients W,,(a, b) were
calculated from the convolution of a time series m with
the mother wavelet ¥ shifted by b and scaled by a. The
squaring of the wavelet coefficients yields the wavelet
scalogram, and the integration of the scalogram over
b yields the wavelet spectrum (Hudgins et al. 1993),
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where 8] = 0.25 is the spacing between the scales of the
wavelet transform, 6t is the time step of the time series,
and Cs = 0.776 is a specific constant for the Morlet
function (Torrence and Compo 1998). We considered
only those wavelet coefficients outside of the “cone of
influence” (Torrence and Compo 1998) so that edge
effects are negligible. The integral over the total wavelet
spectrum is equal to the variance of the time series, and
integrating over parts of the spectrum gives the contri-
butions of specific scales. Thus,

2 S(@)
rp= ZS @ (11)

m
is the relative contribution of turbulent structures with
time scales larger than 7.
Analogous to Eq. (10), the wavelet cross spectrum of
two time series m and n gives the spectral contributions
to the turbulent flux m’n’ and is defined as

5j ot 1N

Sm@ =3 TN Z W, (@.b)W; (@.b),  (12)

with W,,,(a, b) being the wavelet coefficients of time series
m and Wj (a, b) being the complex conjugates of the
wavelet coefficients of time series # (Hudgins et al. 1993).

3. Results
a. Observed energy balance closure

First, the mean daily surface energy balance ratios at
Merzenhausen and Selhausen were calculated from the
net radiation and surface heat fluxes according to Eq. (2).
We detected slightly higher energy balance ratios (0.85 =
0.13) at the site in Selhausen and slightly lower values at
the Merzenhausen site (0.76 = 0.11). Both results were in
good agreement with those from Schmidt et al. (2012), in
which a mean closure of 0.8 was reported for an EC tower
at a winter wheat field in Selhausen over a period of 2 yr.
In the current study, we found considerable day-to-day
variability at both sites.

Second, the 30-min energy balance ratios were cal-
culated using the daytime measurements, and an effect
of the mean wind direction on the energy balance clo-
sure was found (Figs. 2a,b): at both sites, lower energy
balance ratios were measured for northeasterly and
easterly winds than for westerly winds. This dependence
on wind direction may be explained by heterogeneities
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on the landscape scale (Panin and Bernhofer 2008),
nonhomogeneous fetch conditions (Panin et al. 1998;
Foken 2008b), or flow distortion by the tower and the
measurement devices (Hogstrom and Smedman 2004;
Nakai et al. 2006; Kochendorfer et al. 2012; Nakai and
Shimoyama 2012). We exclude the first explanation,
because the most prominent heterogeneity on the
landscape scale, the Sophienhohe hill, lies in different
wind sectors for Selhausen (north) and Merzenhausen
(east). In addition, the large surface-mining area west of
Selhausen did not have any influence on the energy
balance closure (Fig. 2a). The horizontal wind speed
u normalized by the friction velocity u.. showed larger
fluctuations in the northeastern and eastern wind sectors
at both sites (Figs. 2c.d). This result might suggest the
presence of roughness heterogeneities within the flux
footprint, but the surface northeast and east of the
towers is flat and homogeneous. The third potential
explanation is that flow distortion by the tower mount-
ings and measurement devices caused the poor energy
balance closure and the differences in w/u, for the
northeastern and eastern wind directions. This expla-
nation is supported by the systematic, direction-
dependent fluctuations of the vertical wind component
in that wind sector (360°-135°; Figs. 2e.f). The standard
QA/QC tests did not detect this flow-distortion problem,
although we show in Fig. 2 only data with the best
quality flag (section 2b). The exclusion of those days
when winds came from the 360°-135° sector leads to
slightly higher energy balance ratios (0.88 for Selhausen
and 0.80 for Merzenhausen), but the energy balance is
still far from being closed completely. Therefore, we
investigate in the following sections whether TOS can
help to explain the remaining lack of energy balance
closure.

b. TOS in the surface layer

In this section, we show examples of TOS with time
scales of larger than 30 min that extended down to the
surface layer at the study site. For this purpose, we used
30-min averages of dual-Doppler lidar data to visualize
the horizontal dimensions of the TOS. In addition, the
Streamline Doppler wind lidar data gave information
about the vertical extent of these structures. First, we
focus on two days with high net radiation, different wind
regimes, and different energy balance ratios (Fig. 3). The
date 7 April represents a day with low wind speeds (u =
0-2ms ') and a relatively low energy balance ratio (0.79
at Selhausen and 0.70 at Merzenhausen), whereas on
16 April higher wind speeds prevailed (u = 2-4ms™')
and the energy balance ratio was higher (0.97 at Selhausen
and 0.85 at Merzenhausen). The relatively large re-
siduals in the morning hours are most probably due to
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FIG. 2. Dependence of (a).(b) the energy balance ratio R, (¢),(d) the horizontal wind speed normalized by friction
velocity u/uy., and (e),(f) the mean vertical wind speed W after planar-fit rotation on wind direction ¢ at Selhausen
and Merzenhausen. The gray points show all 30-min data with the best quality flag that were measured during
daytime (—Qg — Qg =20 W m’z). The filled black circles and solid lines show the mean values of wind sectors (width

of 22.5°) with at least 30 data points, and the open circles and dotted lines show the mean of the wind sectors with less
than 30 data points.
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FIG. 3. Net radiation Qg, ground heat flux Q, sensible heat flux Qy, latent heat flux Q , and residual Qx on (a),(c) 7
and (b),(d) 16 Apr 2013, measured at (top) Selhausen and (bottom) Merzenhausen.

the energy storage in the biomass of the winter wheat
(Leuning et al. 2012) and the energy that is used to melt the
white frost on the surface, for which we did not account.
On both days, we detected TOS in the surface layer. On
7 April (i.e., the low-wind case), cellular structures were
identified in the dual-Doppler data around noontime
(Fig. 4a) and in the early afternoon. The example in
Fig. 4a shows convergence — V(uv) in the horizontal wind
field close to the vertically pointing Streamline lidar. It
was calculated from the 2D horizontal wind field (u, v):

=V(uw) = —(%+Z'—;) (13)

where u is the zonal wind component, v is the meridional
wind component, x is the zonal direction, and y is the
meridional direction.

This convergence zone in the surface layer was asso-
ciated with a quasi-permanent net vertical updraft that
extended through the whole ABL for most of the period
(Figs. 4b,c). In the case of high background wind (i.e.,
on 16 April), we did not find cellular structures but
we detected parallel bands of higher wind speeds with

low-wind bands between them (Fig. 5a). In the vertically
pointing lidar, we detected structures with short time
scales (Fig. 5b) and a small mean vertical wind compo-
nent (Fig. 5¢). In the entire dual-Doppler dataset, we
found clear cellular structures only on 7 April. In the
30-min-averaged horizontal wind fields, we usually found
bands of different wind speeds that are aligned parallel
to the mean wind direction. This could be surface-
layer streaks (Cantwell 1981; Robinson 1991; Moeng
and Sullivan 1994), but streaks are high-frequency
structures with spatial dimensions of several hundreds
of meters (Newsom et al. 2008; Traumner et al. 2014)
that should vanish when calculating a 30-min average.
Therefore, we argue that we detected traces of large TOS
that probably fill in the whole ABL and reach down into
the surface layer because their spanwise extent is on the
order of the boundary layer depth and their longitudinal
extent is larger than the dual-Doppler lidar’s field of view.

To investigate how deep the TOS can penetrate into
the surface layer, we performed additional RHI scans
with the Streamline wind lidar. An RHI scan describes
a series of measurements at different elevation angles
and constant azimuth angle. For example, the data from
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FIG. 4. (a) The 30-min average (1130-1200 UTC 7 Apr 2013) of the horizontal flow field around Selhausen
measured with the dual-Doppler technique, located on a slightly tilted overlap area at 20-120m AGL. The arrows
show the horizontal wind vector, the colors show convergences and divergences in the flow field, the black
dot indicates the location of the Streamline lidar, and the black plus sign shows the location of the EC station at
Selhausen. (b) The vertical wind component w measured with the Streamline wind lidar during the 30-min period.
(c) The vertical profile of the 30-min average of w measured with the Streamline lidar.

1030 to 1100 UTC 17 April (« =~ 1ms ') show a mixture
of cell-like structures and parallel bands in the hori-
zontal wind field with convergence at a distance of 1000—
1500m from the Streamline lidar and divergence at
a distance of 300-1000 m in the direction of the RHI scan
(Fig. 6a). In the RHI scan we found that at the same time
and at the same distances from the lidar the radial ve-
locities changed their sign, which indicates convergence
and divergence. These convergence and divergence zones
reached down to the lowest measurement points above
the ground (~15m AGL). On 28 April, we found even
stronger convergence in the RHI scans (Fig. 6¢), but no
dual-Doppler data were available for that time period.
Thus, we reason that TOS that fill the entire ABL can
penetrate deep into the Prandtl layer (Figs. 6b,c).

Since TOS can reach close to the surface, they should
also affect the data of the micrometeorological tower.
To prove that, we calculated wavelet spectra from the
daily time series of the # and w components measured
with the sonic anemometer at the Selhausen site (Fig. 7).

In addition, we determined the w spectra in the outer
layer using the data from the vertically pointing Stream-
line wind lidar. The w spectra in the surface layer
show some low-frequency contribution (f < 1/1800 Hz)
on 7 April that is due to the convective coherent struc-
tures but not on 16 April, and the overall low-frequency
contribution to the surface-layer w spectra is weak. The
outer-layer (z = 100m) w spectra and surface-layer
u spectra show a significant low-frequency part, and
they have similar spectral shapes. This result suggests
that the TOS measured with the dual-Doppler tech-
nique (Figs. 4, 5a, and 6a) affect the horizontal wind
component in the surface layer and consequently can
cause horizontal advection and horizontal flux di-
vergences that are not considered in the standard EC
approach (Finnigan et al. 2003).

Another interesting feature is that on 7 April the
surface-layer u spectrum and the outer-layer w spectra
were shifted to lower frequencies, which could explain
the poorer energy balance closure on that day. For this
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FIG. 5. The horizontal flow field and vertical wind component around Selhausen at 1500-1530 UTC 7 Apr 2013.
This layout is identical to that in Fig. 4 except for the color scale in (a), which now indicates the spatial deviations u”

from the space—time-averaged horizontal wind speed.

reason, we calculated the relative low-frequency contri-
bution to the daily u spectra using Eq. (11). We did not find
an appreciable correlation between the low-frequency part
of the u spectrum and the energy balance ratio (linear
model; coefficient of determination R> = 0.05), which
suggests that considering the strengths of TOS alone is
not sufficient for explaining the unclosed energy bal-
ance. In addition, the vertical scalar gradients need to
be taken into account, which is done in the following
section.

¢. Relation of friction velocity and vertical gradients
to the energy balance residual

As explained in section 1, a considerable vertical gra-
dient in temperature and/or humidity is necessary in order
that TOS can contribute to the near-surface energy ex-
change. In other words, the magnitude of the energy
balance residual should correlate with the vertical gradi-
ent of temperature and humidity in the lower part of the
ABL. For this purpose, we determined the temperature
and moisture difference between the surface layer and
a height of 250m AGL using the profiles from the

HATPRO microwave radiometer. Then, we performed
a linear-regression analysis between the mean daily en-
ergy balance residual and the corresponding mean vertical
gradients, by considering only the daytime values (0800
1700 UTC). We excluded days on which the mean wind
direction was within the 360°~135° sector (section 3a). In
a second step, we also excluded days with less than 50%
data availability, mainly as a result of rain events and poor
data quality according to the applied QA/QC scheme
(section 2b).

The regression analysis between various atmospheric
parameters and the mean daily energy balance residual
at the Selhausen site revealed a negative correlation
between Qg and the friction velocity measured with the
sonic anemometer (Fig. 8a), with R = 0.23. With re-
spect to the vertical gradients, there was no correlation
with temperature (Fig. 8b) but there was a correlation
with atmospheric moisture (Fig. 8¢), with R? = 0.36. This
result means that large energy balance residuals pre-
dominantly occurred during periods with large vertical
moisture differences in the lower ABL. The coefficients
of determination become even larger (R*> = 0.32 for
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FIG. 6. (a) The 30-min average (1030-1100 UTC 17 Apr 2013) of
the horizontal flow field around Selhausen (layout similar to that in
Fig. 4a); the solid black line shows the orientation of the RHI scan
of the Streamline lidar. (b) The synchronous 30-min average of the
radial velocity deviation from space-time-averaged wind v/, mea-
sured with the Streamline lidar that performed RHI scans between
0° and 30° elevation and at 357° azimuth angle. (c) The 30-min
average of v// at 1230-1300 UTC 28 Apr 2013.

. and 0.50 for the moisture gradient) if we exclude the
outlier in Figs. 8a—c (marked with a circle). The multiple
linear regression of the energy balance residual against
uy and the moisture gradient, that is,

1 Agq
QR:CO‘FCIE'FCZ)\A—Z. (14)
has an R* of 0.40 (all days) and 0.60 (without the outlier),
with ¢g = —44.09Wm 2, ¢, = 8.38kgms ™ * and ¢, =
3.69kgm 's™! being regression coefficients (without
the outlier) and A being the heat of vaporization.
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As an alternative to the HATPRO profiles, we cal-
culated the vertical gradients between the surface and
the eddy-tower measurement height from the universal
functions following Eqgs. (5)—(9). Again, Qg correlates
with the vertical moisture gradient (R* = 0.33) but not
with the vertical temperature gradient (Figs. 9a,b). The
multivariate regression of Q against uy and the mois-
ture gradient yields an R? of 0.42 (all days) and 0.52
(without the outlier), with ¢ = —33.61 Wm2 ¢ =
11.75kgms * and ¢, = 2.90 X 10 *kgm 's ! (without
the outlier).

When the regression analysis was repeated for the
Merzenhausen site, only very weak correlations were
found between the vertical scalar gradients determined
from the HATPRO radiometer and the mean daytime
Qg at Merzenhausen, with R* values of 0.13 for the
temperature gradient and 0.03 for the moisture gradient
(data not shown). The gradients determined from the
radiometer were probably not representative for the
Merzenhausen site because of the larger distance of
approximately 12.5km between the locations of the
HATPRO device and the EC station (Fig. 1). We cal-
culated the vertical gradients from the universal func-
tions applied to the local tower measurement, and we
found a correlation between Qx and the temperature
(R? = 0.35) as well as the moisture gradient (R> = 0.38),
whereas the correlation with u, is weak (R2 = 0.11;
Fig. 10). The multiple linear model

Agq

AT
Qr=cy+ clcpA—z + A e (15)

has an R? value of 0.46, with ¢, being the specific heat
capacity of air at constant pressure and ¢, =
~3.63Wm % ¢; = 11.45 x 10 *kgm 's™ ', and ¢, =
526 X 10 *kgm 's'. At the Merzenhausen site, the
inclusion of u,. does not improve the model performance
significantly. In summary, the friction velocity, the tem-
perature gradient, and the moisture gradient can help to
explain large energy balance residuals on a daily basis,
but not all three parameters were equally relevant for the
two sites analyzed in this study.

4. Discussion

In this study, we tested the hypothesis that TOS are
a major cause for the unclosed energy balance. On 7
April, the dual-Doppler data showed cellular structures
(Fig. 4a), whereas we usually detected parallel bands with
different wind speeds as, for example, on 16 April
(Fig. 5a), in the horizontal wind field of the surface layer.
The cellular structures indicate the presence of convec-
tive cells, or Bénard cells (Ahlers et al. 2009), which are
a typical feature in LES studies of the buoyancy-driven
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FIG. 7. Wavelet spectra of horizontal (1) and vertical (w) wind components measured at Selhausen on (a) 7 and
(b) 16 Apr 2013. The measurements at 2m AGL were conducted with a CSAT-3 sonic anemometer, and the mea-
surements at 100, 400, and 800 m were taken with the Streamline Doppler wind lidar; the vertical dashed line in-

dicates f = 1/1800Hz (i.e., a period of 30 min).

ABL (Schmidt and Schumann 1989; Kanda et al. 2004;
Huang et al. 2008). Those convective cells have been
described as “spoke patterns” (Schmidt and Schumann
1989); that is, they form a network of narrow conver-
gence lines with strong updrafts aloft and wider circular
downdraft regions. The data from the vertically pointing
lidar indicate that the updraft regions are located above
the convergence lines and that these updrafts reach far

a) ® R=023 7] b)

QrWm?
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1
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up into the atmosphere (Fig. 4b). According to LES
studies, the surface-layer convective cells merge into
large buoyancy-driven updrafts that fill the entire ABL
(Schmidt and Schumann 1989; Moeng and Sullivan
1994). Such large-scale turbulent structures were suspected
to be responsible for the saw-blade pattern of the energy
balance residual (Blanken et al. 1997) that we observed at
Selhausen on 7 April (Fig. 3a): if such large structures are
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FIG. 8. Linear regression analysis between the daily averages of the energy balance residual Qg at Selhausen and (a) friction velocity .,
(b) the vertical gradient of potential temperature A9/Az multiplied by c,,, and (c) specific humidity Ag/Az multiplied by A, determined from
the HATPRO profiles (0-250 m AGL). Days with a mean wind direction from 0° to 135° and less than 50% data availability were excluded
from the analysis. The specific heat capacity of air at constant pressure ¢, and the heat of vaporization A were needed to convert to energy
units. For each data point, we used only the daytime data measured between 0800 and 1700 UTC. The circle denotes an outlier (see text).
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FIG. 9. Linear regression analysis between the daily averages of the energy balance residual Qg
at Selhausen and (a) the vertical gradient of temperature A7/Az multiplied by ¢, and (b) the
specific humidity Ag/Az multiplied by A, determined from the universal functions (0-2 m). Days
with a mean wind direction from 0° to 135° and less than 50% data availability were excluded from
the analysis. Only the daytime data measured between 0800 and 1700 UTC are used.

(are not) properly sampled by the EC measurement, that is,
the cell does (does not) advect past the tower within the
30-min averaging interval, the energy balance residual is
smaller (larger). Pure convective cells were only de-
tected with the dual-Doppler technique for several
hours, however, when the mean wind speed was low
enough and buoyancy was high. The horizontal wind
field in the surface layer was usually dominated by

parallel bands with different wind speeds (Figs. 5a and
6a) that could be traces of horizontal rolls (Etling and
Brown 1993; Moeng and Sullivan 1994) or secondary
circulations that are induced by upstream surface het-
erogeneities (Maronga and Raasch 2013). We found
evidence that, if the background wind is high enough,
there is strong mechanical mixing in the surface layer
and the majority of the energy-transporting eddies are
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FIG. 10. Linear regression analysis between the daily averages of
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the energy balance residual Qg at Merzenhausen and (a) the friction

velocity u, (b) the vertical gradient of temperature A7/Az multiplied by ¢,, and (c) the specific humidity Ag/Az multiplied by A, de-
termined from the universal functions (0-2m). Days with a mean wind direction from 0° to 135° and less than 50% data availability were
excluded from the analysis. Only the daytime data measured between 0800 and 1700 UTC were used.
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captured by the EC measurement (Fig. 5b). For this
reason, the energy balance residual is negatively corre-
lated with the friction velocity (Fig. 8a). This de-
pendence is well known and suggests that a high
intensity of mechanically induced turbulence improves
the energy balance closure (Blanken et al. 1997; Wilson
et al. 2002; Barr et al. 2006; Hendricks-Franssen et al.
2010; Stoy et al. 2013; Anderson and Wang 2014).

The RHI scans that were performed with the
Streamline lidar on 17 and 28 April confirm that the
TOS can reach almost down to the surface, since we still
found strong convergence in the horizontal wind at 15 m
AGL (Figs. 6b,c). The dual-Doppler data and the data
from the Streamline lidar also suggest that TOS only
affect the u component in the surface layer and the w
component in the outer layer, which is confirmed by the
wavelet spectra (Fig. 7). For this reason, TOS do not
contribute much to the cospectra of w and 7'and w and ¢
in the surface layer. This is the concept of the ogive test
(Desjardins et al. 1989), which was suggested to quantify
low-frequency losses of EC data (Foken et al. 1995,
2012; Charuchittipan et al. 2014). The ogive is the cu-
mulative integral of the cospectrum starting with the
highest frequencies and calculating up to a wavelength
of several hours. We applied this test using the wavelet
cross spectra [Eq. (12)], but it did not indicate any sig-
nificant low-frequency vertical flux contribution on
7 April (data not shown), presumably because the w
component was not affected and the structures were not
moving with the mean wind. Our data suggest that the
“missing” energy is represented rather in the horizontal
fluxes.

Because the TOS affect the horizontal wind component
in the surface layer, we tested whether the nonclosure of
the energy balance can be related to the low-frequency
part of the u spectrum, but this approach was not suc-
cessful because of the extreme nonstationarity of this
time series. For doing spectral analysis on time series
data, we need stationary conditions over many hours,
a condition that was not fulfilled in the field because of
the diurnal cycle, veering wind directions, and variable
weather conditions. Therefore, we conclude that using
point measurements alone is not sufficient to quantify
the contribution of low-frequency motions to the surface
energy fluxes, in particular if secondary circulations are
not carried along with the mean wind. We did demon-
strate that ground-based remote sensing instruments can
help to detect large-scale TOS that are difficult to cap-
ture with meteorological towers.

The Doppler lidar data alone do not allow one to discern
whether the observed TOS contribute to the near-surface
exchange, that is, whether they are “active” turbulent
motions (Townsend 1976). If we take into account the
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vertical gradients of temperature and moisture in the ABL,
however, we can evaluate indirectly whether the TOS
affect the vertical exchange of energy. At both sites,
Selhausen and Merzenhausen, we found a correlation be-
tween the mean daytime energy balance residual and the
moisture gradient, but a correlation was found with the
gradient of potential temperature only at Merzenhausen
(Figs. 8b.c, 9, and 10b,c). At Selhausen, the energy bal-
ance residual was larger when the differences in specific
humidity between the surface layer and the outer layer
were larger. In accord with this, the TOS may have con-
tributed more to the latent heat flux than to the sensible
heat flux at Selhausen. In other words, for adjusting the
energy balance closure, a larger fraction of the residual
energy should be assigned to the latent heat flux. This
contradicts the cospectral similarity approach (Blanken
et al. 1997; Twine et al. 2000), which says that Q should
be distributed among Q4 and Qf according to the mea-
sured Bowen ratio. Data from aircraft measurements
over the boreal forest in Canada (Eder et al. 2014) and
lysimeter measurements in the Alpine region (Wohlfahrt
et al. 2010) also suggest that a majority of the energy
balance residual should be added to the latent heat
flux. The results from the Merzenhausen site (Figs. 10b,
c¢), however, suggest that the TOS may contribute
similarly to the fluxes of sensible heat and latent heat,
which supports the approach to close the energy bal-
ance by conserving the Bowen ratio (Blanken et al.
1997; Twine et al. 2000). Therefore, we cannot give
a definite recommendation on how to correct the un-
closed energy balance, but the partitioning of the me-
soscale flux seems to be highly dependent on the
measurement site.

For calculating the vertical gradients, we recommend
the use of profile measurements of 6 and ¢ (Fig. 8). If
the profiles are not available, as was the case for the
Merzenhausen site, the application of profile equations
seems to be a good alternative (Figs. 9 and 10). Because
these gradients are derived from biased EC fluxes esti-
mates, however, we tested whether the magnitude of the
EC fluxes alone is sufficient to explain the energy bal-
ance residual (data not shown). If so, a systematic in-
strumental bias could also be a major cause of the
unclosed energy balance, but the correlations were
much weaker (R? < 0.18) than those in Figs. 9 and 10.
This gives us confidence that calculating the vertical
gradients of 7" and ¢ is a convenient approach for
showing that the EC method does not capture the flux
contributions of TOS.

In addition, we have shown that some part of the non-
closure of the energy balance can be explained by flow-
distortion effects (section 3a). The 30-min averages of the
vertical wind component show a strong dependence on
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wind direction for the northeastern wind sector (Figs. 3e.f).
The EC systems were arranged in such a way that there
is no flow distortion for the main wind direction. That is,
the sonic anemometer is facing to the southwest, and the
tower mountings and the measurement devices are lo-
cated in the northeastern wind sector, where they deflect
the wind field. This may result in a decorrelation of the
vertical wind and the scalars, that is, in lower flux esti-
mates. We accordingly calculated a lower energy bal-
ance ratio for the northeastern and eastern wind sectors
at both EC towers (Figs. 3a,b). It is important to note
that the automated QA/QC routine that was applied to
the data did not detect this effect, because the measured
mean vertical wind component lay below the preset
threshold of 0.1 ms ' and the measured integral turbu-
lence characteristics deviated by less than 30% from the
modeled ones (Mauder and Foken 2011). Therefore,
an influence of anemometer backwind deficiencies,
tower mountings, and nearby instruments on the EC
fluxes has to be taken into consideration for the north-
eastern sector, even after filtering out unreliable data
using the QA/QC routine. We strongly recommend
checking the processed data, especially w and u/u., for
such effects. Because it is not clear whether the design of
the anemometer or the instrumental setup is the main
source of disturbance, future research on this topic
would be desirable.

In summary, we showed that a large fraction of the
observed variability in the energy balance residual can be
explained by the friction velocity and the vertical gradi-
ents of temperature and moisture (section 3c), after ex-
cluding data from wind sectors that are affected by flow
distortion and after excluding measurement days with
insufficient data availability. Therefore, Eqs. (14) and
(15) might serve as a first step to develop a parameteri-
zation for the energy balance residual. The remaining
variability results most likely from 1) the neglect of en-
ergy storage terms, which were relevant during the first
days of the investigation period (i.e., at the beginning of
April 2013), and 2) the random measurement error that is
due to the stochastic nature of turbulence, instrumental
noise, and the changing footprint of the measurement
(Mauder et al. 2013).

5. Conclusions

We proved with field measurements that TOS with
time scales of larger than 30 min can extend deep into the
surface layer, and we have confirmed the dependence of
the energy balance closure on friction velocity. The latter
result suggests that the closure improves with enhanced
mechanical mixing and increased propagation speed of
the coherent structures. The vertical humidity gradient in

EDER ET AL. 203

the lower ABL also helped to explain the observed var-
iability of Og, whereas the vertical temperature gradient
was only relevant for one of the two sites under in-
vestigation. This finding indicates that the energy balance
at the EC towers lacks closure because TOS affect the
near-surface exchange. Besides TOS, there are also
heterogeneity-induced mesoscale secondary circulations
that are fixed in space (Lee and Black 1993; Mahrt 1998;
Foken 2008b), which cannot be captured by point mea-
surements alone. Although we did not detect them with
the dual-Doppler lidar in this study area, we expect them
to play a significant role in ecosystem-atmosphere ex-
change in complex terrain—for example, sites in moun-
tainous areas (Brotz et al. 2014), sites close to land-water
boundaries (Higgins et al. 2013), or roughness heteroge-
neities such as forest edges (Eder et al. 2013).

Our study also shows that point measurements are not
an adequate tool for quantifying the flux contribution of
TOS, because these features are three-dimensional.
Ground-based remote sensing measurements give more
insight into the spatial structure of the surface layer, and
we were able to visualize TOS in the surface layer, but
their flux contributions can only be calculated if we also
know the temperature and moisture field with a high
temporal and spatial resolution. Because these re-
quirements cannot be fulfilled with current field experi-
ments, only intensive modeling studies can help. An LES
model allows for conducting virtual measurements under
well-defined environmental conditions, but the in-
vestigation of near-surface exchange requires a very fine
grid resolution to prevent wall effects and to resolve at-
mospheric turbulence instead of parameterizing it in the
surface layer.
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The Yatir forest in Israel is a solitary forest at the dry timberline that is surrounded by semi-arid shrub-
land. Due to its low albedo and its high surface roughness, the forest has a strong impact on the surface
energy budget, and is supposed to induce a secondary circulation, which was assessed using eddy-
covariance (EC) and Doppler lidar measurements and large-eddy simulation (LES). The buoyancy fluxes
were 220-290 W m-2 higher above the forest, and the scale of the forest relative to the boundary-layer
height is ideal for generating a secondary circulation, as confirmed by a LES run without background
wind. However, usually a relatively high background wind (6ms~') prevails at the site. Thus, with the
Doppler lidar a persistent updraft above the forest was detected only on 5 of the 16 measurement days.
Nevertheless, the secondary circulation and convective coherent structures caused low-frequency flux
contributions in the mixed-layer w spectra, the surface layer u and w spectra and in the surface-layer
momentum fluxes. According to the ogive functions from the tower data and a control volume approach
using the LES, such low-frequency contributions with timescales >30 min were a major reason the non-
closure of the energy balance at the desert site. In the roughness sublayer above the forest, these large
structures were broken up into smaller eddies and the energy balance was closed.
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1. Introduction tive coherent structures are thermals (Wilczak and Tillman, 1980;

Williams and Hacker, 1993), open cells (Kropfli and Hildebrand,

87

The convective atmospheric boundary layer is conceptually
divided into a surface layer and a mixed layer or outer layer
(Driedonks and Tennekes, 1984). The turbulence of the homoge-
neous surface layer under stationary convective conditions obeys
Monin-Obukhov similarity theory. In addition, large convective
coherent structures that scale with the height of the atmospheric
boundary layer influence the horizontal wind component (Kaimal,
1978; Hejstrup, 1981). They are often called ‘inactive motions’
because according to Townsend (1961) and Bradshaw (1967) they
are imprints of large turbulent fluctuations originating from the
outer layer and do not contribute to shear stress. The convec-
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1980; Trdaumner et al., 2014) or, in case of background wind,
as horizontal rolls (Etling and Brown, 1993; Drobinski et al.,
1998; Maronga and Raasch, 2013) and typically have horizon-
tal length scales of 1.5 times the boundary-layer height (Kaimal
et al., 1976; Caughey and Palmer, 1979; Liu et al., 2011). How-
ever, homogeneous field conditions can rarely be met in reality,
which complicates the application of universal scaling rules and
the interpretation of boundary-layer measurements. Differences in
surface roughness, temperature or moisture are supposed to cre-
ate internal boundary layers (Garratt, 1990; Strunin et al., 2004),
to induce advection on the surface-layer or boundary-layer scale
(Raupach and Finnigan, 1995; Higgins et al, 2013) and, if the
differences in surface properties are strong enough and if the
surface patches are large enough, to induce secondary circula-
tions (Mahfouf et al., 1987; Dalu and Pielke, 1993; Courault et al.,
2007; van Heerwaarden and Vila-Guerau de Arellano, 2008; Garcia-
Carreras et al., 2010; Siihring and Raasch, 2013; Dixon et al., 2013;
Kang and Lenschow, 2014; van Heerwaarden et al., 2014).
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Large-scale boundary-layer structures also have an effect on
surface flux measurements conducted with the eddy covariance
technique (Foken, 2008; Foken et al., 2011). The eddy-covariance
(EC) method is very attractive for determining land-atmosphere
exchange of energy and traces gases, since it does not disturb the
ecosystem under investigation and the flux measurement oper-
ates on the ecosystem scale, i.e. it is representative of a larger area
(Schmid, 1994; Baldocchi, 2003). However, this method generally
does not close the energy balance at the earth’s surface, which is
called the energy balance closure problem (Foken, 2008). Accord-
ingly, the energy balance ratio R, which is the sum of sensible heat
flux Qq and latent heat flux Qg divided by net radiation -Qs* minus
the ground heat flux Qg,

i+
R=or-a’ M

is usually smaller than unity. Multi-site analyses across different
ecosystems have shown that energy balance ratios usually range
between 0.7 and 0.9 (Wilson et al., 2002; Hendricks-Franssen et al.,
2010; Stoy et al., 2013).

A potential reason for this is the non-consideration of fluxes
carried by (i) turbulent structures with timescales larger than the
averaging time of the EC system (Sakaietal.,2001; Turnipseed et al.,
2002; Foken et al., 2006; Charuchittipan et al., 2014) or by (ii) sec-
ondary circulations that are bound to surface heterogeneities and
do not move in space (Lee and Black, 1993; Mahrt, 1998; Hiyama
etal.,2007).There are indications that the non-closure of the energy
balance is related to the heterogeneity of the surrounding land-
scape (Mauder et al., 2007a; Panin and Bernhofer, 2008; Stoy et al.,
2013), but experimental evidence that secondary circulations are
an important transport mechanism in the surface layer is still lack-
ing.
In this study, we aim to investigate the structure of the convec-
tive boundary layer above a well-defined surface heterogeneity.
The Yatir forest in Israel is a planted pine forest with a scale of
approximately 6-10km, located in a semi-arid region at the dry
timberline at the northern border of the Negev desert. Due to its
low albedo and its increased surface roughness as compared to the
semi-arid desert, the forest generates higher turbulent heat fluxes

than the adjacent desert (Rotenberg and Yakir, 2011). We hypoth-
esize that the resulting spatial differences in surface buoyancy flux,

Qe
Qs =Qy (]+0'6]TE)' (2)
where T is the temperature, ¢ is specific heat of air at constant
pressure and A is the heat of vaporization (Schotanus et al., 1983;
Charuchittipan et al., 2014), should drive a secondary circulation
between the forest and the desert. For this reason, it will be investi-
gated whether Yatir forest is large enough and whether the surface
heat flux differences are strong enough to modify the convective
boundary-layer dynamics and to induce a secondary circulation.
Scaling approaches, ground-based remote sensing measurements,
high-frequency 3d-wind measurements and large-eddy simulation
(LES) will be used for this study. In particular, the role of secondary
circulations for the measured surface energy balances at the forest
and the desert site will be investigated. It is intended to provide
evidence why the turbulent heat fluxes are likely to be underesti-
mated by the EC method. For this purpose, wind spectra and ogive
functions will be calculated and the LES model will be used to iden-
tify the missing flux components by considering the flux budget
equation of virtual control volumes.

2. Methods
2.1. Research site

The measurements (Fig. 1) were taken at Yatir pine forest
(31°20'43.1"N, 35°3’6.7" E, 660 m a.s.l.) and in the nearby semi-arid
shrub land (31°19'6.5”N, 34°58'54.84"E, 461 m a.s.l.). The site lies
in the transition zone between the Mediterranean climate and the
semiarid climate. The mean annual precipitation is 285 mm with
a distinct dry summer period. The measurement campaign lasted
from 21 August to 11 September 2013. As such, it took place more
than 6 months after the last rain event in the area.

The Yatir forest is dominated by Pinus halpensis trees of 11 m
height that were planted mostly from 1964 to 1969 and cover an
area of about 2800 ha (Griinzweig et al., 2003; Rotenberg and Yakir,
2011).The surrounding area has been under grazing for at least sev-
eral decades and is sparsely covered with shrubs and herbaceous
annuals and perennials. Since the measurements were conducted
at the end of the dry season, the major part of the semi-arid shrub-

Fig. 1. Topographic map of the Yatir forest showing the locations of the measurement devices at the desert site and the forest site. Please note that there is no forest south
and west of the desert site at present.
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land was free of vegetation. For this reason, we will call the site that
was located there a “desert” for simplicity.

The atmospheric boundary layer in the region is known to
be influenced by cyclical large-scale synoptic weather variations
(Dayan et al.,, 1988). The weather conditions during summer are
dominated by the “Persian trough”, a surface low-pressure trough
that extends from the Asian monsoon region through the Persian
Gulf to the Aegean Sea (Ziv et al., 2004). It is responsible for the
persistent north-westerly flow from the eastern Mediterranean to
Israel, known as the Etesian winds. The Persian trough is capped by
a subtropical anticyclone centred over North Africa and the Mid-
dle East, and the strength of that anticyclonic flow determines
the depth of the trough and the mean boundary-layer depth in
the region (Dayan et al., 2002). Furthermore, the boundary-layer
development is also affected by the diurnal sea-breeze cycle. Dur-
ing daytime, a sea breeze from the Mediterranean Sea that acts
like a weak cold front penetrates inland (Dayan et al., 1988; Dayan
and Rodnizki, 1999). 1t is associated with a reduced boundary-layer
depth (Levi et al., 2011).

2.2. Eddy-covariance and radiation measurements

In order to assess the energy balance and the turbulent heat
fluxes at the forest site and the desert site, EC and radiation mea-
surements were conducted. At the forest, data from the FLUXNET
station “Yatir” (IL-Yat) were used (Fig. 1). A R3-50 sonic anemome-
ter (Gill Instruments, UK) measured the wind vector and the sonic
temperature, a LI-7000 gas analyzer (LiCOR Biogeosciences, USA)
the water vapour and carbon dioxide concentration, two CM21
pyranometers (Kipp & Zonen, The Netherlands) the short-wave up-
and down-welling radiation and two PIR pyrgeometers (Eppley lab,
USA) the long-wave up- and down-welling radiation. The sonic and
the inlet of the gas analyzer were mounted at a height of 19 ma.g.l.,
i.e. 8m above the top of the forest canopy, the radiation sensors
at 5m above the top of the forest (Rotenberg and Yakir, 2011).
The data were stored on a CR1000 data logger (Campbell Scien-
tific, USA). In the desert, a small meteorological mast was operated
(Fig. 1) that was equipped with a R3-100 sonic anemometer (Gill
Instruments, UK), a LI-7200 gas analyzer (LiCOR Biogeosciences,
USA), two CMP21 pyranometers (Kipp & Zonen, The Netherlands),
two CGR4 pyrgeometers (Kipp & Zonen, The Netherlands) and a
CR3000 data logger (Campbell Scientific, USA). The measurement
height was 6 m a.g.l.

At both systems, the measurement frequency was 20 Hz. The
post-field data processing according to Mauder et al. (2013)
included a raw data delay correction based on the maximization
of the cross-correlation, a spike removal based on median abso-
lute deviation, a double rotation of the wind vector and corrections
for the high-frequency spectral loss (Moore, 1986), the difference
between sonic temperature and air temperature (Schotanus et al.,
1983) and density fluctuations (Webb et al., 1980). The calculations
were done with the software package TK3.11 (Mauder and Foken,
2011). For quality assurance and quality control (QA/QC), a three-
class quality flagging scheme according to Mauder et al. (2013 ) was
applied to the 30-min turbulent statistics and fluxes. In this study,
data of moderate (flag 1) and highest quality (flag 0) were used.

2.3. Doppler lidar measurements

In addition to the micrometeorological measurements, a scan-
ning Doppler wind lidar (Streamline, HaloPhotonics Ltd., U.K.) was
operated next to the meteorological tower at the forest site (Fig. 1).
It emits a pulsed laser light of 1.5 um wavelength at a pulse rep-
etition frequency of 15kHz and averages over 15000 pulses, i.e.
its effective measurement frequency is approximately 1Hz. The
Doppler lidar determines the wind component along the optical

axis, the radial velocity, from the Doppler shift of the emitted laser
pulse due to the movement of atmospheric particles relative to
the device. During the measurement campaign, the Doppler lidar
mainly pointed vertically upward into the atmosphere to measure
profiles of the vertical wind component with a vertical resolution
of 30 m. Every 30 min, a velocity azimuth display scan (Browning
and Wexler, 1968) with 16 points was performed in order to mea-
sure the horizontal wind profile. Data from the lowest 60 m and
data with poor quality, i.e. signal-to-noise ratios <—17dB, were
discarded. For signal-to-noise rations >—17 dB, the measurement
precision is better than 0.2 ms~!, which was determined from the
difference between lags 0 and 1 of the auto-covariance function
(Lenschow and Kristensen, 1985; Frehlich, 2001). Moreover, the
boundary-layer height z; was determined from the maximum nega-
tive gradient in the backscatter intensity profile (Emeis et al., 2008).

2.4. Fourier and wavelet analysis

Fourier and wavelet analysis were performed in order to deter-
mine the mixed-layer and surface-layer velocity spectra using the
20-Hz sonic anemometer data of u, v and w, and the 1-Hz Doppler
lidar data of w, where u represents the along-wind, v the crosswind,
and w the vertical wind component. At first, unreliable data were
removed from the time series: lidar data with low signal-to-noise
ratios (Section 2.3) and sonic data that were beyond the consistency
limits (Mauderetal., 2013) or that were spikes according to median
absolute deviation method. Time series from which more than 5%
of the data had to be rejected were excluded from the analysis.
The gaps were filled by means of linear interpolation and the high-
frequency sonic data were rotated into the mean wind direction,
ie.v=0.

The Fourier transform was applied to the time series data in
order perform an ogive test, that was introduced by Desjardins
et al. (1989) and applied to micrometeorological tower measure-
ments by Foken et al. (1995) to test whether all low-frequency
contributions are captured. This requires calculating the Fourier
co-spectrum Copp of two time series m and n given as

Comn (F) = % (Fy, (F) Fn (f)) - (3)

where Fp, and F, are the complex coefficients of the fast Fourier
transforms of mand n, fdenotes the frequency, the asterisk denotes
the complex conjugate and % indicates taking the real part (Stull,
1988). The ogive function og is the cumulative integral of the co-
spectrum starting from the highest frequency fmax (Foken et al.,
2006),

fo
og(fo) = /Comn(f)dﬁ (4)

fmax

If the ogive function already converges for frequencies
fo<1/1800Hz, all turbulent motions are captured within 30 min,
which was the averaging interval of the EC method.

The wavelet transform was applied to calculate the wind veloc-
ity spectra, because it resolves the time series in frequency and
time domain and is also able to capture turbulent motions that do
not pass by the measurement device regularly in time. The sonic
data were block-averaged to 1 Hz in order to reduce the computa-
tion time. A continuous wavelet transform was applied using the
Morlet mother wavelet with a frequency parameter of 6 (Torrence
and Compo, 1998; Mauder et al., 2007b). The convolution of a time
series m with the mother wavelet W shifted by b and scaled by a
gives the wavelet coefficients Wy, (a, b). The wavelet spectrum Sy, (a)
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Table 1
Overview of the LES configuration.

Surface heat flux (Kms') 0.4 (forest); 0.16 (desert)

2.0 (forest), 0.01 (desert)
0; 6

Roughness length (m)
Background wind (ms—')
Initial boundary layer height (m) 1200

Number of grid points () 1200 x 1200 x 120

Domain size (m) 24000 x 24000 x 2400

Size of the forest rectangle (m) 10000 (lateral) x 6000 (longitudinal)

Time step (s) 1.8
Spatial resolution (m) 20
Simulation duration (h) 6

is obtained after squaring the wavelet coefficients and integrating
over b (Hudgins et al., 1993),

N-1
dj ot 1
Sm(@)= 3 &5 2 Wn(a.b)P, (5)
b=0

where §j=0.25 is the spacing between the scales of the wavelet
transform, 4t is the time step of the time series, and C5=0.776 is
a specific constant for the Morlet function (Torrence and Compo,
1998). In order to prevent edge effects, only those wavelet coeffi-
cients outside of the cone of influence were considered (Torrence
and Compo, 1998). The integral over the wavelet spectrum is equal
to the variance of the time series and integrating over parts of the
spectrum gives the contributions of specific scales. Accordingly,

> sml@

a>t

n=g— (6)
> Sm(a)

is the relative contribution of turbulent structures with time scales

larger than 1.

2.5. Large-eddy simulation

The LES model PALM v3.9 (Maronga et al., 2015) was used to
evaluate the influence of the desert-forest system on the boundary-
layer structure under idealized conditions (Table 1). The shape of
the Yatir forest was approximated by a rectangular triangle. The
difference between forest and desert was encoded in different sur-
face fluxes and roughness lengths. We did not include an additional
plant canopy layer for the forest, since we are primarily interested
in the boundary-layer structure and circulations above the forest
and desert. Also, we only ran dry simulations, because the humid-
ity was practically negligible during the days of the measurement
campaign. Another idealization was that the simulations took place
in flat terrain, although in reality the terrain around the Yatir for-
est consists of moderate hills and it slowly rises for 200 m from
the desert measurement station to that within the forest (Section
2.1). This idealization allowed us to disentangle the influence of
surface parameters on the boundary layer structure from that by
the topography.

In the horizontal, periodic boundary conditions were applied.
The size of the domain was sufficiently large such that the forest
did not interact with its periodic copies. At the upper boundary,
the vertical velocity and the perturbation pressure were zero. At
the lower boundary, the standard Prandtl layer parameterization of
PALM was applied, using Monin-Obukhov similarity theory within
the first grid cell. The simulations were initialized with a constant
potential temperature of 305K up to 1200 m, above which there
was a capping inversion of 0.01 Km~'. We focused on two differ-
ent cases: a simulation with zero background wind, and another
with 6.0ms~! background wind from the northwest, i.e. 3157, that
is representative for the conditions during the measurement cam-
paign. For detailed information on the LES model including the
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Fig. 2. Scheme describing control volume and corresponding flux components for
the sensible heat flux. The flux though the lower face of the cube is the prescribed
surface heat flux. Through each other face s of the cube, sensible heat is transported
by the turbulent fluxes [v' ¢ ], advection [ZJ Lﬁj and dispersive fluxes [5&55],
where v, is the velocity vector perpendicular to the corresponding face. For the
upper face of the control volume, v, is replaced by w, and [W—H} represents the
EC flux at the top of the control volume. In_addirion potential temperature can be
stored in the control volume over time, i.e. §7 # 0.The notation is according to the
text.

boundary conditions, sub-grid and Prandtl layer parameterization,
we refer to Maronga et al. (2015).

2.6. Control volume approach

Inthe LES model, the velocity vector field and the scalar fields are
output at the spatial and temporal resolutions specified in Table 1.
This offers the opportunity to set up a virtual cubic control volume
(Fig. 2) around the measurement locations at the forest centre and
in the desert and to calculate the complete flux budget equation for
the sensible heat flux (Finnigan et al., 2003). Spatiotemporally aver-
aging the equation for the potential temperature of PALM (Maronga
et al., 2015) over the cubic control volume and over 30 min yields
the budget equation

(Flo) = (W8] + Y (V101 + [WIBI + > 1¥11,18)
s P s
+ [owod] + ) " [sw.88] + [[f (;—t:dxdydz
s

where Hp denotes prescribed surface heat flux, x, y and z the
Cartesian coordinates, w the wind component in z direction, # the
potential temperature, v, the velocity vector perpendicular to any
lateral face s of the cube in the xz- or yz-plane. The angular brackets
indicate the spatial average over the respective face of the cube,
the § corresponding spatial fluctuations, the overbars temporal
averages, the primes the temporal fluctuations. The term on the
left-hand side of Eq. (7) is the ‘true’ surface heat flux, the terms
of the right-hand side denote the EC flux at the top of the control
volume, the horizontal flux divergence, the vertical and horizon-
tal advection, the vertical and horizontal dispersive fluxes (Belcher
et al., 2012) and the storage of ¢ within the control volume. The
parameterized sub-grid fluxes were added to the virtual EC flux and
horizontal turbulent fluxes. For the present study, the side length
of the cubic control volumes was chosen as 5 grid points and they
were located at the forest centre and at the approximate location
of the ceilometer in the desert.
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Table 2
Daytime (5-15 UTC) surface-layer parameters at the desert site and the forest site.
Date Us gesert Ue forest 2|Lgesert Z|Liorest BOgesert Bororest Qs desert Qs forest
[ms'] [ms'] -] - - - [Wm-?] [Wm?]

22 August 2013 0.26 - -2.17 - 11.1 - 140.1 -

23 August 2013 0.24 0.78 -0.91 -0.11 8.4 127 158.3 409.8
24 August 2013 0.27 0.75 -0.51 -0.10 97 15.8 158.6 2783
25 August 2013 0.24 0.66 -0.97 -0.18 10.0 9.4 179.1 362.1
26 August 2013 0.28 0.76 -1.25 -0.37 219 10.5 169.2 4154
27 August 2013 0.26 0.81 -0.76 -0.10 8.6 74 1799 4182
28 August 2013 0.21 0.78 -2.49 -0.11 37 247 157.5 438.8
29 August 2013 0.23 0.69 -1.25 -0.21 73 71 163.1 419.1
30 August 2013 - 0.72 - -0.70 - 15.6 - 406.0
31 August 2013 - 0.65 - -0.26 - 171 - 3348
01 September 2013 0.24 - -1.39 - 7.0 - 2071 -

02 September 2013 0.23 - -1.88 - 9.5 - 161.5 -

03 September 2013 0.22 0.70 -0.98 -0.20 74 15.9 156.2 415.6
04 September 2013 0.25 0.76 -0.70 -0.10 6.8 11.7 1594 3437
05 September 2013 0.26 0.87 -0.65 -0.09 77 - 163.9 -

06 September 2013 0.28 0.70 -1.07 -0.23 133 43.5 149.5 380.7
07 September 2013 0.26 0.74 —-4.00 -0.17 12.0 14.7 182.5 4432
08 September 2013 - 0.65 - -0.17 - 9.5 - 399.2
09 September 2013 - 0.71 - -0.20 - 16.1 - 400.5
10 September 2013 - 0.72 - -0.28 - 10.6 - 3429

u-: friction velocity; z: measurement height; L: Obukhov length; Bo: Bowen ratio; Qg: surface buoyancy flux.

Table 3
Daytime (5-15 UTC) boundary-layer parameters.
Date Zi u ¢ W desert W forest Liau
[m] [ms'] [ [ms'] [ms'] [m]

22 August 2013 1220 6.99 296 1.78 - 3830
23 August 2013 1000 7.05 310 1.72 220 2700
24 August 2013 1210 8.31 286 1.76 2.05 3360
25 August 2013 1160 5.61 311 1.83 220 2170
26 August 2013 1030 6.25 330 1.91 2.26 2450
27 August 2013 1010 6.84 345 1.75 219 2290
28 August 2013 790 5.87 329 1.53 2.10 2180
29 August 2013 780 6.68 310 1.63 2.01 1930
30 August 2013 - 5.55 337 - 2,05 -

31 August 2013 - 4.77 297 - 2.01 -

01 September 2013 900 5.25 286 1.71 - -

02 September 2013 800 5.28 303 1.64 - -

03 September 2013 820 591 325 1.68 2:17’ 1980
04 September 2013 930 6.67 285 1.68 1.96 2580
05 Sept 2013 - 6.74 312 1.70 243 -

09 Sept 2013 980 5.49 316 - 213 -

10 Sept 2013 1420 6.19 348 - 220 -

z;: boundary-layer height above the forest, U: mean wind speed at 200-500 m a.g.l., ¢: mean wind direction at 200-500 m a.g.l., w-: convective velocity scale, Lg,,: convective

length scale according to Raupach and Finnigan (1995).

3. Results and discussion
3.1. Surface turbulent heat fluxes and energy balance closure

The average daily cycles of net radiation and surface turbulent
heat fluxes at both sites (Fig. 3) illustrate the extremely dry con-
ditions in the area with a mean daytime Bowen-ratio of 8.4 at the
desert site and 12.5 at the forest site. The results are in accordance
with long-term measurements of Rotenberg and Yakir (2011) at
the Yatir forest, who found Bowen-ratios larger than 10 and sensi-
ble heat fluxes up to 926 W m~2 during summer. Fig. 3 also shows
the increased sensible heat flux above the forest, for which several
explanations can be found:

i) Due to its low albedo (12.5%) as compared to the desert (33.7%),
the forest reflects less shortwave radiation, e.g. about 200 W m—2
less around noontime. In addition, the long-wave upwelling
radiation at the forest is lower by about 100 W m~2. This sur-

plus of energy is mainly put into Qy because of the extremely
dry conditions.

ii) The high surface roughness length of the forest increases fric-
tion, which leads to an increased turbulence intensity above
the forest site. As a result, the friction velocity at the forest site
is about 3 times larger than at the desert site (Table 2). This
increased turbulence intensity above the forest facilitates the
vertical transfer of heat (Juang et al., 2007) which is known as
the canopy convector effect (Rotenberg and Yakir, 2010, 2011).

Regarding the surface energy balance, Q; was not measured,
although it probably has a large amplitude, especially at the desert
site (Heusinkveld et al., 2004). However, on a daily basis, and espe-
cially over a longer period, Q; should be zero on average, because
the energy that is stored in the soil during the day is released dur-
ing the evening and the night. Leuning et al. (2012) confirmed that
the ratios of (Qy +Qg)/(—Qs*) and (Qy +Q¢)/(—Qs* — Q) on a daily
time scale are equivalent. Accordingly, the average energy balance
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Fig. 3. Average net radiation —Q;, sensible heat flux Q and latent heat flux Q: at (a) the desert site and (b) the forest site between 22 August and 11 September 2013. The

shaded areas indicate the standard deviation.

closure at both sites was calculated by integrating —Qs*, Qy and Qg
over the whole measurement campaign, and the energy balance
was found to be not closed at the desert site (R=0.81) whilst it was
closed at the forest site (R=1.00). Under the assumption that under
these extremely dry conditions only Qg and not Qg is considerably
underestimated, we could correct for this systematic error at the
desert site by adding the complete ‘missing’ energy (0.19 Qs*) to
Qy. This would increase the sensible heat flux above the desert by
20%.

Consequently, there is a difference in surface buoyancy Qg (Eq.
(2), Table 2) between forest and desert of about 270-340 W m—2
during daytime, or of about 220-290 W m~2 if we account for the
underestimation of Qy at the desert site. If the forest is large enough
(Section 3.2), this might induce a secondary circulation (Section 3.3)
that could affect in turn the measurements of the turbulent heat
fluxes (Section 3.4).

3.2. Boundary-layer convective scaling

For generating secondary circulations, surface patches must be
large enough to induce advection at the boundary-layer scale. In
the convective boundary-layer, large eddies exchange air between
the surface and boundary-layer top within a time scale of z;/w,,
which is usually a few tens of minutes. Accordingly, the surface
heterogeneity should be larger than the distance Lg,, that the flow
travels during this mixing time scale (Raupach and Finnigan, 1995),
B = Gl 8

Rau = Raum4 ( )
where U is the mean wind speed of the well-mixed bulk of the
convective boundary layer, which was determined from the wind
profile of the Doppler lidar between 200 mand 500 ma.g.l.(Table 3),
and Cgyy =0.8 (Mahrt, 2000) is a non-dimensional coefficient. The
blending height concept (Mahrt, 2000) is an alternative method for
estimating the minimum size of surface heterogeneities. However,
this approach was not applicable for the convective boundary layer
at the Yatir site, since it only considers vertical mixing due to shear-
induced turbulence.

Lray Was calculated using the daytime averages of U, z; and w.,
(Table 3). For most measurement days, it was found that the size
of surface heterogeneities should be at least around 2-2.5 km. On
22 August and 24 August, Lg,, was >3 km due to the relatively deep
boundary layers on 22 August and 24 August and the relatively
high wind speed on 24 August. The shape of the Yatir forest is
approximately a triangle, with a size of 10km in East-West direc-
tion and 6 km in North-South direction. Accordingly, it should be
always large enough to generate secondary circulations. Further-
more, since the mean daytime boundary-layer height above the

forest was about 800-1400 m (Table 3) with maximum values of
about 2000 m around noontime, the forest also fulfils the pre-
requisites by Patton et al. (2005) who found that heterogeneities
with a size of around 4-9 times the boundary-layer height are
most effective in generating secondary circulations. Recently, van
Heerwaarden et al. (2014) stressed that the optimum ratio of het-
erogeneity size to boundary-layer height increases with increasing
heat flux amplitude.

3.3. Secondary circulation above the forest

The surface buoyancy flux above Yatir forest is ~220-290 W m 2
larger than in the desert (Section 3.1) and that the forest is large
enough to cause boundary-layer scale advection (Section 3.2).
Accordingly, a secondary circulation might develop in that area,
which was tested by means of LES and analyzing the wind mea-
surements of the Doppler lidar and the sonic anemometers.

As described in Section 2.5, two different LES runs were per-
formed, one with zero background wind and one with abackground
windof 6 ms~! from 315° thatis representative of the typical mete-
orological conditions during the measurement campaign (Table 3).
The boundary-layer height was initialized with 1200 m (Section
2.5)and grew up to about 1500 m after 3 h of simulation. Thus, ratio
of heterogeneity scale to boundary-layer height was about 5-7. The
forest was encoded as an isolated patch with a larger surface heat
flux that covered about 5% of the model domain and exhibited a 2.3
times higher surface buoyancy flux than the domain average that is
almost equal to the desert buoyancy flux. For such heat-flux ampli-
tudes, van Heerwaarden et al.(2014) confirmed the suggested ideal
ratio of heterogeneity scale to boundary-layer height by Patton et al.
(2005) of 4-9. For the zero-wind case (Fig. 4a,c), a strong updraft
above the forest was found after 3 h of simulation with vertical wind
speeds>3ms~! at the forest centre. The desert area showed hexag-
onal patterns that are typical for open cell convection (Schmidt and
Schumann, 1989; Traumner et al., 2014). However, it seems that
updrafts >2ms~! were suppressed within a distance of <5 km from
the forest border (Fig. 4c). Accordingly, at low wind speeds, the for-
est is able to induce meso-scale circulations similar to those which
were detected with aircrafts above lakes in the boreal forest (Sun
et al,, 1997), above patches with different surface moisture in the
Sahel region (Taylor et al., 2007; Garcia-Carreras et al., 2010) and
the Great Plains, USA (Kang et al., 2007), or above irrigated agri-
cultural land in arid regions (Mahrt et al., 1994; Wulfmeyer et al.,
2014).

For the LES run with background wind (Fig. 4b,d), only a weak
net updraft was found above the forest (Fig. 4b). The whole sim-
ulation domain was dominated by bands of up- and downdrafts
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Fig.4. The vertical wind component w from the LES runs without (a,c) and with geostrophic wind (b,d) after 3 h of simulation; panels (a) and (b) show the spatially-averaged
profiles above the forest, above those parts of the desert that are within a distance of 10km from the forest centre (desertse) and above those parts of the desert further
away from the forest (desertg,,); panels (c) and (d) show an horizontal cross-section of 30-min averages of w at a height of approximately 0.6 z;; the tick black lines in (c) and

(d) show the location of the forest, i.e. the area with the increased surface heat flux.

with absolute vertical wind speeds mostly <1 ms~! (Fig. 4d) that
could be traces of horizontal roll convection (Etling and Brown,
1993). There were slightly stronger updrafts (w>1ms-') down-
wind of the forest, but all in all, the large-eddy-simulation did not
provide clear evidence for a strong stationary secondary circula-
tion between forest and desert under these wind conditions. This
is in accordance with aircraft measurements of Dixon et al. (2013),
who found that heterogeneity-induced circulations only existed up
to background wind speeds of about 5ms-' (Dixon et al., 2013),
and a LES study of Kang and Lenschow (2014), where background
wind inhibited the formation of a heterogeneity-induced secondary
circulation.

Then, the vertical wind velocity profiles above the forest mea-
sured with the Doppler lidar were analyzed in order to test whether
they confirm the findings from the LES. According to the modelling
results, the secondary circulation should be visible as a persistent
vertical updraft above the forest. A persistent updraft was con-
sidered as (i) a mean vertical wind velocity >0.5ms~! for (ii) at
least a 3-h period and (iii) extending >500 m in height. Persistent
updrafts were found on 5 days during the measurement campaign
(22 August, 30 August, 31 August, 1 September, 10 September)
above the forest, although the mean horizontal wind speed (U) was
relatively high (4.8-7.0ms~!) on those days (Table 3). An example
of a strong persistent updraft on 10 September is shown in Fig. 5a.
Interestingly, relatively low wind speeds (<3 ms~')and low friction

velocities (<0.5ms~!) were measured at the forest tower during
that event (Fig. 5b,c), which presumably allowed the development
of a well-shaped secondary circulation. However, all these events
occurred before 12 h UTC, i.e. before the onset of the sea breeze
(Section 2.1)that usually arrives at the measurement site during the
early afternoon hours. The sea breeze circulation is associated with
higher wind speeds. The development of a distinct secondary cir-
culation is weakened and the persistent updraft moves downwind
of the forest (Fig. 4d).

In addition, it was tested whether such a secondary circulation
becomes apparent as significant low-frequency contributions at
atmospheric wind spectra. For this reason, wavelet spectra (Sec-
tion 2.4) from the sonic anemometer data and the w time series
of the vertically pointing Doppler lidar were investigated for time
scales >30 min. Here, we show examples from 25 August and from
27 August. We found low-frequency contributions to the w spectra
in the entire mixed layer (Fig. 6a,d) and especially in the u and
v spectra above the desert site (Fig. 6b,e). These low-frequency
contributions could be either caused by a stationary secondary cir-
culation between forest and desert that do not obey mixed-layer
scaling (Kang, 2009), or by buoyancy-driven convective coher-
ent structures that obey mixed-layer scaling (Kaimal et al., 1976;
Kaimal, 1978; Hejstrup, 1981; McNaughton, 2004). The measured
spectra were also compared with the spectral model of Hajstrup
(1981) that explicitly considers the low-frequency contributions
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Fig. 5. Doppler lidar measurements of the wind field above the Yatir forest on 10 September 2013 (a); the arrows show the horizontal wind speed and wind direction, the
colours indicate 30-min averages of the vertical wind component w; panels (b) and (c) show the horizontal wind speed U and the friction velocity u. measured with the sonic

anemometer above the forest canopy.

of convective coherent structures to the surface-layer horizon-
tal wind components. The data from the forest site show a good
agreement with the model of Hojstrup (1981), but the measured
low-frequency contributions at the desert site were larger than
predicted by the model, especially on 25 August. These additional
contributions may originate from secondary circulations induced
by the forest-desert heterogeneity, even though the Doppler lidar

Table 4

did not show a mean vertical updraft above the forest on those days.
Above the forest, the u and v spectra were shifted to higher frequen-
cies, because in the roughness sublayer the convective coherent
structures were less dominant and probably broken up into smaller
organized structures (Raupachetal., 1996; Finnigan, 2000). Accord-
ingly, the spectral ratios r; (Eq. (6)) of the u and v spectra above the
forest are significantly smaller than above the desert (Table 4). The

Mean values of low-frequency contribution (time scales > 30 min) r; to spectra of wind components above desert and forest for the whole measurement campaign.

Wind component Instrument Height a.g.l. 1. (desert) 1, (forest)

u R3-50 sonic anemometer 6(19)' m 0.31+0.08 0.11+0.04
v R3-50 sonic anemometer 6(19)' m 0.29+0.07 0.12+0.03
w R3-50 sonic anemometer 6(19)* m 0.02+0.01 0.01+0.003
w Streamline lidar 100m - 0.11+£0.07
w Streamline lidar 400m - 0.13+0.04
w Streamline lidar 800m - 0.16+0.08

2 Measurement height of sonic anemometers was 6 m at the desert site and 19 m at the forest site.
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layer spectra were compared with the spectral model of Hajstrup (1981). The vertical dashed line indicates a period of 30 min which was the averaging time for the EC

measurements.

w spectra from the surface layer did not show any significant low-
frequency contribution (Table 3, Fig. 6) which is in accordance with
the spectral model. To sum up, we found significant low-frequency
contributions, especially in the surface-layer u and v spectra that
are most likely caused by convective coherent structures, and, to
a lesser extent, also by a stationary secondary circulation between
the forest and the desert.

3.4. Implications for flux measurements and energy balance
closure

As presented in the previous section, convective coherent
structures and secondary circulations induce low-frequency con-

tributions to the surface-layer horizontal wind spectra with time
scales larger than the averaging time of the EC systems. The low-
frequency contributions above the desert site were larger than
above the forest site at the respective measurement levels of the
EC systems (Table 4). Hence, the energy balance at the desert
site was not closed, while it was closed at the forest site (Section
L),

This relation suggests that the averaging time of 30min is
not sufficient to capture all atmospheric motions contributing to
surface-atmosphere exchange. In order to verify this assumption,
ogive functions for the desert site and the forest site were cal-
culated (Section 2.4). Here, the ogives were calculated using the
daytime measurements between 7 and 15 UTC for the momentum
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the solid coloured lines the normalized ogive function, and the horizontal dashed line the respective value of the ogive function at a period of 30 min.

flux following Foken et al. (2006) and for the sensible heat flux,
by considering all frequencies up to a period of 3 h. Fig. 7 shows
examples of co-spectra and ogive functions for 25 August, and these
results are representative for the whole measurement campaign.
For the momentum flux at the desert site, the ogive function was
not convergent within 30 min, but it was convergent at the for-
est site. For the sensible heat flux, both ogives were convergent
within 30 min. Thus, the ogive test does not indicate any significant
low-frequency contribution to the sensible heat flux. However, this
is not surprising since the surface-layer w spectra did not show
any low-frequency contributions (Section 3.3, Fig. 6). In the sur-
face layer, the horizontal wind components are affected by the
secondary circulation and the convective coherent structures. For
this reason, the ogive function of the momentum flux at the desert
site does not converge and we expect that the horizontal sensi-
ble heat fluxes u'T’ and T’ are similarly affected by the secondary
circulations. In other words, we expect that the low-frequency cir-
culations at the desert site cause advection and horizontal flux
divergence (Finnigan et al., 2003; Foken et al.,, 2010, 2011), but
the calculation of the co-spectra of u and T and of v and T did not
provide any meaningful result. Moreover, a stationary secondary
circulation between the forest and the desert with a lifetime >3 h
could not be captured with this approach that is based on a point
measurement.

Our results are different from the results of Heusinkveld et al.
(2004) from measurements in the nearby Negev desert. They
did not find any significant low-frequency contributions to the
fluxes and they were able to close the energy balance. However,
Heusinkveld et al. (2004) conducted their measurements further

inside the desert, and far away from any pronounced surface
heterogeneity like the Yatir forest. Thus, at their site, secondary cir-
culations were probably not relevant. No significant low-frequency
contributions affected the surface-layer measurements and conse-
quently, the energy balance was closed.

Furthermore, LES offers the possibility to calculate the complete
flux budget (Finnigan et al., 2003), following the control volume
approach presented in Section 2.6. This was done for one control
volume above the desert site (Fig. 8a) and one above the forest site
(Fig. 8b) using the model run with a background wind of 6ms~'.
The LES reproduces that, above the forest, the sensible heat flux
estimate using the EC method is identical to the surface sensi-
ble heat flux, i.e. the turbulent fluxes are not underestimated and
the energy balance should be closed. At the desert site, the virtual
EC flux underestimates the surface sensible heat flux by 30%. This
underestimation at the desert site is due to net advection of sensi-
ble heat out of the control volume. The forest site is also subject to
a net advection of sensible heat into its control volume, but this is
compensated by the horizontal flux divergence. However, it should
be noted that no canopy layer and thus to roughness sublayer was
represented in the LES model and the top of the control volumes
was at 100 m a.g.l. due to the coarse grid resolution. Nevertheless,
this approach successfully reproduces that the EC method tends to
systematically underestimate the surface heat fluxes at the desert
site, but not at the forest site, and that advection is a major reason.
This advection is caused by turbulent structures with timescales
larger than 30 min that become apparent as low-frequency contri-
butions to the horizontal wind spectra in the surface layer (Fig. 6)
and to the surface-layer momentum flux (Fig. 7).
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4. Conclusions

Due to its isolated location, the Yatir forest represents a pro-
nounced surface heterogeneity that is an ideal natural laboratory
for investigating secondary circulations and its affect on microme-
teorological measurements under constant fair weather conditions.
Because of its low albedo and its increased surface roughness, the
forest creates higher turbulent heat fluxes which results in horizon-
tal surface buoyancy flux differences of 220-290 W m~2. Moreover,
the forest has dimensions of about 5 times the usual boundary-layer
height, which is ideal for inducing a strong secondary circulation
(Patton et al., 2005). Moreover, it is larger than the convective
length scale of Raupach and Finnigan (1995) and is thus able to
modify the complete overlying atmospheric boundary layer.

The LES run without background wind confirmed the devel-
opment of a secondary circulation that becomes apparent as a
strong persistent updraft above the forest. However, in the Doppler
lidar measurements, such persistent vertical updrafts were only
found on 5 of 16 measurements days, during hours with relatively
low wind speeds. The LES confirmed that, with a common back-
ground flow of 6ms~!, the vertical velocity field is dominated by
convective coherent structures that are not related to the surface
heterogeneity. The weak updraft downwind of the forest could not
be captured with a single Doppler lidar located at the forest centre.

Secondary circulations and convective coherent structures are
responsible for the underestimation of the turbulent fluxes by
19% at the desert site. The associated low-frequency contributions
with timescales >30 min cannot be captured with the standard EC
method. The ogive test indicated low-frequency contributions to
co-spectrum of u and w, but not to the co-spectrum w and T. Our
data suggest that the ‘missing’ energy is mainly contained in advec-
tion and the horizontal fluxes and not in the low frequencies of the
vertical turbulent fluxes. Analyzing the complete flux budget of a
virtual control volume in the LES model confirmed that the low-
frequency structures cause considerable advection at the desert site
that is responsible for the non-closure of the energy balance. Above
the forest, the surface-layer spectra are shifted to higher frequen-
cies, all ogive functions converge within 30 min, and the energy
balance is closed, presumably because the large eddies are broken
up into smaller structures in the roughness sublayer of the forest.

Thus, it could be shown that differences in landuse do not only
have a strong effect on the local energy budget, but also affect the
structure of the overlying boundary layer. The afforestation efforts
in the Yatir area probably also modify the local boundary-layer
height, the cloud formation and the regional weather and climate.

Furthermore, secondary circulations are not restricted to special
sites like the Yatir forest. Such effects could occur in every land-
scape that is characterized by sufficiently large surface patches that
have different surface buoyancy fluxes, e.g. due to differences in
surface moisture, different agricultural crops or in urban areas. For
investigating the effects of landuse on boundary-layer properties, a
careful selection of the measurement location is required. We rec-
ommend performing a simple numerical simulation in advance of
the campaign for this purpose. Moreover, an integrated approach
using surface flux measurements, ground-based remote sensing
measurements and numerical simulation gives the best insights
into the processes at work.
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