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Abstract

The Earth’s water and energy cycles are strongly coupled and are decisive for both,
the long term evolution of the Earth’s climate system, as well as the development of
short term weather phenomena like convective storms. A key process is the exchange of
water and energy between the land surface and the atmosphere. Numerical simulations
have proven to be an appropriate method to investigate these exchange processes.
Accurate simulations of land-atmosphere interaction require a resolution, which allows
for representing the land surface heterogeneity as well as the turbulent nature of the
flow in the lower atmosphere. Furthermore, a sophisticated model set up is necessary to
enable a realistic representation of the different compartments of the land-atmosphere
system, including the soil, the vegetation and the atmosphere.
In this study, the regional water and energy budgets at the land surface and the

planetary boundary layer (PBL) were simulated for three different real case studies.
Nested large eddy simulation (LES) experiments with the WRF-NOAHMP-HYDRO
model were conducted for real cases. The LES was operated for two different sites,
the Kraichgau and the Ammer catchment which are both located in the southwest of
Germany, covering one full diurnal cycle for each case study.
The budgets were calculated for two separate control areas during each respective

case study, differing in topography and land use. The moisture content in the soil
differed between the case studies. The AMMER2015 case took place during a drought
period in summer 2015. In contrast, the AMMER2016 case study was conducted
in late spring 2016, with the soil moisture close to saturation. The SABLE case
study took place during a relatively moist summer. SABLE and AMMER2016 were
relatively windy, whereas AMMER2015 took place during a low-wind situation. With
this approach, it was possible to investigate the influence of the land cover, the moisture
availability, and the weather conditions on the regional terrestrial and atmospheric
budgets of energy and water.
An online-budget method was implemented making the terms in the prognostic

equations in WRF accessible to the model output. Furthermore, an online-sampling
scheme for turbulent fluxes and the first four moments of the wind, humidity, and
temperature fluctuations was incorporated. In addition, the energy balance closure
of virtual eddy covariance towers of sensible heat and latent heat was calculated. Fi-
nally, convergence lines in the lower troposphere and the existence and the location of
mesoscale circulations in the boundary layer were investigated.
The terrestrial budgets of water and energy depend on the available soil moisture.

AMMER2016 showed the strongest impact of the land use. For the other cases, a
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strong influence of the soil texture on the evapotranspiration superimposed the in-
fluence of the land use. A non-linear model was applied to simulate the influence of
the soil moisture on the stomatal resistance, which explains the strong impact of the
soil type. Furthermore, the roughness of the land surface showed a large impact on
the strength on the sensible heat flux (Sh). In comparison to areas characterized by
agriculture, higher values of Sh were produced in forested regions.
The budgets in the PBL showed larger differences between the control areas. The

advection and the entrainment flux of sensible heat and the entrainment of latent heat
was increased in the control area with a higher share of forest. For these regions,
higher amounts of wind shear and buoyancy were found, leading to stronger mixing
and to higher amounts of entrainment. Furthermore, the PBL budgets of latent heat
were affected by the meteorological conditions. The two case studies with increased
mean winds in the PBL showed larger values of entrainment of latent heat. For these
case studies, the boundary layer flow was organized in convective rolls, and the land-
atmosphere coupling was weaker.
Local mesoscale circulations were found in all cases. The maximum extent of the

circulation was around 10 km. Larger homogeneous areas at the land surface do not
seem to have a significant influence on the circulation pattern within the boundary
layer.
The virtual eddy covariance towers showed higher residuals for sensible heat than for

latent heat in the mean during all cases. The energy balance closure of sensible heat
(EBCSH ) was influenced by the friction velocity, the buoyancy as well as the advective
and turbulent redistribution of sensible heat. An increase of EBCSH was found for
regions with stronger updrafts. In contrast, the energy balance closure of latent heat
was only correlated with the turbulent redistribution of latent heat.
The present study is the first comprehensive investigation of terrestrial water and

energy budgets and the budget of sensible and latent heat in the PBL at the microscale.
Since a fine-scale model system was used, which allows for the realistic description of
the land surface and weather conditions, the results can be used to develop paramet-
erizations for coarser-scale models and improve the understanding of land-atmosphere
interaction. The newly implemented model components provide a deeper insight into
numerical models, which is not limited to LES experiments.
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Kurzfassung

Der Wasser- und der Energiekreislauf der Erde sind stark gekoppelt und entscheidend
für die langfristige Entwicklung des Klimas im Erdsystem, wie auch für die Entwicklung
von kurzfristigenWetterphänomenen wie beispielsweise konvektive Stürme. Ein Schlüs-
selprozess ist der Austausch zwischen der Landoberfläche und der Atmosphäre. Nu-
merische Simulationen haben sich als geeignete Methode erwiesen, diese Austausch-
prozesse zu untersuchen. Akkurate Simulationen der Kopplung der Landoberfläche
und der Atmosphäre benötigen jedoch ein Gitterinkrement, welches fein genug ist,
um die Heterogenität an der Landoberfläche und die turbulenten Strömungen in der
unteren Troposphäre abbilden zu können. Darüber hinaus ist ein ausgeklügeltes Mo-
dell erforderlich, welches es ermöglicht, die verschiedenen Komponenten des Land-
Atmosphären Systems, einschließlich des Bodens, der Vegetation und der Atmosphäre,
realitätsnah darzustellen.
In dieser Arbeit wurden die regionalenWasser und Energiehaushalte an der Landober-

fläche und der planetaren Grenzschicht für drei unterschiedliche Fallstudien simuliert.
Hierzu wurden mit dem WRF-NOAHMP-HYDRO-Modell genestete Grobstruktursi-
mulationen (LES) durchgeführt. Die LES-Experimente lieferten den kompletten Tages-
gang für zwei unterschiedliche Regionen, den Kraichgau und das Einzugsgebiet der
Ammer, beide in Südwestdeutschland.
Je Fallstudie wurden die Haushalte für zwei verschiedene Kontrollregionen mit unter-

schiedlicher Landnutzung und Topographie aufgestellt. Die Bodenfeuchte unterschied
sich in den Fallstudien. Die AMMER2015-Fallstudie fand unter sehr trockenen Be-
dingungen im Sommer 2015 statt. Im Gegensatz dazu war die Bodenfeuchte während
AMMER2016 nahe der Sättigung. Die SABLE-Fallstudie fand während eines nie-
derschlagsreichen Sommers statt. SABLE und AMMER2016 waren relativ windig,
während AMMER2015 bei schwachem Wind stattfand. Die Auswahl der Fallstudien
ermöglicht es, den Einfluss der Wasserverfügbarkeit, der Landoberfläche und der Wet-
terbedingungen auf die regionalen terrestrischen und atmosphärischen Energie- und
Wasserhaushalte zu untersuchen.
Es wurde eine Online-Bugdetierungsmethode in WRF implementiert, welche die

Terme in den prognostischen Gleichungen den Modellausgaben zugänglich macht.
Zusätzlich wurden die höheren Momente der Fluktuationen der potentiellen Tempe-
ratur, der Luftfeuchte und der Windvektoren sowie die turbulente Flüsse während
der Modelllaufzeit in WRF berechnet. Die Energiebilanzschließung der fühlbaren
und latenten Wärmeströme von virtuellen Eddy-Kovarianz-Stationen wurde berech-
net. Außerdem wurden Konvergenzlinien in der unteren Grenzschicht identifiziert und
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die Existenz sowie die Lage von mesoskaligen Zirkulationen in der Grenzschicht unter-
sucht.
Die terrestrischen Haushalte des Wassers und der Energie werden von der verfüg-

baren Bodenfeuchte beeinflusst. AMMER2016 zeigte den stärksten Einfluss der Land-
nutzung. In den anderen beiden Fallstudien überlagerte die Bodentextur den Ein-
fluss der Landnutzung. Für den Einfluss der Bodenfeuchte auf den Widerstand der
Spaltöffnungen der Vegetation wurde ein nichtlineares Modell verwendet, welches den
starken Einfluss des Bodens erklärt. Die Oberflächenrauhigkeit zeigte einen großen
Einfluss auf den fühlbaren Wärmestrom (Sh). Höhere Werte von Sh wurden über
Wäldern als über landwirtschaftlich genutzten Flächen produziert.
Die Budgets in der atmosphärischen Grenzschicht wiesen größere Unterschiede zwi-

schen den Kontrollgebieten auf. Die Advektion und der Entrainmentfluss der fühlbaren
Wärme sowie der Entrainmentfluss der latenten Wärme waren für alle Fallstudien in
dem Kontrollgebiet mit höherem Anteil an Wald erhöht. In diesen Kontrollgebieten
wurden größere Werte für die Windscherung und den Auftrieb beobachtet, was zu
einer stärkeren Durchmischung der Grenzschicht und zu höheren Entrainmentflüssen
führt. Zusätzlich waren die Haushalte der latenten Wärme in der Grenzschicht von den
meteorologischen Bedingungen beeinflusst. Für die beiden Fallstudien mit höherer mit-
tlerer Windgeschwindigkeit in der Grenzschicht wurden größere Werte für den Entrain-
mentfluss der latenten Wärme beobachtet. In diesen Fallstudien war die Konvektion in
der Grenzschicht in Form von Rollen organisiert und die Land-Atmosphären-Kopplung
schwächer.
Für alle Fallstudien konnten lokale, mesoskalige Zirkulationen nachgewiesen werden.

Die maximale Ausdehnung der mesoskaligen Zirkulationen lag bei etwa 10 km. Größere
homogene Gebiete an der Landoberfläche scheinen keinen signifikanten Einfluss auf das
Zirkulationsmuster innerhalb der Grenzschicht zu haben.
Die virtuellen Eddy-Kovarianz-Stationen zeigten für alle Fallstudien imMittel höhere

Residuen für die fühlbare Wärme als für die latente Wärme. Die Energiebilanz-
schließung der fühlbarenWärme (EBCSH ) war von der Schubspannungsgeschwindigkeit,
dem Auftrieb, dem advektiven und dem turbulenten Transport der fühlbaren Wärme
beeinflusst. Höhere Werte für EBCSH waren in Regionen mit stärkeren Aufwinden
sichtbar. Im Gegensatz dazu war die Energiebilanzschließung der latenten Wärme
(EBCLH ) nur mit dem turbulenten Transport der latenten Wärme korreliert.
Die vorliegende Studie ist die erste umfassende Untersuchung der terrestrischen

Wasser- und Energiehaushalte und des Haushalts der fühlbaren und latenten Wärme
in der Grenzschicht auf der Mikroskala. Da auf ein feinskaliges Modellsystem zurück-
gegriffen wurde, welches die realistische Beschreibung der Landoberfläche und der
Wetterbedingungen erlaubt, können die Ergebnisse für die Entwicklung von Parame-
terisierungen für gröberskalige Modelle verwendet werden und das Verständnis der
Land-Atmosphären-Interaktion verbessern. Die neu implementierten Modellkompo-
nenten geben einen vertieften Einblick in numerische Modelle, was sich nicht nur auf
LES-Experimente beschränkt.

iv



Contents

1. Introduction 1

2. The Water and Energy Budgets in the Land –Atmosphere System 9
2.1. The Terrestrial Budgets of Energy and Water . . . . . . . . . . . . . . . 9
2.2. The Thermodynamic Budgets in the Atmosphere . . . . . . . . . . . . . 13
2.3. The Land –Atmosphere System at the Local Scale and Challenges of

the Conventional Description in Land –Atmosphere Exchange . . . . . . 15

3. The WRF–NOAHMP–HYDRO Model 19
3.1. The WRF Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.1.1. WRF for Convection Permitting Simulations . . . . . . . . . . . 19
3.1.2. WRF for Large Eddy Simulations . . . . . . . . . . . . . . . . . 20

3.2. Implementation of Online Diagnostics in WRF for High Temporal Res-
olution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.2.1. Online Calculation of the Atmospheric Budgets . . . . . . . . . . 23
3.2.2. Online Calculation of Turbulent Fluxes and Moments . . . . . . 25

3.3. The NOAHMP Land Surface Model . . . . . . . . . . . . . . . . . . . . 26
3.4. HYDRO – A Hydrological Extension to NOAHMP . . . . . . . . . . . . 30

4. Experimental Setup 33
4.1. Configuration of the Model . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.1.1. Domain Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.1.2. Configuration of WRF . . . . . . . . . . . . . . . . . . . . . . . . 37
4.1.3. Configuration of NOAHMP and HYDRO . . . . . . . . . . . . . 38
4.1.4. Data Assimilation . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.2. Optimization of the Setup . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.2.1. Performance of WRF–LES at Different Grid Increments . . . . . 42
4.2.2. Influence of the Turbulence Closure Scheme in the Forcing Do-

mains on the LES . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.2.3. The Influence of Enhanced Hydrology . . . . . . . . . . . . . . . 48
4.2.4. The Representation of Aquifers . . . . . . . . . . . . . . . . . . . 50

4.3. The Case Study Sites . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.3.1. The SABLE Field Experiment and the Surrounding Area . . . . 51
4.3.2. The Ammer Catchment and the Surrounding Area . . . . . . . . 54

4.4. Synoptic Situations and Initial Conditions of the Case Studies . . . . . . 56
4.4.1. The SABLE Case Study . . . . . . . . . . . . . . . . . . . . . . . 56

v



Contents

4.4.2. The AMMER2015 Case Study . . . . . . . . . . . . . . . . . . . 61
4.4.3. The AMMER2016 Case Study . . . . . . . . . . . . . . . . . . . 63
4.4.4. Summary of the Case Studies and the Sites . . . . . . . . . . . . 70

4.5. Observational Data Sets for Validation . . . . . . . . . . . . . . . . . . . 70
4.5.1. Lidar Measurements . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.5.2. Eddy Covariance Measurements . . . . . . . . . . . . . . . . . . . 71
4.5.3. Bowen –Ratio Towers . . . . . . . . . . . . . . . . . . . . . . . . 73
4.5.4. The Synoptic Network of the DWD . . . . . . . . . . . . . . . . 74
4.5.5. Soil Moisture Monitoring Network of the University of Hohenheim 75
4.5.6. Satellite Remote Sensing . . . . . . . . . . . . . . . . . . . . . . . 75

5. Comparison With Observational Data 77
5.1. Local Flux Balance Towers . . . . . . . . . . . . . . . . . . . . . . . . . 77
5.2. Satellite Remote Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.3. Comparison of the Soil Dataset With a Finer Map . . . . . . . . . . . . 88
5.4. Validation with the Synoptic Network of the DWD . . . . . . . . . . . . 92
5.5. Validation with Lidar Data . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.6. Validation of the Cloud Cover . . . . . . . . . . . . . . . . . . . . . . . . 98
5.7. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

6. The Terrestrial Budgets of Energy and Water 103
6.1. The Terrestrial Energy Budget . . . . . . . . . . . . . . . . . . . . . . . 103
6.2. The Terrestrial Water Budget . . . . . . . . . . . . . . . . . . . . . . . . 111
6.3. Controlling Factors of the Terrestrial Budgets . . . . . . . . . . . . . . . 125
6.4. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

7. The Thermodynamic Budgets in the Planetary Boundary Layer 139
7.1. The General State of the Planetary Boundary Layer . . . . . . . . . . . 139
7.2. The Thermodynamic Budgets in the Planetary Boundary Layer . . . . . 144
7.3. Turbulent Characteristics of the Planetary Boundary Layer . . . . . . . 159
7.4. The Strength of the Land –Atmosphere Coupling . . . . . . . . . . . . . 176
7.5. The Formation of Clouds . . . . . . . . . . . . . . . . . . . . . . . . . . 181
7.6. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

8. The Organization of the Boundary Layer Flow – Coherent Structures,
Mesoscale Circulations and the Energy Balance Closure 189
8.1. Coherent Flow Structures in the Lower Atmospheric Boundary Layer . . 190

8.1.1. The Organization of the Flow With Strong Background Wind –
The SABLE Case Study and the AMMER2016 Case Study . . . 192

8.1.2. The Organization of the Flow Under Calm Conditions – The
AMMER2015 Case Study . . . . . . . . . . . . . . . . . . . . . . 192

8.1.3. Influence of the Coherent Circulation Patterns on the Atmo-
spheric Fields Close to the Surface . . . . . . . . . . . . . . . . . 200

8.2. Mesoscale Flux Convergence in the Lower Boundary Layer . . . . . . . . 203
8.3. The Energy Balance Closure in the Simulations . . . . . . . . . . . . . . 210
8.4. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

vi



Contents

9. Conclusion and Outlook 225

Appendices 239

A. Atmospheric Budgets Expressed in the Native Variables of WRF 241

B. Additional Information About the Turbulent Exchange Processes 249
B.1. Profiles of all Four Moments of the Turbulent Fluctuations in the Con-

trol Areas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249
B.2. Validation of the Statistical Measures for the Turbulent Exchange in the

PBL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253
B.3. Sampling Errors of the Turbulent Fluxes. . . . . . . . . . . . . . . . . . 254
B.4. Spatial Pattern of Turbulent Exchange Processes . . . . . . . . . . . . . 255

C. The Energy Balance Closure for the SABLE and the AMMER2015 Case
Studies 271

D. List of Symbols, Mathematical Operators and Acronyms 277
D.1. List of Symbols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 277
D.2. List of Subscripts/Superscripts and Mathematical Operators . . . . . . 284
D.3. List of Acronyms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285

E. Technical Background 289

Bibliography 329

List of Figures 343

List of Tables 346

vii





CHAPTER 1

Introduction

The water and energy cycles of the Earth are mutually linked and a current topic of
research (e.g. Trenberth et al. (2009); Lorenz and Kunstmann (2012); Trenberth and
Asrar (2014); Wulfmeyer et al. (2015)). Water vapor absorbs radiation in the infrared,
it is responsible for about 60% of the atmospheric greenhouse effect of the atmosphere
under clean air conditions and is therefore the most important greenhouse gas (Kiehl
and Trenberth, 1997). Further interactions of the energy and water cycles are the
reflection by clouds and the latent heat related to phase changes of water. Around
23% of the incoming solar radiation is reflected by clouds in the global mean. The
terrestrial evapotranspiration (λET ) is estimated by different models to utilize between
48% and 88% of the available energy at the land surface (Trenberth et al., 2009) and
80–90% of the terrestrial λET are sourced in the transpiration of vegetation (Jasechko
et al., 2013). The terrestrial and atmospheric water and energy cycles have been
investigated so far on the scale of tens to hundreds of kilometers, which is the spatial
resolution of the model data usually applied for these studies (e.g. Seneviratne et al.
(2004); Trenberth et al. (2007, 2011); Fersch and Kunstmann (2014)). Such a coarse
resolution makes it necessary to parameterize most of the key processes in the water and
energy cycle. Furthermore, it does not allow for a realistic representation of the Earth’s
landscape. This results in large uncertainties in climate forecasts, especially concerning
the interaction between the land surface and the atmosphere. In the current generation
of climate models, biases in λET correlate with biases in surface temperature as well
as in precipitation are pointing to deficiencies in the simulation of land-atmosphere
interaction (Mueller and Seneviratne, 2014). Furthermore, the simulation of convective
clouds, which largely depends on the surface forcings on the atmosphere forms one of
the largest uncertainties in climate simulations (Stephens, 2005).
However, a better understanding of the water and energy cycles of the Earth does

not only improve the predictability of the global climate system. The water cycle of
the Earth is also responsible for a series of natural hazards, such as floods and droughts
(Teuling et al., 2013; Miralles et al., 2019), which are, in addition to climate change,
serious threats to human society, illustrating the importance of detailed studies of the
Earth’s thermodynamic budgets. Particularly for forecasting convective storms, an
exact knowledge about the distribution of the humidity in the atmosphere is decisive
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Chapter 1. Introduction

(e.g. Trier et al. (2004); Kottmeier et al. (2008); Corsmeier et al. (2011); Wulfmeyer
et al. (2011); Schwitalla and Wulfmeyer (2014); Bauer et al. (2015)). Besides the
humidity field, the local circulation pattern in the lower troposphere also control the
formation of local convergence lines, which can induce the formation of shallow and
deep convection (Schmidli and Rotunno, 2010; Behrendt et al., 2011; Panosetti et al.,
2016).
The lowermost part of the troposphere, which is in direct contact with the Earth’s

surface is called the planetary boundary layer (PBL). In the PBL the exchange of
water vapor, sensible heat and momentum of the atmosphere with the land surface
occurs. At daytime, the convective PBL (CBL) is usually characterized by turbulent
convection and extends over the lowermost 1 to 3 km above ground level in midlat-
itudes. The distribution of humidity as well as the thermals in the CBL are highly
variable in space and time (Couvreux et al., 2005). Especially the interplay between
the energy balance at the land surface, the moisture availability in the soil (Seneviratne
et al., 2010; Dirmeyer, 2011; Combe et al., 2016), the transpiration of the vegetation
(Kumar et al., 2011; Bonan et al., 2014; Gayler et al., 2014) and the feedback on the
circulation patterns in the PBL (Patton et al., 2005; Maronga and Raasch, 2013; Eder
et al., 2015b) lacks a better understanding. Furthermore, entrainment of air from the
free troposphere (van Heerwaarden et al., 2009; Mcgrath-Spangler and Denning, 2010;
van de Boer et al., 2014; Sühring et al., 2014) and the formation of clouds at the top
of the PBL (De Arellano et al., 2014; Gronemeier et al., 2017; Teuling et al., 2017)
play a crucial role in determining the land-atmosphere coupling, too. Therefore, for
improving global and regional climate simulations as well as the numerical weather pre-
diction, fine scaled process studies dealing with terrestrial and atmospheric water and
energy exchange are crucial for a better process understanding of the land-atmosphere
system at local scales (Prein et al., 2015). As the exchange processes in the PBL are
of turbulent nature, the grid increment of the model has to be fine enough to allow for
resolution of turbulent exchange processes (Wulfmeyer et al., 2016).
Due to the high Reynolds numbers1 (Re) in the CBL, which typically are in the

range of 108, Large Eddy Simulations (LES) are the only feasible simulation type to
conform for the need to resolve turbulent structures in the PBL. For LES, the grid
increment of the model has to be small enough to resolve the dominant turbulent
structures in the flow (Sagaut, 1988). Large Eddy Simulations are a common method
for studying the PBL and have been applied in a wide range of fields such diverse as
marine shallow convection (Siebesma et al., 2003; Bretherton and Blossey, 2017), shal-
low convection over land (Neggers et al., 2007), deep, moist convection (Bryan et al.,
2003), the influence of the surface on the momentum transport (Patton et al., 2016),
flow over complex topography (Catalano and Cenedese, 2010) and over water waves
(Sullivan et al., 2014), entrainment fluxes (Sorbjan, 1996; Conzemius and Fedorovich,
2006), the urban heat island (Falasca et al., 2016), the water and heat budgets in the
PBL (Couvreux et al., 2007; Huang et al., 2011; Wei et al., 2018) and the budgets
of higher moments in the PBL (Cuijpers and Holtslag, 1998; Mironov et al., 2000;

1The Reynolds number is a dimensionless quantity and sets the mean velocity in the flow u, a
characteristic length scale Lc and the kinematic viscosity ν of the fluid in ratio Re = uLcν

−1.
Flows tend to be turbulent for Re > 5 ∗ 105.
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Heinze et al., 2015), as well as the organization of turbulent flows over heterogeneous
surface heating patterns (Avissar and Schmidt, 1998; Baidya Roy and Avissar, 2000;
Raasch and Harbusch, 2001; Letzel and Raasch, 2003; Kanda et al., 2004; Courault
et al., 2007). Most of theses studies were applied with periodic boundary conditions,
which do not allow the representation of real weather conditions and the diurnal cycle.
Furthermore, the representation of the land surface is highly idealized, either a homo-
geneous flux observed by a energy balance tower is applied as lower boundary condition
(e.g. Couvreux et al. (2007)) or a striped or checkerboard flux pattern is prescribed
(e.g. Kanda et al. (2004)). The models are usually initialized by idealized profiles or a
local sounding is applied, and a horizontally homogeneous stratification in the model
domain is assumed.
While idealized studies bear the potential to investigate the basic feedback mech-

anisms between the land surface and the PBL, it is not possible to derive a complete
system understanding of all related processes with the help of these simulations. Thus,
LES studies in a more realistic environment are necessary. So far, a couple of studies
with semi-idealized LES have already been conducted in order to study the influence
of a heterogeneous land cover on the formation of secondary circulations in the CBL
(Hechtel et al., 1990; Maronga and Raasch, 2013) and the propagation of the hetero-
geneous heat flux signals at the land surface into the atmosphere (Sühring and Raasch,
2013). However, these studies still used prescribed surface fluxes form observations,
what neglects possible feedback mechanisms between the circulation patters in the
CBL and the energy balance at the land surface. In order to study these feedback
mechanisms, a land surface model (LSM) has to be coupled to the LES, which is able
to represent the land surface in a realistic manner. Coupled LES-LSM models already
have been applied for studying boundary layer flows over idealized land surface pat-
terns (Patton et al., 2005; Huang and Margulis, 2009) and natural, heterogeneous land
surfaces (Brunsell et al., 2011; Huang et al., 2011; Shao et al., 2013) and for investig-
ating the development of shallow convection (Lohou and Patton, 2014). Nevertheless,
periodic boundary conditions were still applied in these publications, making it im-
possible to study the land-atmosphere system under realistic weather conditions. In
addition, for most of theses studies, a full set of model parameterizations is not ap-
plied, which leads to missing processes in the model system. Therefore, an accurate
simulation of the of boundary layer phenomena requires both the representation of a
realistic land surface and the incorporation of real weather phenomena, ranging from
synoptic scale two-dimensional eddies to the microscale turbulence.
One method for incorporating both processes in simulations under realistic condi-

tions is to apply a NWP model on LES scale and to force it by dynamical downscaling.
Although such modeling studies are a relatively new topic, a couple of publications
already present results of nested LES such as studies dealing with simulations for wind
energy applications (Liu et al., 2011; Muñoz-Esparza et al., 2017), hydrometeorolo-
gical predictions (Talbot et al., 2012), flow over complex terrain (Rai et al., 2017),
orographic clouds and precipitation (Chu et al., 2014), evaluation of the model with
dense observation networks (Heinze et al., 2017b), the investigation of subscale pro-
cesses in the formation of clouds for coarser scaled simulations (Gantner et al., 2017)
and the formation of deep (Heath et al., 2017) as well as shallow convection (Zhu
et al., 2010; Xiao et al., 2018) among others. The Weather Research and Forecast
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Model (WRF; Skamarock et al. (2008)) can be operated over a wide range of scales
and gives thus the opportunity to conduct nested LES studies.
Applying NWP models at grid increments which allows for LES applications gen-

erally follows a longer term trend of increasing the model resolution. With increas-
ing computational resources, finer model resolutions have become possible and con-
sequently the capability of explicitly resolving finer structures in the atmosphere. At a
resolution of around 4 km the models start to resolve deep convection (Weisman et al.,
1997). With finer resolutions at around 1 km, the turbulent grey zone starts, where the
models start to be able to resolve turbulent eddies inside the PBL (Wyngaard, 2004).
However, nesting over a wide range of scales comes along with some challenges. The
turbulent grey zone stretches down to grid increments of around 100m, and in this
range it is unknown, whether a traditional one-dimensional turbulence closure scheme
is applicable, or the three-dimensional closure developed for LES is already suitable.
Nesting constrains in the model require, that at least one of the domains forcing the
LES is located in the grey zone. The application of a one-dimensional turbulence clos-
ure can result in the appearance of under-resolved convective structures, which are
numerical artifacts caused by the violation of the horizontal homogeneity assumption
behind the one-dimensional turbulence schemes (Honnert et al., 2011; Ching et al.,
2014; Zhou et al., 2014). Scale aware schemes (Ito et al., 2015; Shin and Hong, 2015),
that are able to circumvent this problem are still in the development phase and require
further testing. Mazzaro et al. (2017) investigated the effect of these under-resolved
structures on the development of the turbulence in a nested LES and found out that
these structures delay the onset of turbulent motions in the LES. However, Honnert
and Masson (2014) stated, that the resolution of a mesoscale simulation has to be
larger than ≈ 3zi, whereas zi is the boundary layer depth, in order to avoid that the
PBL scheme introduces unphysical structures to the flow. This shows, that no clear
dependence between the grid increment and the capability of the models of resolving
physical processes is possible and that the relationship largely depends on the specific
situation. Furthermore, in a nested LES, the development of turbulence does not hap-
pen instantaneously, but rather requires a larger fetch, which has been demonstrated
by e.g. Moeng et al. (2007), Mirocha et al. (2013) and Muñoz-Esparza et al. (2015).
Thus, cautiousness has to be given for the size of the nested LES domain, which has
to be large enough to enable the turbulent motions to develop.
In addition to the challenges that come with the development of turbulent struc-

tures in a nested LES, some assumptions in the terrestrial hydrological budget in the
common land surface models (LSM) are violated by fine scaled simulations. In LSMs,
the Richards equation, describing the transport of water in the soil is only solved for
the vertical direction. Furthermore, surface runoff and drainage from the bottom of
the soil column is simply removed from the grid cell. Thus, lateral fluxes of water in
the soil and on the land surface are neglected. Because the groundwater flow roughly
follows the topographic gradient (Krakauer et al., 2014), the simplistic treatment of
the surface hydrology leads to increased values of soil moisture on mountain ridges
and reduced values in valleys in the simulations. Through the surface energy balance,
this can alter the surface temperature distribution and the atmospheric lapse rate
(Kotlarski et al., 2012). Therefore, neglecting the lateral subsurface flow and the inter-
action of the groundwater and the unsaturated zone is highly questionable, especially
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in temperate midlatitudes, where the groundwater can influence surface ET (Maxwell
et al., 2007; Kollet and Maxwell, 2008; Barlage et al., 2015; Schlemmer et al., 2018).
Incorporating lateral fluxes of water in the LSM already showed in several studies the
potential to enhance the soil moisture pattern (Rahman et al., 2015; Sulis et al., 2017)
and influences the precipitation forecasts (Arnault et al., 2016, 2018) in high resolu-
tion regional model simulations. Due to the need of incorporating lateral exchange
processes of water in regional models, a series of coupled models have been developed,
which are capable to simulate the complete water cycle. Among theses approaches are
WRF-HYDRO (Gochis and Chen, 2003; Gochis et al., 2013), WRF-ParFlow (Maxwell
et al., 2011), WRF-HGS (Davison et al., 2018), WRF-HMS (Wagner et al., 2016), and
TerrSysMP (Shrestha et al., 2014), the latter incorporating the atmospheric model
COSMO, the LSM CLM and ParFlow. Two different concepts for the representa-
tion of the groundwater can be distinguished for the coupled models. Either, the
aquifer is spatially resolved and the groundwater flux is explicitly modeled, which is
the case for WRF-ParFlow, WRF-HGS and TerrSysMP, or the aquifer is treated as
one-dimensional bucket, like in WRF-HYDRO or WRF-HMS. An explicit treatment
of the aquifer requires detailed knowledge of the subsurface in the simulated region.
Therefore, such approaches are only manageable for well explored catchments, while a
bucket approach is more conceptual and is thus applicable to larger regions.
Due to the high computational demand of nested LES, so far only case studies are

possible. These can be used as a virtual testbed for developing an enhanced process
understanding of the interplay of the different compartments in the land-atmosphere
system. So far, there is a lack of process studies dealing with the regional water and
energy exchange between the land surface and the planetary boundary layer cover-
ing the full water and energy cycle (Wulfmeyer et al., 2018). This results in diverse
uncertainties in climate simulations, such as the feedback between soil moisture and
precipitation (Taylor et al., 2012; Froidevaux et al., 2014; Taylor, 2015; Cioni and Ho-
henegger, 2017). The high resolution of an LES makes it possible to represent the
land surface in a sophisticated manner and to simulate the surface energy and water
budgets under realistic weather conditions. By operating the model for various cases,
which differ in the seasonal and the synoptic conditions, the influence of the weather
conditions, the moisture availability, the vegetation and the soil properties on the wa-
ter and energy exchange between the surface and the atmosphere is investigateable.
At the surface both plant phenology (Richardson et al., 2013; Peñuelas et al., 2009)
and soil moisture (Koster et al., 2004; Seneviratne et al., 2010) have been shown to
be key drivers of the surface energy balance and the fluxes of water at the land sur-
face. Especially the root water uptake by the vegetation showed in recent studies a
large impact on the terrestrial budgets of water and energy and the strength of land-
atmosphere coupling (Gayler et al., 2014; Combe et al., 2016). In addition, in close
collaboration with field campaigns it is possible to validate the model with high spatial
accuracy, which is only possible if the model represents the land-atmosphere system
in a realistic manner (Huang and Margulis, 2010; Shao et al., 2013). Furthermore,
the thermodynamic budgets in the planetary boundary layer can be evaluated under
realistic conditions, including advection, surface forcing and entrainment. Most of the
LES studies of the boundary layer budgets of water vapor and heat were conducted
under idealized conditions (Couvreux et al., 2007; Schmidli and Rotunno, 2010; Huang
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et al., 2011; Langhans et al., 2012; Panosetti et al., 2016), and were thus not able to
reproduce the complex interplay in the PBL under realistic conditions and neglected
the influence of the advection of heat and moisture. Moreover, data of several field
experiments has been applied for investigating the budgets of heat and moisture in the
PBL (Betts et al., 1992; Betts and Ball, 1994; Angevine, 1999). However, these studies
do not include direct measurements of the entrainment flux. Furthermore, they often
neglect the advection, or apply model results for estimating the advective flux (Angev-
ine, 1999). This results in large uncertainties in the formulation of turbulence models
for coarser scaled simulations, especially regarding the treatment of the entrainment
flux (Wulfmeyer et al., 2016) and the similarity relationships applied for deriving the
surface fluxes (van de Boer et al., 2014).
The organization of the turbulent flow in the PBL is closely related to the atmo-

spheric and terrestrial budgets of water and energy. Investigating the organization of
turbulent flow inside the PBL is an interesting task for realistic LES studies as the
flow is influenced both by the larger scale weather situation and the properties of the
land surface. A series of idealized and semi-idealized LES studies have investigated
the influence of the heterogeneous land surface on the development of the flow inside
the PBL, e.g. Avissar and Schmidt (1998); Baidya Roy and Avissar (2000); Raasch
and Harbusch (2001); Letzel and Raasch (2003); Maronga and Raasch (2013), among
others. However, none of this studies were conducted under genuine conditions with
changing boundary conditions and a diurnal cycle. Especially the development of co-
herent structures and local, mesoscale circulations in the PBL, which form due to local
differences in the energy balance at the land surface and the surface roughness (Patton
et al., 2005; Mauder et al., 2007; Kang and Lenschow, 2014), is an important objective
that can be studied under real weather conditions by a nested LES. Depending on the
background wind, these structures take the from of thermals (Wilczak and Tillman,
1980; Williams, 1993), open cells (Kropfli and Hildebrand, 1980; Träumner et al., 2015)
or horizontal rolls (Etling and Brown, 1993; Drobinski et al., 1998).
It has been shown, that these structures pervade the lowermost parts of the atmo-

spheric surface layer (Eder et al., 2013, 2015b; Träumner et al., 2015). Furthermore,
these large scale structures have an effect on surface flux measurements conducted with
the eddy covariance (EC) method (Foken, 2008; Eder et al., 2015a). Foken (2008) ar-
gued, that the energy balance closure problem occurs due to sampling issues related
to the EC method. Only small eddies are sampled, but also the larger eddies, existing
on a timescale longer than the typical time average of 30min applied for EC-stations
contribute to the energy balance in the surface layer. Large eddies are not in a steady
state, thus they cannot be measured by the EC method (Kanda et al., 2004; Mauder
et al., 2007; Steinfeld et al., 2007; Mauder et al., 2010; Leuning et al., 2012).
A series of LES studies investigated the energy balance closure (EBC) of the eddy

covariance technique (Kanda et al., 2004; Inagaki et al., 2006; Steinfeld et al., 2007;
Huang et al., 2008). They computed the EBC by comparing an areal averaged flux,
representing the complete exchange, with the local, time averaged flux. However, this
approach is only applicable for a homogeneous lower boundary condition. In contrast,
Eder et al. (2015a) and De Roo and Mauder (2018) implemented the control volume
approach of Finnigan et al. (2003) and Wang (2010), which mimics eddy covariance
measurements in the simulation by virtual stations. This approach is also applicable
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in heterogeneous conditions and was utilized here to study the EBC under realistic
conditions.
Based on these studies, which should represent the current state of knowledge about

the interactions in the land-atmosphere system on the local scale, the following research
objectives were addressed in this thesis:

Objective 1 How do the regional terrestrial water and energy budgets differ in fine-
scaled simulations with land cover and moisture availability and is an influence of
an enhanced soil hydrology already visible in relatively short term simulations on the
terrestrial budgets?

Objective 2 What is the influence of the land surface heterogeneity and the synoptic
situation on the regional planetary boundary layer budgets of latent and sensible heat?

Objective 3 How does the turbulent flow in the planetary boundary layer organize un-
der the influence of land surface heterogeneities as well as different weather conditions
and do the heterogeneities result in local, mesoscale circulations?

Objective 4 What is the influence of the boundary layer circulation on the energy
balance closure of sensible and latent heat in virtual eddy covariance towers?

The thesis is structured as follows: Chapter 2 gives a short introduction into the
water and energy budgets in the land-atmosphere system, including the governing
conservation equations. In Chapter 3, the applied WRF-NOAHMP-HYDRO model is
introduced and the major changes in the code, which were necessary to adjust the
model to the specific objectives are summarized. This is followed by a description of
the observational data sets for validating the simulations, a detailed introduction of
the test sites the simulations were conducted for, the synoptic situation during the
three different cases and a summary of the test simulations for optimizing the model
set up in Chapter 4. The results are organized in four chapters. First, the model
results are compared against a series of observations made during the different case
studies in Chapter 5 to asses the results of the following chapters. Chapter 6 deals
with the terrestrial energy and water budgets in the different control areas, including
an discussion for the controlling factors in the budgets. The thermodynamic budgets
of the PBL are the main topic of Chapter 7 which finishes off with an investigation of
the cloud cover during the simulations. The presentation of the results is concluded by
Chapter 8, where the organization of the turbulent flow in the model is investigated,
including coherent structures and mesoscale circulations and the influence of the flow
on the EBC in virtual EC-stations is examined. The thesis ends with a conclusion and
an outlook about possible future developments in Chapter 9.
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CHAPTER 2

The Water and Energy Budgets in the
Land –Atmosphere System

In this chapter, the theoretical backgrounds of the water and energy cycles in the earth
system are summarized. Section 2.1 deals with the terrestrial budgets of energy and
water and is based on the textbooks of Hillel (2003), Stensrund (2007), Bonan (2008)
and Moene and Van Dam (2014). The atmospheric budgets of energy and water are
discussed in Section 2.2, which summarizes Stull (1988), Oki (1998) and Rosen (1998)
as well as Wyngaard (2010). Finally, in Sec. 2.3, the challenges in the description of
the terrestrial and atmospheric budgets on the mesoscale are briefly outlined.

2.1. The Terrestrial Budgets of Energy and Water

When the solar radiation hits the land surface of the Earth, it is partitioned into
different fluxes. The amount of short wave radiation (S↓w) reaching the land surface,
which corresponds to the part not being reflected by clouds, aerosols or backscattered
by molecules, is partially reflected by the land surface. The ability of the land surface
for reflecting short wave radiation is called albedo (α). The albedo depends on the land
use, the brighter the land surface is, the larger the reflected part. Besides the short
wave radiation Sw, longwave radiation also reaches the land surface. The origin of
the downwelling longwave radiation (L↓w) is the sun, the terrestrial atmosphere, and, if
present, clouds. Unlike the shortwave radiation, the longwave radiation is not partially
reflected at the land surface, the major part is absorbed. Through the combined effect
of the downwelling shortwave and longwave radiation the land surface is heated and
emits thus as well longwave radiation, the upwelling longwave radiation (L↑w). The
distinction between the shortwave and the longwave radiation is traditionally done at
a wavelength of 3µm. The following equation summarizes the radiation budget at the
land surface:

Rn = (1− α)S↓w + L↓w − L↑w. (2.1)

The energy available at the land surface through the net radiation (Rn) is partitioned
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according to:

Rn = λET + Sh +G+ Se. (2.2)

Each term is explained in the following paragraphs. The latent heat flux (λET )
and the sensible heat flux (Sh) are both turbulent fluxes. The latent heat flux is the
evapotranspiration of water at the land surface expressed in energy units. The sensible
heat flux describes the exchange of heat between the land surface and the atmosphere
through direct cooling and heating. It can be described with a bulk aerodynamic for-
mula (e.g. Mahrt and Vickers (2004)), where the Sh is proportional to the temperature
difference between the surface and a reference height zr times the mean wind speed at
zr, ur, an aerodynamic transfer coefficient for heat Ch, usually originated in Monin-
Obukhov similarity relationships, the density of the air ρair and the heat capacity of
dry air cp:

Sh = cpρairCh|ur|(Ts − Tair (zr)). (2.3)

A similar approach is applied for the latent heat flux (Eq. 2.4), where qs and qair (zr)
are the moisture at the land surface and the reference height zr and Lv the latent heat
of vaporization, respectively,

λET = LvρairCh|ur|(qs − qair (zr)). (2.4)

The ground heat flux G depends on the temperature gradient in the soil and the
thermal conductivity λs of the soil according to:

G = −λs
∂T

∂xj
. (2.5)

As the ground heat flux changes with depth, heat is also stored in the soil. Considering
this, the temporal evolution of the soil temperature can be described with:

∂T

∂t
=

∂

∂xj

(
κs
∂T

∂xj

)
. (2.6)

Here, κs is the thermal diffusivity and is defined as κs = λs/(ρscs), with ρs being
the density of the soil and cs the specific heat capacity of the soil. The density of
the soil, in turn, is a linear combination of the respective densities of the mineral
compounds ρm, the organic matter ρo, the soil moisture density ρη and the density of
air in the pores ρpa with their respective volumetric fractions (fm, fo, η, fpa), thus,
ρs = fmρm + foρo + ηρη + fpaρpa . Hence, the soil moisture (η) has a large impact on
the soil heat conductance, being an example for the strong coupling of the water and
the energy cycle of the Earth.
The last term in Eq. 2.2, Se represents the storage of heat. Storage of heat hap-

pens mainly by the heating of the canopy, the transformation of solar energy into
chemical energy by the photosynthesis and the heating of the ambient air inside the
canopy, which does not take part in the circulation inside the planetary boundary layer
(Finnigan, 2006).
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The terrestrial water budget can be described by the following equation:

∂S

∂t
= P − ET − ∂Qu,j

∂xj
− ∂Qs,j

∂xj
+R, j ∈ {1, 2}. (2.7)

In this equation, ∂S/∂t stands for the temporal change of storage of water, where S
represents η, the groundwater storage, and storage through interception and ponded
water at the land surface. The precipitation is represented by P , ET stands for
evapotranspiration, Qu,j is the subsurface runoff in direction j, Qs,j the surface runoff
in direction j and R represents the residual in the equation. In the following, the
major processes dominating the exchange of water at the land surface are summarized
briefly. As the focus of this work is is on non-precipitating cases, here the movement
of water in soils and evapotranspiration are discussed.
For describing the transport and storage of water in soils, the concept of the water

potential is applied. The water potential describes the energy state of water, and
consequently, water is moving from a higher to a lower potential. The complete water
potential (ψ = ψg + ψm + ψo) consists of the gravitational potential (ψg), the matric
potential (ψm) and the osmotic potential (ψo). The osmotic potential describes the
potential energy of water due to solutes. The gravitational potential (ψg) represents
the potential energy of the soil water in the gravitational field of the Earth against
a certain reference height, while ψm describes the influence of the soil adsorption of
water and the capillary forces affecting the water in the soil pores. The ratio between
the strength of the adsorption and the capillary forces depends on the soil type. In
clayey soils, the adsorption plays a larger role, while in more sandy soils, the capillary
forces show a larger effect in comparison to the adsorption. The water potentials are
usually described in units of energy per unit volume, resulting in an expression in units
of pressure or meters. Because the water potential can vary between a few meters and
thousands of meters, typically the pF-value is applied, being the negative common
logarithm of the water potential (pF = − log10(ψ)).

The flow of water in unsaturated soil, the vadose zone, is described by the Richards
equation (Richards, 1931):

∂η

∂t
= − ∂

∂xj

(
K(ψm)

∂ψm
∂xj

)
+
∂K(ψm)

∂xj
δj3 − s(xj). (2.8)

Due to unsaturated conditions, where the pore space in the soils is partially filled with
water and with air, the hydraulic conductivity depends on the soil suction and wetness
K(ψm). The derivative of the hydraulic conductivity with respect to the vertical
coordinate represents the influence of the gravitational potential ((∂K(ψm)/∂xj)δj3),
with δj3 being the Kronecker-delta. The last term in Eq. 2.8, s(xj) is a sink term
describing the uptake of water by roots and the evaporation from soil pores. As
the combined influence of suction and gravity gradients works in the vertical, the
vertical flux of water usually dominates the flow in the vadose zone. Nevertheless,
if the hydraulic conductivity decreases with depth or at steep topographic gradients,
unsaturated horizontal flow (called interflow) is also taking place.
For saturated soils, the equation describing the flow of water in soils simplifies to
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the general flow equation:

∂η

∂t
=

∂

∂xj

(
K
∂ψ

∂xj

)
. (2.9)

As the pores are fully saturated with water, the water is always under positive hy-
drostatic pressure in the case described by Eq. 2.9, in contrast to the vadose zone,
where the water is under tension. Thus, the hydraulic conductivity K depends only
on the soil porosity and not on the soil suction and wetness, as it was the case for the
unsaturated flow described by the Richards equation (Eq. 2.8).
At the interface between the vadose zone and the saturated zone the water table

is found. Infiltration of water from the vadose zone into the saturated zone is called
percolation. Percolation usually happens, when η reaches higher values than the so
called field capacity. The field capacity is defined as the amount of water, a specific
type of soil can keep against the gravity for a couple of days. In the opposite direction
from the groundwater to the vadose zone, water can rise from the saturated zone,
driven by capillary forces. The area directly above the water table, called the capillary
fringe, is usually still saturated. From there, the water rises in the soil column due to
the capillary forces.
The water table follows from a regional point of view approximately the topography.

Thus, as groundwater flow is driven by the gradient of the hydraulic head, groundwater
is transported in the mean along the topographic gradient and the flow is converging
in the valleys. There, the water table is generally higher than at mountain ridges.
Through the aforementioned interaction between the water in the vadose zone and
the groundwater, the mean groundwater flow can affect η in the vadose zone leading
to a higher moisture availability in valleys for ET (Maxwell et al., 2007; Kollet and
Maxwell, 2008).
Besides the storage and the runoff, the evapotranspiration is the other major factor

in the terrestrial water balance. Moreover, evapotranspiration is the link between the
terrestrial water budget and the atmospheric water budget, and the major interaction
between the water and the energy budget of the Earth. In the land system, evapotran-
spiration consists of the evaporation from the pores of soil and the transpiration of the
vegetation. While the bare soil evaporation affects only the very first centimeter of the
soil column, plants also have access to moisture in the deeper soil through their roots,
where evaporation is negligible. Depending on the types of plants and the ecological
conditions, the depth of the root zone can vary strongly in magnitude. As the roots of
the majority of the plant species need to have access to gaseous oxygen for respiration,
the root zone usually does not reach down to the water table.
For transpiration, the water in the pores of the soil next to the roots is absorbed

and translocated by the vascular system of the pants to the leaves. There, the water
evaporates through the stomata, tiny cavities in the cuticle of the leaves through
which CO2 , necessary for photosynthesis enters the leave tissue. Therefore, active
photosynthesis is always connected with transpiration of water through the stomata.
To maintain the continuous flow of water through the plant, a negative gradient of
water potential must exist from the soil over the roots, the stem and the leaves to the
atmosphere. Depending on η, the root density, the soil porosity and the humidity in
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the air, the plant can extract water from the soil to continue its physiological activity.
If the water potential in the soil falls below a certain limit, the plant begins to wilt.
This threshold value is called the permanent wilting point. Although the permanent
wilting point depends on a lot of different ecological factors, including the plant species,
it is generally assumed at a pF value of around 4.2. Because the vegetation works as a
coupling for water fluxes across the land surface from the soil to the atmosphere, and
to emphasize the strong coupling between the soil, the vegetation and the atmosphere,
the expression soil-vegetation-atmosphere (SVA) continuum has been established.
Mathematically, the evapotranspiration can be described with the Penman-Monteith

equation:

ET =
∂esat
∂Tair

(Rn −G) +
ρair cp
ra

(esat(Tair )− eair )
∂esat
∂Tair

+ γ(1 + rs
ra

)Lv
. (2.10)

Here, ET is the evapotranspiration, ∂esat/∂Tair the local change of the saturation
water vapor pressure curve with the temperature of the ambient air, Rn is the net
radiation, G the ground heat flux, ρair the density of the ambient air, cp the heat
capacity of dry air, ra the aerodynamic resistance against the water vapor transport
in the air, esat(Tair ) − eair the water vapor pressure deficit, γ is the psychrometric
constant, rs the resistance of the plants stomata against water loss, describing the
physiological behavior of the plants, and Lv is the latent heat of vaporization.

2.2. The Thermodynamic Budgets in the Atmosphere

The thermodynamic budgets of the atmosphere are described by the conservation law
for water and heat. Together, they represent the first law of thermodynamics of the
atmosphere. The budgets of heat and moisture in the atmosphere compensate for the
effect of the differential heating by irradiance of the land surface, resulting in typical
global and local circulation patterns in the atmosphere, like the Hadley, Ferrel or
Polar cell as examples for the global scale, katabatic and anabatic winds or land-sea
circulations as examples for the local scale. Although the atmosphere contains only
0.001% of the available water on the Earth, it has an integral role in redistributing the
moisture as the atmosphere is directly connected to all of the Earth’s water reservoirs,
except the groundwater. Furthermore, it is responsible for the redistribution of energy
in the Earth system.
Both the atmospheric water and the energy budget play a crucial role in the vertical

stability of the atmosphere and, thus, in the formation of shallow and deep convection.
The atmospheric water and heat budgets are coupled through the latent heat related
to phase changes of water. For a conditionally unstable atmosphere, the release of lat-
ent heat leads to unstable conditions what can lead to deep convection. Nevertheless,
before moist convection can show its impact with the release of latent heat, dry con-
vection has to become strong enough, for the air to reach the lifted condensation level
(LCL). The magnitude of dry convection in the lower troposphere is mainly forced by
buoyancy, which is primarily caused by temperature differences in the atmosphere and
thus by the differential heating of the atmosphere by the Earth’s surface.
Furthermore, both the water and energy budgets of the atmosphere are coupled with
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the Earth’s radiation budget. The absorption of long wave radiation by greenhouse
gases and the emission of thermal radiation by the atmosphere couple the atmospheric
heat budget with the radiation budget of the Earth. Water vapor absorbs infrared
radiation and through scattering of light by water molecules and hydrometeors, water
also interacts with the short wave radiation. Thus, the atmospheric water vapor budget
has a strong impact on the radiation budget of the Earth.
As this study concentrates on non-precipitating cases, in the following the atmo-

spheric water vapor budget and the atmospheric heat budget are discussed and the
liquid and solid states of water in the atmosphere are neglected. The atmospheric
water vapor budget assuming incompressibility (∂ui∂xi

= 0) of the air can be described
by:

∂qv
∂t

+ uj
∂qv
∂xj

= νq
∂2qv
∂x2

j

+
Sq
ρair

+
ET

ρair
. (2.11)

Here, qv is the water vapor mixing ratio. The first term on the left-hand side describes
the storage of water vapor in the atmosphere, and the second term the redistribution
of water vapor with the winds, the water vapor flux divergence. The first term on the
right-hand side describes the movement of water vapor because of diffusion, νq is the
molecular diffusivity for water vapor in the air. The second term on the right-hand
side is a source and sink term, standing for the loss or gain of water vapor because
of phase changes in the atmosphere and ET represents the evapotranspiration at the
surface.
For describing the qv budget in turbulent flows, as they are prevailing in the PBL,

Reynolds averaging is utilized to separate the mean state of qv (q̄v) from the turbulent
fluctuations of qv (q′v). Applying Reynolds averaging on Eq. 2.11 results in:

∂qv
∂t

+ uj
∂qv
∂xj

= νq
∂2qv
∂x2

j

+
Sq
ρair

+
ET

ρair
−
∂(u′jq

′
v)

∂xj
. (2.12)

The averaged equation describes the temporal evolution of the mean water vapor con-
tent and the advection of water vapor with the mean flow on the left-hand side. On the
right-hand side, the influence of diffusion on the mean atmospheric water vapor con-
tent as well as the influence of phase changes and evapotranspiration are represented.
The last term on the right-hand side stands for the flux divergence of the turbulent
water vapor flux, which results from the averaging process. The turbulent fluxes are
described by the covariance between the wind fluctuations in each direction and the
humidity fluctuations.
Similar to the atmospheric water vapor budget, the equation to describe the conser-

vation of the atmospheric heat (Eq. 2.13) consists on the left-hand side of the storage
of potential temperature and the transport of potential temperature with the wind.
The first term on the right-hand side is the heat diffusion, with νθ being the molecular
diffusivity for heat, the second term stands for heating and cooling due to radiation,
the third term represents the coupling with the atmospheric water budget because of
phase changes, the fourth term represents the influence of Sh and the last term rep-
resents the influence of the turbulent sensible heat flux divergence. Here, Reynolds
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averaging and the incompressibility assumption have already been applied,

∂θ

∂t
+ uj

∂θ

∂xj
= νθ

∂2θ

∂x2
j

+
1

ρaircp

Qj
xj

+
LvSq
ρaircp

+
Sh

ρaircp
−
∂(u′jθ

′)

∂xj
. (2.13)

2.3. The Land –Atmosphere System at the Local Scale and
Challenges of the Conventional Description in
Land –Atmosphere Exchange

The land-atmosphere system at the local scale is characterized by complex, non-linear
interactions between the different involved compartments. Among the compartments
are the the saturated soils, the vadose zone, the vegetation canopy, the PBL and the free
troposphere. The PBL is the part of the troposphere, that is directly influenced by the
Earth’s surface and that responds to surface forcings within the timescale of an hour
(Stull, 1988). Surface forcings are frictional drag, heat transfer, evapotranspiration
and terrain induced flow modification. The height of the PBL (zi) varies over land in
time and space. Typical values range between 100m and 3000m (McGrath-Spangler
and Denning, 2013). Furthermore, zi varies with season and the synoptic situation.
Generally, higher values are reached in low pressure situations than under high pressure
conditions. Around zi, a capping temperature inversion is found. Inside the PBL,
turbulent exchange processes prevail, which redistribute momentum, heat, moisture,
trace gases and aerosols from the ground to higher altitudes.
The PBL shows a pronounced diurnal cycle. During nighttime, the lower part of the

PBL is formed by a stable stratified layer. Above, a neutrally stratified residual layer
is found. During the morning transition period, the heating of the surface by the sun
starts and the thermal convection is induced (Angevine et al., 2001). The convection
forms the mixed layer, which grows into the residual layer. During daytime, dry and
warm air is entrained at the top of the mixed layer from the free troposphere above PBL
across the interfacial layer around zi, which modifies the heat and moisture distribution
in the PBL (Angevine et al., 1994). Compared to the surface forcing, the influence of
the entrainment is considered to contribute up to 10–30% of the growth of the PBL
(Canut et al., 2010). With sunset, the thermal convection stops and the residual and
the nocturnal stable layer starts to develop (Grimsdell and Angevine, 2002).
At the bottom of the mixed layer, the atmospheric surface layer is located. The sur-

face layer corresponds up to 10% of the PBL. In the surface layer, the Monin-Obukhov
Similarity Theory (MOST; Monin and Obukhov (1954)) is applied, to determine the
fluxes of latent and sensible heat and momentum from the mean gradients of qv, θ and
uj (Mahrt, 2000). Beneath the surface layer, the roughness sublayer is found, where
individual roughness elements at the land surface disturb the flow (Sun et al., 1999)
and MOST does not hold any more. At the bottom of the roughness sublayer, the
canopy starts. The canopy air is usually not involved in the atmospheric circulation.
According to MOST, the vertical turbulent flux of sensible heat, moisture or mo-

mentum in the surface layer is proportional to the vertical gradient of the particular
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variable and a universal similarity function φ(z/L), where L is the Obukhov length:

L = − u3
∗θv

κg(w′θ′v)s
. (2.14)

In this equation, θv is the mean virtual potential temperature and (w′θ′v)s the kinematic
virtual potential temperature flux near the surface, respectively, g the gravitational
acceleration, κ = 0.4 the von Kármán constant and u∗ the friction velocity. The
friction velocity is defined as:

u∗ =
4

√
(u′w′)2

s + (v′w′)2
s, (2.15)

with (u′w′)s and (v′w′)s describing the vertical turbulent momentum transport in u and
v direction close to the surface. Physically, the absolute value of the Obukhov length
describes the height at which the momentum production by shear and buoyancy are
balanced. In the surface layer, the flow is usually stronger influenced by shear than by
buoyancy, in contrast to the mixed layer. Thus, |L| corresponds to the depth of the
surface layer. At the interface between the surface and the mixed layer the boundary
layer thermals form (McNaughton, 2004).
As in the mixed layer buoyancy exceeds the effect of shear, MOST scaling is no longer

applicable. Here, the local fee convection (LFC; (Wyngaard et al., 1971)) scaling is
applied for deriving fluxes. In LFC scaling, the Deardorff velocity scale w∗ (Deardorff,
1970) is applied for normalizing the fluxes. Physically, the Deardorff velocity scale w∗
describes the mean velocity of the thermals in the mixed layer:

w∗ =

(
g

θv
zi(w′θ′v)s

) 1
3

. (2.16)

However, similarity relationships, as they are applied in MOST, assume the land-
atmosphere exchange taking place over a homogeneous surface and stationary fluxes in
the surface layer. Furthermore, according to MOST, the turbulent exchange processes
in the surface layer depend on the surface fluxes alone. Most of these assumptions are
not valid in a realistic environment, especially when the land surface is characterized by
small patches like in Central Europe. Among the most important processes violating
MOST are heterogeneity induced circulations (mesoscale circulations) and boundary
layer circulations with a duration significantly longer than the sampling time applic-
able for assuming stationary conditions in the surface layer (coherent structures). Both
circulation types are interfering with the local surface layers and influence the local
gradients (Moene and Schüttemeyer, 2008; Cuxart et al., 2016). Furthermore the en-
trainment of air from the free troposphere down to the surface layer, modifying the
moisture fields close to the surface and changing ET disturbs the hypotheses behind
MOST (Mahrt, 1991; De Bruin et al., 1999; van de Boer et al., 2014). Although even
under idealized conditions, the surface similarity relationships derived from MOST are
expected to be accurate within 10–20% (Högström, 1996), both processes, the circu-
lation patterns inside the PBL and entrainment violate the stationarity assumption in
MOST (Katul et al., 2008).
The strength of the entrainment from the free troposphere into the PBL depends
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on various factors. It was found to vary with the surface forcing (Angevine, 2008), the
lapse rate in the free troposphere above the convective boundary layer (CBL) (Sorbjan,
1996), the wind shear in the CBL (Pino et al., 2003; Conzemius and Fedorovich, 2006)
and the geostrophic wind velocity (Huang et al., 2011) as well as with the interaction
with gravity waves (Wulfmeyer et al., 2016) and the organization of the dominant
structures in the PBL flow (Weckwerth et al., 1996). Although this list does not claim
to be complete, it already emphasizes, how strong the local heat and moisture budgets
in the land-atmosphere system interact with the larger synoptic situation, which has
to be considered as well when simulating the local budgets of water and energy.
Furthermore, the formation as well as the size and the shape of organized structure

in the PBL also changes with the synoptic situation. In several studies it was found
that the organization of the dominant structures in the PBL flow depend on the ra-
tio between wind shear and buoyancy (Salesky et al. (2017) and references therein).
Shallow convection in the CBL varies between roll like structures, which are elongated
with the mean wind (LeMone, 1976; Weckwerth et al., 1996, 1997) and open cell con-
vection (Atkinson and Zhang, 1996). When the atmospheric convection reaches the
lifted condensation level (LCL), clouds start to form in the thermals, which change the
surface energy budget by shading (Lohou and Patton, 2014; Gronemeier et al., 2017).
Thus, not only the modification of the thermodynamic properties of the air close to
the surface by the circulation pattern in the PBL influences the terrestrial budgets,
but also the location of clouds, which depends on the organization of the PBL flow.
Besides the interplay between the surface energy and water balance with the circula-

tion patterns in the PBL, the entrainment and the larger scale weather conditions, the
processes at the land surface and in the subsurface interact also with the local budgets
of water and energy. Groundwater flow transports water in the saturated zone along
the topographic gradient, which leads to a higher water table in valleys, compared to
mountain ridges. Through the capillary rise, the groundwater interacts with the vadose
zone and leads to higher values η in valleys. With higher η contents, ET rises, what
changes the surface energy balance (Kollet and Maxwell, 2008). As the groundwater
level depends also on the local soil structure and the underlying geology, the deeper
sub–surface also shows an influence. For example Kirchen et al. (2017) found a strong
influence of the soil type on the transpiration in a beech forest and Hassler et al. (2018)
observed an impact of the underlying geology on the transpiration in a forest.
Moreover, the physiological reaction of the vegetation on moisture availability in the

soil for transpiration, the reduction of the photosynthetic active radiation (PAR) by
the shading of clouds and the increase of the vapor pressure deficit (VPD) by entrained
air are also modifying ET at the land surface (Farquhar et al., 1980; Ball et al., 1987;
Leuning and Foster, 1990; De Arellano et al., 2014) and have to be considered when
describing the water and energy budgets on a local scale. As it was already outlined
above, the organization of the flow in the PBL depends on the ratio of shear to buoy-
ancy, thus differences in the surface energy balance can result in changed circulation
patterns in the CBL (Patton et al., 2005; Huang and Margulis, 2013). In addition, the
η pattern influences the surface energy balance, what alters through the atmospheric
stability the location of precipitation (Taylor et al., 2012; Froidevaux et al., 2014;
Taylor, 2015; Cioni and Hohenegger, 2017). This leads to a feedback cycle between
ET and precipitation, coupled through the convective motions in the PBL (Arnault
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et al., 2018), illustrating the strong non-linear behavior of the land-atmosphere system
on the local scale.
Moreover, it is important to consider the large range of spatial and temporal scales

of the processes taking place in the land-atmosphere system. The different compart-
ments, namely the soil, the vegetation and the atmosphere are characterized by widely
different physical and physiological properties, which create different temporal dynam-
ics. The range varies from random turbulent eddies, forming in timescales of seconds
to minutes in the atmosphere, over the transport of water in the subsurface, which
is characterized by typical timescales of months to years, the evolution of topography
dominated vegetation patterns on decadal timescales to the formation of soils on geo-
logical timescales (Vereecken et al., 2016). However, as it is impossible to incorporate
all of these scales in a numerical simulation, modeling studies of the land-atmosphere
system and its different compartments must focus on the most important dynamic
processes controlling the local system on the scale of interest in the particular study.
Here, the focus is on the interaction between the turbulent flow in the lower tropo-
sphere and the processes at the land surface. Thus, the long term processes like the
evolution of soil and vegetation patterns are assumed to be static. For incorporating
realistic values of η, longer simulations were conducted on a coarser scale. The exact
structure of the simulations will be discussed in Chapt. 4.
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CHAPTER 3

The WRF–NOAHMP–HYDRO Model

3.1. The WRF Model

For this study, version 3.7.1 of the Weather Research and Forecasting (WRF) model
(Skamarock et al., 2008) is applied. The WRF model is a numerical weather prediction
(NWP) model, which allows for a great variety of physics parameterizations. It integ-
rates the compressible, non-hydrostatic Euler equations in flux form using a terrain
following vertical coordinate (Laprise, 1992). For the temporal integration, a time-split
scheme is applied, with a third-order Runge-Kutta (RK3) scheme for the low-frequency
modes and a leapfrog scheme for the acoustic modes (Wicker and Skamarock, 2002;
Klemp et al., 2007). The prognostic equations are discretized on an Arakawa-C grid
(Arakawa and Lamb, 1977), with a fifth order finite difference scheme (Wicker and
Skamarock, 2002) for the horizontal and a third order scheme for the vertical advec-
tion. Positive-Definite transport schemes (Skamarock and Weisman, 2009) as well as
an option for a sixth order advection filter (Knievel et al., 2007) are available. The
prognostic variables are the horizontal wind components u and v, the vertical velo-
city w, the potential temperature θ, the perturbation geopotential ϕ, and the surface
perturbation pressure ps as well as the water vapor mixing ratio qv. All variables are
mass coupled in the prognostic equations. Depending on the applied cloud microphys-
ics, different types of hydrometeors and their corresponding number concentrations are
added.

3.1.1. WRF for Convection Permitting Simulations

At horizontal grid increments larger than ≈ 3zi, which is usually satisfied by convec-
tion permitting simulations, turbulent motions in the atmosphere are assumed to be
completely unresolved (Honnert and Masson, 2014). Thus, the Reynolds Averaged
Navier Stokes (RANS) approach is satisfied and the turbulent exchange has to be
parameterized in such simulations. In WRF, two different schemes for the horizontal
and the vertical subgrid transport are applied for simulating the subgrid scale (SGS)
fluxes in RANS mode. A 2-D Smagorinsky model (Smagorinsky et al., 1965) calculates
the horizontal component, while for the vertical a turbulence model (PBL-scheme) is
applied. Both models rely on a turbulent diffusion approach. In the 2-D Smagorinsky
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model, the diffusion constant depends on a fixed value plus a second term proportional
to the horizontal deformation of the air in the model.
The PBL-Schemes can be divided into two major subgroups, local and non-local

schemes. An example for a local scheme is the Mellor Yamada Nakanishi Niino
(MYNN) scheme (Nakanishi and Niino, 2009). In local schemes, the turbulent ex-
change depends on the local gradient of the mean state of the variable in the gridcell
(ξ) and a turbulent exchange coefficient (Kξ):

w′ξ′ = −Kξ
∂ξ

∂z
. (3.1)

In MYNN, Kξ is proportional to a turbulent length scale LT and stability functions
for momentum, heat and moisture. In general, local schemes show a sensitive behavior
towards the formulation of LT (Mellor and Yamada, 1982; Cuijpers and Holtslag, 1998;
Grisogono, 2010).
In contrast to local schemes, non-local schemes do also account for mixing due

to large eddies, which can perform counter gradient transport. A non-local scheme
available in WRF is the Yonsei University (YSU) scheme (Hong et al., 2006). In the
YSU scheme this is done by incorporating a counter gradient mixing term (γψ). The
fluxes are parameterized in the following way:

w′ξ′ = −Kξ

(
∂ξ

∂z

)
− γξ + (w′ξ′)zi

(
z

zi

)3

. (3.2)

The last term of the right-hand side of (Eq. 3.2) refers to the entrainment fluxes at
the PBL top zi, which is determined by a combination of the strength of the local flux
and a Bulk Richardson number (Ri). A weakness of non-local schemes is their strong
dependence on the estimates of zi in the model (Teixeira and Cheinet, 2004).

3.1.2. WRF for Large Eddy Simulations

Large Eddy Simulations are a method for simulating turbulent flows. By choosing a
grid-increment, which allows for resolving the low wavenumber motions in the turbu-
lence spectrum, larger eddies in the flow are explicitly simulated. As the larger eddies
within a turbulent flow are more vigorous and are responsible for the bulk transport,
LES can be expected to be more accurate than simulations with Reynolds averaged
Navier Stokes Equations (RANS), while being not so computationally expensive as
direct numerical simulations (DNS), in which the full spectra of the turbulence is re-
solved down to the Kolmogrov Microscale. Generally, in LES a low-pass filtering (3.3)
operation is applied on the fields in the model (Leonard, 1975):

ϕ̃(x) =

ˆ
G(x− y)ϕ(y)dy, (3.3)

where G(x − y) is the filter kernel and ϕ̃ is the filtered field. Unlike most other LES
models, WRF has no explicit filter function implemented. In WRF, the numerical grid
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is applied as filter. The filtered budget equations can be written as:

∂q̃v
∂t

+
∂(ũj q̃v)

∂xj
=

S̃q
ρ̃air
− ∂τqv j

∂xj
, (3.4)

∂θ̃

∂t
+
∂(ũj θ̃)

∂xj
= − 1

ρ̃aircp

Q̃j
xj

+
LvS̃q
ρ̃aircp

−
∂τθj
∂xj

, (3.5)

∂ũi
∂t

+
∂(ũj ũi)

∂xj
= −δi3 g + fcεij3 ũj −

1

ρ̃air

∂p̃

∂xj
− ∂τij
∂xj

, (3.6)

where τij = ũiuj − ũiũj is the residual stress tensor for the case of the momentum
equation (Eq. 3.6), δi3 the Kronecker delta, εij3 the Levi-Civita symbol and fc the
Coriolis parameter. In Eq. 3.5, τqvj = q̃vuj − q̃vũj is the SGS moisture flux in the
filtered water vapor conservation equation (Eq. 3.4) and τθj the SGS sensible heat flux
in the filtered potential temperature conservation equation (Eq. 3.5). These terms are
parameterized in LES to close the equations. WRF offers two different options for
SGS models, the Smagorinsky Model (Smagorinsky (1963) and Lilly (1967)) and the
1.5-order TKE closure (Lilly (1967), Klemp and Wilhelmson (1978)) and Sullivan et al.
(1994)). Both models follow an eddy-viscosity approach, where the SGS flux is pro-
portional to the local gradient and a turbulent diffusion constant (Km). Equation 3.7
presents the parameterization of the SGS momentum exchange:

τij = −2KmS̃ij , (3.7)

with S̃ij = 0.5(∂ũi/∂xj + ∂ũj/∂xi) as the resolved strain rate tensor. Since the tur-
bulent eddies are partially resolved in LES, it is possible to relate the subgrid motions
with the resolved strain rate. However, this approach only holds if the grid increment
in the model is fine enough, to resolve the turbulence spectra down to the inertial
subrange. As the spectra of kinetic energy in a turbulent flow varies with the Reyn-
olds number, no general rule can be applied for the required grid increment to resolve
atmospheric flows sufficiently in LES. Generally, the size of the eddies varies with the
stability of the PBL, and thus the grid increment has to be finer for simulating stable
boundary layers than for simulating CBLs (Muñoz-Esparza et al., 2017).
In this study, the 1.5 order TKE model was applied to simulate the SGS fluxes of

moisture and heat. In the 1.5 order TKE model, Km is derived according to:

Km = Cel
√
e. (3.8)

In this equation, e is the subgrid turbulent kinetic energy (TKE), Ce a calibration
constant, which is set to 1.5 in the WRF model, and l a characteristic length scale.
Under unstable conditions, the characteristic length scale is derived according to l =
∆ = 3

√
∆x∆y∆z, where ∆x, ∆y and ∆z are the grid increments in x, y and z direction,

respectively. Under stable conditions, l is calculated with the following equation:

l = 0.76

√
e√
g

θ̃s

∂θ̃
∂z

, (3.9)
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with θs as the potential temperature in the lowest model level. The SGS-TKE (e) is
computed by a prognostic equation including buoyancy, shear and dissipation (Klemp
and Wilhelmson, 1978). Finally, the subgrid heat and scalar fluxes are derived by the
local local gradients of moisture or heat and reads for heat as:

τθj = −Kh
∂θ̃

∂xj
, (3.10)

with Kh as the turbulent diffusion constant for heat, derived from the following re-
lationship: Kh = (1 + 2l/∆)Km. For moisture, the same approach is applied, only
the gradient of the humidity (∂q̃v/∂xj) is incorporatd in the equation. No turbulent
diffusion constant for moisture is utilized, for the SGS moisture fluxes, Kh is used as
well.
Linear SGS models with a positive eddy viscosity, like the 1.5 order TKE model,

are only able to parameterize dissipation of TKE. Thus, these models cannot account
for effects like the backscattering of energy from small, unresolved scales of motion to
resolved eddies or the anisotropy of the SGS turbulence generated by shear. These ef-
fects affect mainly the SGS momentum transport (Muńoz-Esparza et al., 2014). There-
fore, Kosović (1997) developed the more sophisticated nonlinear backscatter anisotropy
(NBA) model. It was implemented by Mirocha et al. (2010) into WRF, and was applied
in this study to derive Km, while Kh was computed by the 1.5 order TKE model.

3.2. Implementation of Online Diagnostics in WRF for High
Temporal Resolution

The objectives of this thesis required a couple of modifications of the WRF code. Par-
ticularly, an online method for deriving the atmospheric budgets was implemented.
Furthermore, an online method for computing turbulent statistics from the first to
the fourth moment and turbulent fluxes was added to WRF. Since WRF integrates
the fully compressible Euler equations and applies explicit numerical schemes, strong
constrains are imposed by the Courant number on the model timestep to ensure nu-
merical stability. Especially when operated at grid increments allowing for the explicit
simulation of updrafts, a reduction of the timestep is necessary. If the Courant num-
ber constraint is not fullfilled, artifacts are generated due to numerical inconsistencies
which travel as waves through the model domain. These waves can accumulate and
disturb the model results (Knievel et al., 2007), what eventually leads to a crash of
the model. Thus, WRF has to be operated at LES scales on a timestep far below
1 s. At these temporal scales, it becomes difficult to derive sufficiently sampled tur-
bulence statistics from the standard model output due to the limited amount of disk
space available even on a high performance computing (HPC) system. Moreover, with
insufficient temporal sampling, it is difficult, to generate closed atmospheric budgets.
Therefore, online sampling methods for both topics were implemented in the WRF
model.
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3.2.1. Online Calculation of the Atmospheric Budgets

As was outlined in Sec. 2.2, the equations for the thermodynamic atmospheric budgets
are the conservation equations for θ and qv. Thus, they are integrated by WRF.
However, none of the variables in the conservation equations are part of the standard
model output. Furthermore, for deriving the atmospheric budgets, the terms in the
equations have to be temporally accumulated for the time in between two model out-
puts to derive closed atmospheric budgets. Furthermore, for deriving statistics of the
terms in the budget equations, the instantaneous values are of interest. Therefore, the
WRF model was modified to make the terms in the conservation equations in WRF for
momentum, θ, the water vapor mixing ratio qv and the hydrometeor mixing ratio qi
and the SGS TKE (e) accessible in accumulated and instantaneous form in the model
output. The work presented here was partly based on the changes implemented by Wei
et al. (2017), who implemented the budgets for qv and qi, whereas for this study, the
budgets of θ, the momentum transport in all three directions and the budget of e were
added additionally. Similar approaches have been already applied for the Consortium
for Small-Scale Modeling (COSMO) model (Schmidli and Rotunno (2010), Langhans
et al. (2012) and Panosetti et al. (2016) and by Lehner and Whiteman (2012) for the
equations of momentum conservation in WRF.
WRF integrates the euler equations on a terrain following vertical coordinate. The

vertical coordinate ηz is defined as ηz = (pdh − pdht)/µd), where pdh is the hydrostatic
component of dry air pressure at the specific model layer and µd = pdhs − pdht , with
pdhs and pdht as the dry air pressures at the surface and the model top, respectively.
In this coordinate system, the vertical exchange is defined as ω = ∂ηz/∂t. In the
model code, the terms in the prognostic equation are stored mass coupled. Since µd
represents the dry air mass per unit area, the mass coupled variables for the fluxes
are V = µdv = (U, V,Ω), with v = (u, v, ω), Θ = µdθ and Qm = µdqm, where qm
stands for the mixing ratios of water vapor (qv) or various hydrometeors mixing ratios,
depending on the applied microphysics scheme. In this form, the prognostic equations
for the mass coupled potential temperature Θ is formulated as:

∂Θ

∂t
+ (∇ ·Vθ) = Fsgs + Fdiab + Frad . (3.11)

The two terms on the left-hand side represent the storage and the resolved flux di-
vergence. The terms denoted with F on the right-hand side represent various forcing
terms, which are generally results of model parameterization schemes. For this study,
in the conservation equation for Θ, the forcings were divided into three terms, includ-
ing the subgrid transport Fsgs , the latent heating by phase changes of water Fdiab and
the heat exchange due to radiation Frad .
For the conservation of water, two equations were applied. The atmospheric water

is divided into water vapor (Qv; Eq. 3.12) and a term representing liquid and solid
hydrometeors (Qi; Eq. 3.13). For Qi, the involved hydrometeors depend on the applied
microphysics scheme, in the current setup, the Morrison 2-moment (Morrison et al.,
2009) scheme is applied, which involves cloud and rain water, cloud ice, graupel, and
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snow. The equations are formulated in the following way:

∂Qv
∂t

+ (∇ ·Vqv) = Fsgs + Fevapsub , (3.12)

∂Qi
∂t

+ (∇ ·Vqi) = Fsgs + Fevapsub + Ffallout . (3.13)

Similar to Eq. 3.11, the left-hand side in Eq. 3.12 and Eq. 3.13 represents the storage
and the resolved flux divergence. Again, the SGS transport is involved by Fsgs . The
term Fevapsub stands for changes in Qv and Qi due to evaporation and sublimation
of hydrometeors and the condensation of water vapor. Finally, in Eq. 3.13, Ffallout

represents the loss of hydrometeors as precipitation.
In the coordinate framework of WRF, with ϕ = gz as the geopotential, αd = 1/ρd as

the inverse density of dry air and αm = 1/ρair the inverse density of the full, moist air
mass, the prognostic equations for the mass coupled winds U , V andW are formulated
as:

∂U

∂t
+ (∇ ·Vu) + µdαm

∂p

∂x
+
αm
αd

∂p

∂ηz

∂ϕ

∂x
= Fsgs + Fcurv + Fcor + Fphys , (3.14)

∂V

∂t
+ (∇ ·Vv) + µdαm

∂p

∂y
+
αm
αd

∂p

∂ηz

∂ϕ

∂y
= Fsgs + Fcurv + Fcor + Fphys , (3.15)

∂W

∂t
+ (∇ ·Vw)− g

(
αm
αd

∂p

∂ηz
− µd

)
= Fsgs + Fcurv + Fcor + Fphys . (3.16)

Like in the budget equations of θ, qv and qi, the first term on the left-hand sides of
equations Eq. 3.14 to Eq. 3.16 represent the change in storage and the second terms
the flux divergence of momentum. The third and fourth term on the left-hand side of
Eq. 3.14 and 3.15 represent the pressure gradient force, while in Eq. 3.16 the third term
describes the buoyancy. The forcing terms include the SGS transport of momentum
(Fsgs), the coriolis force (Fcor ), and the curvature term (Fcurv ), which describes the
influence of the map projection on the coriolis force. Finally, in Fphys , the impact of
model physics schemes is summarized. Both, Fcurv and Fcor , appear in the conserva-
tion equation for the vertical momentum as well (Eq. 3.16). This is in contrast to the
physical momentum budget equation. However, due to the formulation of the vertical
coordinate and the change of the coordinate system caused by the applied map projec-
tion, these terms show an influence on the vertical motions in the atmosphere as well
in the model.
Eventually, the terms in the budget equation of the SGS TKE e was made accessible

in the model output:

∂(eµd)

∂t
+ (∇ ·Ve) = Fsgs + Fbuoy + Fshear + Fdissip . (3.17)
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In the budget equation of e, Fbuoy and Fshear stand for the respective production of e
due to buoyancy and shear and Fdissip for the dissipation of e.
As the coupling of the prognostic equations to the fluxes at the land surface is

performed inWRF with the vertical part of the SGS fluxes, no explicit term is necessary
in the equations to represent the surface fluxes. The budgets are closed with the terms
presented in the equations. All terms were stored mass decoupled. Thus, each term has
the dimension of a temporal derivative of the corresponding prognostic variable. The
terms describing the resolved flux divergence were split into the three spatial directions
and decoupled from the influence of the map projection. The SGS flux divergence was
split into a horizontal and a vertical part. If WRF is operated as mesoscale model, and
a PBL-parameterization is applied, the vertical part of Fsgs represents the influence of
the PBL-scheme, while the horizontal terms of Fsgs represent the contribution of the
2-D Smagorinsky model to the SGS transport. As in LES mode, a fully 3D-closure of
the equations is applied, all SGS transport terms are computed by the SGS-model.
In the model output, the tendencies are available as instantaneous fields in the output

and as accumulated version, representative for the integration time in between the
output times. Thus, closed budgets for the most important atmospheric state variables
are provided. Furthermore in LES, the flux divergence terms in the conservation
equations allow to identify regions of convergence in the atmosphere, and promise to
give new insights into the organization of the flow. Moreover, the influence of different
parameterizations can be studied directly through the respective tendency terms.
However, as in LES the turbulent motions are partly resolved, the terms for the

resolved flux divergence include both the contribution of advection and the resolved
turbulence. Therefore, it is not possible with the approach described above to distin-
guish the advection and the resolved part of the turbulent motions in the budgets. To
derive the turbulent fluxes, a statistical method was implemented in the model code,
which is described in the next section.

3.2.2. Online Calculation of Turbulent Fluxes and Moments

To generate turbulence statistics during model runtime, an online calculation of the
resolved turbulent fluxes and turbulent higher moments up to the fourth moment was
implemented in the WRF code. A similar approach was already applied by Sühring
and Raasch (2013) in the Parallelized LES Model (PALM) and by Huang et al. (2008)
in WRF. The online calculation of turbulent fluxes can be derived through Reynolds
averaging, and are outlined here for the turbulent flux of a particular quantity ξ:

u′iξ
′ = uiξ − uiξ. (3.18)

The calculation of the turbulent fluxes covers the kinematic heat flux (ξ = θ), the water
vapor flux (ξ = qv), and the momentum fluxes (ξ = u, v or w) in all three directions
(ui = u, v, w), where the covariances of w, u or v with itself are the turbulent variances
of the turbulent wind fluctuations in the respective direction.
A similar approach was chosen for the variance, the third and the fourth moment

of the quantity ξ, where Eq. 3.19 describes the calculation of the variance, Eq. 3.20 the
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one of the third moment and Eq. 3.21 the one of the fourth moment, respectively:

ξ′2 = ξ2 − ξ2
, (3.19)

ξ′3 = ξ3 − 3ξξ2 − 2ξ
3
, (3.20)

ξ′4 = ξ4 − 4ξξ3 − 6ξ
2
ξ2 − 3ξ

4
, (3.21)

with ξ ∈ {θ, qv, u, v, w}. The online calculation of the fluxes and moments has two main
advantages over offline methods. First, the sampling rate is much higher, basically only
restricted by the model timestep compared to an offline calculation of the statistics, and
second, the amount of necessary disk space is reduced. As the statistics are already part
of the model output, the frequency of the necessary model output is drastically reduced.
Furthermore, with the covariance scheme implemented here for turbulent fluxes, it is
possible to derive the turbulent flux divergence for the atmospheric budgets. Thus,
in combination with the online calculation of the atmospheric budgets, it is possible
in an LES to separate the resolved turbulent flux divergence from the influence of the
advection in the model.

3.3. The NOAHMP Land Surface Model

The NOAH-Multiparameterization (NOAHMP) Land Surface Model (LSM; Niu et al.
(2011)) is one of the LSMs available in WRF. It is based on the widely used NOAH
LSM (Chen et al., 1996; Schaake et al., 1996; Koren et al., 1999; Chen and Dudhia,
2001; Ek et al., 2003). Like NOAH, NOAHMP incorporates four soil layers down to
2m depth, discretized from the top to the bottom into layers of 10 cm, 30 cm, 60 cm
and 100 cm thickness. The soil types are defined by the method of the United States
Department of Agriculture (USDA), which distinguishes soils according to their clay,
silt and sand content into 12 different classes. In NOAHMP, the vertical transport of
the volumetric soil moisture (η) is represented by the diffusive form of the Richards
equation:

∂η

∂t
=

∂

∂z

(
D(η)

∂η

∂z

)
+
∂K(η)

∂z
+ sη, (3.22)

where D(η) is the soil water diffusivity, K(η) the hydraulic conductivity and sη a
source and sink term for precipitation, evapotranspiration and percolation. The soil
water diffusivity is derived by D(η) = K(η)(∂ψm(η)/∂η), with ψm representing the soil
water tension or matric potential. The latter is computed by ψm(η) = ψsat(η/ηsat)

−b

following Clapp and Hornberger (1978), with ψsat and ηsat being the saturation water
tension and the saturation soil moisture, respectively, and b as a curve fitting para-
meter. The saturated hydraulic conductivity Ksat , ηsat and b are prescribed values for
each soil type in the model, following the method of Cosby et al. (1984). The actual
hydraulic conductivity is derived from K(η) = Ksat(η/ηsat)

2b+3.
For the water budget at the land surface, several options are available in NOAHMP.

As NOAHMP is operated in combination with HYDRO in this study, the method of
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(Schaake et al., 1996) was applied, which is an infiltration excess based runoff scheme.
In this formulation, the lower boundary condition is a free drainage formulation. The
drainage from the soil column is proportional to the drainage computed by Eq. 3.22 and
a parameter, which is set to 0.1 in the applied runoff scheme of NOAHMP throughout
the whole domain.
The ground heat flux is represented by the heat diffusion equation for soils:

∂Tsoil

∂t
= C(η)−1 ∂

∂z

(
Kt(η)

∂T

∂z

)
, (3.23)

where C(η) is the volumetric heat capacity, formulated as a linear combination of the
heat capacities of water, the dry heat capacity of the corresponding soil type and the
heat capacity of air, weighted according to η. The thermal conductivityKt is calculated
applying an exponential relationship of Kt with the matric potential following Pan and
Mahrt (1987).
NOAHMP applies a semi-tile approach for calculating the surface energy balance.

The vegetation canopy is treated separately from the ground. The shortwave radiation
is calculated for the entire grid cell, considering gap probabilities in the vegetation
canopy. Depending on the solar zenith angle, radiative fluxes that are reflected by
the surface and absorbed by the canopy or the ground for a visible and an infrared
waveband are computed (Yang and Niu, 2003; Niu and Yang, 2004). Once the incoming
solar radiation is partitioned, the surface energy balance is calculated three times, for
the vegetation canopy, the vegetated ground and the bare soil. The surface energy
balance is solved iteratively, considering the exchange between the vegetation canopy
and the vegetated ground. The total exchange consists out of the weighted average of
the fluxes for the vegetated and the bare surface, presented here for λET :

λET = (1− Fveg)λEg,b + Fveg(λETveg + λETg,veg). (3.24)

In this equation, Fveg is the fraction of vegetated ground in the grid cell, and λEg,b ,
λETveg , and λEg,veg are the latent heat fluxes from the bare soil, from the vegetation
canopy and from the vegetated ground to the atmosphere, respectively.
The calculation of the fluxes at the land surface to the atmosphere follows a gradient

approach. For the vegetated tiles, the fluxes are calculated against the canopy air, while
for the bare ground fraction, the fluxes are solved directly against the properties of the
air in the lowest model level in the atmosphere. The canopy air temperature (Tac) and
the canopy air vapor pressure (eac) are derived by linear weighted functions. For Tac ,
the function includes the vegetation temperature Tveg , the ground temperature Tg,veg

and the air temperature Tair in the lowest model level in the atmosphere, as well as
the respective exchange coefficients for heat (Cgv , Cveg and Ch):

Tac =
CgvTg,veg + CvegTveg + ChTair

Cgv + Cveg + Ch
. (3.25)

For the vegetated fraction, the flux from the canopy air to the lowest model level in the
atmosphere equals the sum of the fluxes to the canopy air, since the storage of heat and
moisture in the canopy air is neglected. Following this approach, the sensible heat flux
between the different compartments in the model (ground, vegetation canopy, canopy
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air and the atmosphere) is calculated as follows:

Sh,x = ρaircp
Tx − Tac

rx
. (3.26)

In this equation, ρair is the density of dry air, cp is the heat capacity of dry air, Tx
the temperature of the vegetation or the ground, rx is the respective resistance. In
the calculation of the sensible heat flux from the vegetation canopy to the canopy air,
the leaf area index (LAI ) and the stem area index (SAI ) are considered, to include a
measure for the biomass.
The sensible heat flux from a vegetated tile of the grid cell to the atmosphere reads

as:

Sh,veg = ρaircp
Tac − Tair

ra
. (3.27)

The aerodynamic resistance is derived from ra = 1/(Chuair ), where Ch is the exchange
coefficient for heat and for moisture, derived from different similarity relationships for
stable and unstable conditions (Paulson, 1970), and uair the wind speed at the lowest
model level. Unlike in NOAH, where the exchange coefficients are calculated by the
surface layer scheme and then passed to the LSM, NOAHMP calculates the coefficients
by itself following the idea of Polcher et al. (1998). Therefore, when NOAHMP is
applied, the surface layer scheme is reduced to open water bodies.
Similar to the sensible heat flux, the latent heat flux from the vegetated tile is also

solved against the canopy air. Here, the canopy air vapor pressure eac is applied. Thus,
the latent heat flux from the bare ground to the canopy air is computed as follows:

λETg,veg =
ρaircp
γ

esat(Tg,veg)RHg − eac
rac + rsoil

. (3.28)

Here, γ is the psychrometric constant, esat the saturation water vapor pressure, Tg,veg

is the ground surface temperature under the vegetation canopy, and RHg the relative
humidity in the air pore space. The aerodynamic resistance of the canopy air (rac)
is computed assuming an exponential decay of rac with height and applying MOST
similarity relationships to the air beneath the canopy, including the canopy density
as well as the stand height (Choudhury and Monteith, 1988; Niu and Yang, 2004).
The resistance of the soil pores against water vapor transfer, rsoil , is derived by an
empirical relationship between the soil wetness in the top soil layer, the saturation soil
moisture in the top soil layer, the diffusivity for water vapor in the soil and the curve
fitting parameter b (Sakaguchi and Zeng, 2009). The latent heat flux form the bare
ground (λETg,b) is derived by the same approach. For λETg,b , the reference vapor
pressure is set to the vapor pressure at the lowest model level in the atmosphere eair ,
the aerodynamic resistance ra is applied instead of rac and the ground temperature of
the bare soil Tg instead of Tg,veg .

In addition to the latent heat flux from the ground to the vegetation canopy λETg,veg ,
the latent heat flux from the vegetated tile of the grid cell includes the canopy evapo-
transpiration (λETveg) as well. The calculation of the canopy evapotranspiration is
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presented in Eq. 3.29:

λETveg =
ρcp
γ

(
fwet(LAIe + SAIe)

rb
+ (1− fwet)(

LAIe,sun
rb + rs,sun

+
LAIe,sha
rb + rs,sha

))
(esat(Tveg)− eac).

(3.29)

In this equation, fwet is the wet fraction of the canopy, LAIe and SAIe are the effective
LAI and SAI (LAI or SAI normalized by Fveg), LAIe,sun and LAIe,sha , the sunlit and
shaded effective LAI , rb is the leaf boundary resistance by unit LAI , rs,sun and rs,sha
are the sunlit and shaded stomatal resistances, Tveg is the canopy temperature, esat is
the saturation water vapor pressure at Tveg and eac the water vapor pressure in the
canopy air, respectively. The latter is derived combing the latent heat fluxes of the
vegetated ground and the canopy. The first part of the second term on the right-hand
side of Eq. 3.29 accounts for the evaporation of intercepted water, while the second
part of the term represents the transpiration.
For parameterizing the stomatal resistance rs, NOAHMP offers two options, the

Jarvis scheme (Jarvis, 1976) and the more sophisticated Ball-Berry scheme (Ball et al.,
1987; Collatz et al., 1991; Bonan, 1996; Sellers et al., 1996). The Ball-Berry scheme
relates the stomatal resistance rs to the rate of photosynthesis per unit LAI of shaded
and sunlit leaves Ai, respectively,

r−1
s = m

Ai
cair

eair
esat(Tveg)

pair + gmin , (3.30)

where cair is the CO2 concentration at the leaf surface (set to constant 355 ppm), pair
the air pressure, esat(Tveg) the saturation vapor pressure in the leaf surface and gmin the
minimal stomatal conductance. The parameter m, relates the transpiration with the
CO2 flux and describes thus the water efficiency of the plants. Both, gmin and the water
efficiency of the plants m are plant specific values. The Ball-Berry model is coupled
to a photosynthesis model, representing the plant physiology of C3 plants (Farquhar
et al., 1980). The model of Farquhar et al. (1980) describes the rate of carboxylation
Ai for three cases (Collatz et al., 1991). The first case is the carboxylase limited case,
in which photosynthesis is limited by the CO2 concentration in the leaf cavities and the
reaction kinetics of the carboxylase. The second case is the light limited case, where
the photosynthetic active radiation PAR limits the photosynthesis. The third case is
the export limited case. The minimal value among the three mentioned dominates
the behavior of the photosynthesis. Both the carboxylase and the export limited cases
are functions of the maximum rate of carboxylation Vmax . In the carboxylase limited
case, Vmax depends on the nitrification, which is set constant in NOAHMP, the leaf
temperature and the water supply in the soil available for transpiration (Tr). Soil
moisture control over the rate of carboxylation in the Farquhar model is employed
by the β-factor. NOAHMP offers three different options for calculating the β-factor.
They either depend on η or ψm in the root zone for the specific plant type. In case the
β-factor depends on ψm, the influence of η on rs shows a strong non-linear behavior.

Besides the exchange of heat and moisture, the sink and generation of momentum at
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the land surface has to be simulated by the LSM as well. Like it was already mentioned
in Sec. 2.3, the turbulent exchange of momentum is described by u∗. In NOAHMP, u∗
is defined as:

u∗ =

√
Cm
√

uair
2 + w2

∗. (3.31)

Here, Cm is the exchange coefficient for momentum, which is, like Ch, the exchange
coefficient for heat, defined by a similarity relationship, uair is the wind speed at the
lowest model level, and w∗ the Deardoff velocity. The Deardoff velocity is defined in
the model assuming a constant value of 1000 m for zi.

3.4. HYDRO – A Hydrological Extension to NOAHMP

Even though there are some more sophisticated models available in NOAHMP for de-
scribing the hydrological budget at the land surface compared to NOAH, NOAHMP
is still not able to incorporate lateral fluxes of water at the land surface and in the
soil. With the use of HYDRO (Gochis and Chen, 2003; Gochis et al., 2013), a package
with an enhanced runoff formulation for NOAH and NOAHMP, this lack in important
hydrological processes can be closed. During this study, HYDRO version 3.0 was ap-
plied. HYDRO adds a suite of multiple physics options for describing surface overland
flow, saturated subsurface flow, channel routing and baseflow processes to the one-
dimensional runoff formulation in NOAH and NOAHMP. Unlike many other coupled
model systems, WRF and HYDRO are operated by the same executable. The HY-
DRO component is fully interactive with the LSM and WRF. Because the distribution
of water on the land surface largely depends on the orography, which often can not
be represented by atmospheric models in sufficient detail necessary for hydrological
simulations, HYDRO can be applied on a finer grid than WRF. The WRF grid is
disaggregated at the beginning of each HYDRO loop and a weighted average of the
fields on the HYDRO grid is passed back to WRF at the end of the HYDRO call. Par-
ticularly, the soil temperature, soil moisture, soil liquid water, the timestep infiltration
excess and the soil column drainage are read as input fields by HYDRO. Passed back
to the LSM by HYDRO are the soil moisture, the soil liquid water and the surface
water depth.
In the traditional NOAH hydrology, the infiltration excess is removed as surface

runoff. When HYDRO is applied, the infiltration excess is allowed to remain in a grid
cell as ponded water. The ponded water is redistributed as overland flow by the surface
routing scheme in HYDRO, if it exceeds the retention depth at the land surface. The
retention depth is a tunable parameter. By default, a characteristic value is prescribed
for each land use type. Overland flow is represented by a diffusive wave formulation
(Julien et al., 1995) and depends on the local gradient of the depth of the surface water
(∂hsurf /∂xj) and the terrain slope in the corresponding direction (So,j ). In HYDRO,
a form of Manning’s equation is implemented:

Qs,j =
(Soj − (∂hsurf /∂xj ))

(1/2)

nov
hsurf

(5/3), j ∈ 1, 2, (3.32)
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where nov is the retention depth.
Prior to the surface routing, the subsurface routing is executed, to account for the

possible exfiltration from the soil due to converging flowlines. Subsurface flow is only
applied in saturated soil and is implemented in HYDRO by the method of Wigmosta
et al. (1994) and Wigmosta and Lettenmaier (1999) from the Distributed Hydrology
Soil Vegetation Model (DHSVM). Following this approach, the subsurface flow rate
from one grid cell i, j to its adjacent grid cell in x-direction Qux(i,j) can be expressed
as:

Qux(i ,j ) = −
(

w(i ,j )Ksat(i ,j )Di ,j

ni ,j

)
tanβx(i ,j )hi ,j . (3.33)

In Eq. 3.33, w(i ,j ) is the width of the grid cell, Ksat(i ,j ) the saturated hydraulic conduct-
ivity, Di ,j the soil thickness, ni,j the tunable local power law exponent for calculating
the hydraulic head hi ,j and βx(i ,j ) is the difference in the water table depths between
the two adjacent grid cells. The hydraulic head is derived according to:

hi ,j =

(
1− zi ,j

Di ,j

)ni,j

, (3.34)

where zi ,j is the water table depth, which is the depth of the first saturated soil layer
form the surface.
Lateral flow in the vadose zone (interflow) is not represented in the model. With the

current model setup, interflow is not resolvable, since horizontal runoff processes in the
vadose zone happen on scales of the order of 1m (Vogel and Ippisch, 2008). For the
channel routing, a trapezoidal channel geometry is assumed. The channel flow is solved
by a 1-D-diffusive wave equation. A Strahler stream order is applied to implement a
runoff hierarchy for the streams. In addition, a reservoir and a bucket groundwater
model are available as well. The groundwater bucket is fed by the percolation from the
lowest soil layer in the LSM. Outflow from the groundwater bucket model is computed
using an exponential function and depends on the water storage in the bucket. As
HYDRO was developed as a flood forecasting model, the outflow from the aquifer is
added to the streamflow (Senatore et al., 2015; Yucel et al., 2015). Thus, no direct
feedback between the groundwater and the soil moisture is included in the model at its
current staste, and the groundwater bucket model shows no influence on the η content
in the soils.
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CHAPTER 4

Experimental Setup

4.1. Configuration of the Model

4.1.1. Domain Setup

To conduct LES experiments under realistic weather conditions, dynamical downscal-
ing was applied down to the LES scale. In total, three domains were operated for
the simulations conducted in this thesis (Fig. 4.1). The outermost domain, denom-
inated with D01, covers most of Europe with 856× 832 grid cells at a resolution of
2.5 km (O(2.5km)) and incorporated 65 levels up to 50 hPa with 25 levels up to 2 km
AGL. Operating domains of this size at convection permitting resolutions is already
common at most national forecast centers and showed promising results over Europe
in previous case studies (Schwitalla and Wulfmeyer, 2014; Bauer et al., 2015; Adam
et al., 2016). With model output at a frequency of 5min from D01, new boundary
conditions were calculated for the second domain (D02), which covers southwestern
Germany with 856× 836 grid cells at O(500m). Along with the nesting the vertical
resolution was refined to 128 levels up to 50 hPa with around 50 levels up to 2 km
and a layer depth of 20 to 30 m in the PBL (Fig. 4.2). In WRF3.7.1, an online nest-
ing method incorporating a refinement of the vertical mesh, like it was introduced by
Daniels et al. (2016) for WRF and applied by Mirocha and Lundquist (2017), was not
available. Otherwise, direct nesting would have been the preferable option for forcing
D02, compared to computing new boundary conditions with the output of D01. The
same vertical resolution as in D02 was applied in in the third domain (D03), which was
nested directly by 1-way nesting in D02 and was operated at O(100m) with 856× 836
grid cells. In the third domain, which was the domain applied for the budget analysis,
HYDRO was incorporated in the simulations on a 100 m grid increment to account for
lateral runoff processes at the land surface.
The different domains were operated at a numerical timestep of 12 s for D01, 2 s for

D02 and 0.4 s for D03, respectively. The grid refinement factor was with 1:5 larger than
the factor of 1:3 recommended for WRF. However, computation time for one domain
is saved with the factor of 1:5 for reaching a grid increment of 100 m, what allows to
enlarge the domains and thus the flow to spinup properly. Reflection of the inflow at
the nesting boundaries can happen, when the grid ratio is too large, namely because of
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Figure 4.1.: Applied domain setting. D01 and D02 are shared by all experiments. The
upper panel on the right side shows the setting of D03 for the experiments
conducted for the SABLE region, the location of the campaign is marked
by the red dot. The lower panel on the right side shows D03 as operated for
the case studies in the Ammer catchment, which is localized by the black
contour. Open water bodies are shown in blue.

the sudden appearance of topographical features (Warner et al., 1997). Nonetheless,
the grid refinement does no happen over areas with steep topographic gradients in the
domain setting applied here and no numerical artifacts at the nesting boundaries were
observed in the simulations.
The simulations for each case study were started 18 hours in advance of the initializa-

tion of the nested domains to ensure sufficient time for spinning up the model (Fig. 4.3).
For SABLE, D01 was started at 1200UTC (14:00 LT) on August 17th 2014. The nes-
ted domains were initialized at 0600UTC (08:00 LT) and operated until 1800UTC on
August 19th 2014, the date of the actual case study (SABLE case study). For the
Ammer catchment, simulations for two cases have been conducted, a dry and a moist
case. For the dry case, D01 was started at 0600UTC (08:00 LT) on July 14th 2015
and the LES was operated for 24 hours from 0000UTC on July 15th to 0000UTC on
the following day (AMMER2015 case study). For the moist case (AMMER2016), D01
was initialized at 1800UTC on June 7th 2016. The LES was initiated at 1200UTC on
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Figure 4.2.: Profile of the vertical resolution in meters applied for the two inner domains
(D02 and D03).

the 08th and operated for 36 hours. The actual case study took place on June 9th 2016.
During AMMER2016, the model was integrated longer due to a heavy precipitation
event, which took place on the evening of June 8th 2016 in the area. This event was
included in the LES for enhancing the η conditions during the case study. For all
cases, 18 hours were available for spinning up the meteorological fields in D01. Similar
nesting strategies has already been applied by a couple of studies (Liu et al., 2011;
Talbot et al., 2012; Rai et al., 2017; Taylor et al., 2016; Muñoz-Esparza et al., 2017;
Heath et al., 2017; Gantner et al., 2017; Xiao et al., 2018) and are common for studies
with nested LES.
As the focus in this study is on the land-atmosphere system, an equilibrial state of

η in the simulations is crucial. Otherwise, spinup effects are perturbing the effect of
the model parameterizations controlling the land-atmosphere system on the terrestrial
and atmospheric budgets in the simulations. An equilibrial moisture content in the
soil is usually obtained through a longer spinup period with the model. Usual spinup
periods for LSMs and hydrolgical models cover timescales from a year to several years
(e.g. Ajami et al. (2014)). Due to the computational effort to run a fully coupled
atmosphere land surface hydrology model on a fine resolution, such operation times are
only feasible if the LSMs are operated decoupled from the atmospheric model. Thus,
such simulations are not able to represent the feedback the land surface shows on the
atmosphere. Therefore, it was decided to use the fully coupled model for spinning up
the soil instead of an offline method and to reduce the spinup period on two months.
In this way, the feedback mechanisms between the land surface and the atmosphere
were incorporated in the η spinup as well.
The initial fields for the soil spinup simulations were derived from the ECMWF

global model. Tests of initialization and operation of WRF with ECMWF operational
analysis of soil moisture and soil temperature fields showed, that NOAH and NOAHMP
are able to spinup within a few weeks for Central Europe, when initialized with the
fields of the ECMWF land surface scheme (Milovac et al., 2016). In addition, the
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Figure 4.3.: Flow diagram of the applied nesting approach. For all cases a 2-month
surface spinup was performed in D01 with WRF-NOAHMP and for 10 days
in D02 with WRF-NOAHMP-HYDRO. To correct the forcing fields passed
from D01 to D02, a rapid update cycle (RUC) of hourly 3-Dimensional
Variational Data Assimilations (3DVAR) was applied in D01 during the
simulation. Nesting was performed with a grid refinement of 1:5. D02 is
forced by calculating new boundary conditions from model output of D01
with a frequency of 5min, along with a refinement of the vertical levels
(NDOWN). D03 was forced directly by D02 by 1-way nesting.

coupling of the deeper soil layers, where the spinup takes longer due to the larger
volume of soil, with the land surface is weaker. Therefore, the influence of the deeper
soil layers on the energy balance and on the PBL is much weaker (Angevine et al.,
2014) and an equilibrial state of η is not as important as for the upper soil levels.
The spinup was operated in weather prediction mode in D01 with WRF-NOAHMP

(Fig. 4.4). In weather prediction mode, the atmosphere in the model is reinitialized
every 24 hours, here with ECMWF analysis data, and the η and soil temperature fields
are allowed to evolve freely. This prevents the model from being too far away from
reality, as especially the location as well as the strength of precipitation events is
corrected according to the ECMWF analyses every 24 hours. During the last ten days
of the spinup period, D02 was operated as well. In this 10-day period, the last major
precipitation events were covered in case of the SABLE and the AMMER2016. For
the spinup in D02, HYDRO was engaged on a 100 m grid. In this way, the HYDRO
component is redistributing the moisture laterally according to the orographic gradient,
enhancing the fields of η. Furthermore also the land use and the soil texture is much
better represented at a grid increment of 500 m than at 2.5 km, which leads to a more
realistic loss of η due to ET in the spinup.
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Figure 4.4.: Flow diagram of the η spinup. The spinup was operated in weather pre-
diction mode. The atmospheric fields were reinitialized every 24-hours with
ECMWF analysis data. The η and the soil temperature were as well initial-
ized with the ECMWF data at the start of the spinup, but evolved freely
subsequently.

4.1.2. Configuration of WRF

The LES was conducted at a grid increment of 100 m. Although this is a relatively
coarse grid increment for an LES, sensitivity tests have revealed, that the model was
able to reproduce the statistical characteristics of the turbulent flow inside the PBL
already at 100 m, compared to a typical grid increment of 20 m (see Sec.4.2.1). Because
of the massive computational resources necessary to conduct a LES experiment at 20 m
for a full diurnal cycle, the size of the domain could not have met the extend of the
domain at 100 m. However, a smaller domain would have interfered with the ability of
the model to represent mesoscale circulations.
Further sensitivity test revealed an influence of the turbulence parameterization in

D02 on the development of the turbulent eddies in D03 (see Sec. 4.2.2). Simulations
forced by runs with the 1.5-order TKE closure applied in D02 showed a faster spinup
of the turbulence compared to simulations with a PBL-scheme applied in D02. When
LES closure methods are already applied in D02, the inflow into D03 already con-
tains large turbulent structures, which are decomposed by the finer grid increment.
In contrast to the turbulence parameterization in D02, the third domain showed no
significant response to the PBL-scheme applied in D01. Eventually, a configuration
with MYNN2.5 (Nakanishi and Niino, 2009) in D01 and the 1.5-order TKE closure
(Lilly, 1967; Sullivan et al., 1994) for the scalar fluxes and the scheme of (Kosović,
1997) for simulating the SGS momentum fluxes in D02 and D03 was applied. Nesting
was performed without any perturbation method for enhancing the turbulence spinup,
such as the cell-perturbation method developed by Muñoz-Esparza et al. (2015) and
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applied by Muñoz-Esparza et al. (2017). The topography as well as the forcing by the
surface heat flux from the LSM generated sufficient convection to produce turbulence
in the PBL. Additionally the domain sizes in this study were large enough to ensure a
proper turbulence spinup until the areas of interest were reached by the flow.
Besides the choice of the turbulence scheme and the shallow convection scheme of the

Global/Regional Integrated Model System (GRIMS), which was only applied in D01,
the set of parameterizations was held constant between the domains. For parameter-
izing radiative processes, the Rapid Radiative Transfer Model for General circulation
models (RRTMG) longwave and shortwave schemes of Iacono et al. (2008) were used.
The surface layer was represented with the revised MM5 surface layer scheme (Jiménez
et al., 2012) which is based on revised similarity functions to describe the surface layer
under stable and unstable conditions. Cloud microphysics were parameterized by the
Morrison 2-moment scheme of Morrison et al. (2009). It includes prognostic variables
for cloud water, cloud ice, snow, and graupel and their number concentrations. Sixth
order diffusion (Knievel et al., 2007) was applied in all domains. Furthermore, the off-
centering in the integration of the vertical sound waves (epssm switch) in the model was
given more flexibility in all domains. All schemes applied in this study are summarized
in Tab. 4.1 in combination with other model parameters.

4.1.3. Configuration of NOAHMP and HYDRO

In NOAHMP, the stomatal resistance (rs) was simulated with the Ball-Berry model
(Bonan, 1996). For the soil moisture control factor over rs (β-factor), the Community
Land Surface Model (CLM) formulation was chosen (Oleson, 2004), which is based
on the matric potential. The water budget at the land surface was modeled with the
original NOAH (free drainage) option (Schaake et al., 1996; Chen and Dudhia, 2001).
For the surface exchange coefficient for heat, the Monin-Obukhov formulation was used
and the radiative transfer was represented by the Modified-2-Stream option (Yang and
Niu, 2003; Niu and Yang, 2004). The option for dynamic vegetation were not applied.
The Leaf Area Index (LAI ) and the green vegetation fraction (GVF ) were read form a
table and Fveg was computed based on the values of LAI and GVF . As the simualtions
covered only a single diurnal cycle, the time period that the simulation covered was
too short for the dynamic vegetation to spinup properly.
At small timesteps, as they are necessary for WRF operated at LES scales,

NOAHMP fails to compute the water as well as the energy transport in the soil. This
phenomena occurs, because the fluxes of water and heat are too small to be detected by
the 32 bit precision of the model at small timesteps. Problematic are timesteps below a
few seconds (NCAR; personal communication). Solutions are either the refinement of
the vertical soil layers as it has been implemented by Liu and Shao (2013), or increas-
ing the timestep of NOAHMP by decreasing the calling frequency. The latter option
was applied here and the WRF code was adjusted to call NOAHMP only every 12 s,
while WRF was operated at 0.4 s in D03. When the typical timescales of the larger
eddies in the PBL is considered, which is at several minutes, the timestep of 12 s was
still adequate to allow an immediate response of the land surface to the atmospheric
conditions.
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Table 4.1.: Summary of the applied parameterization schemes and other settings in the model setup. The number of gridcells is given in
longitudinal ×latidunal ×vertical direction.

Process D01 D02 D03

Grid Increment 2.5 km 500 m 100 m
No. of Grid Cell 856× 832× 65 856× 836× 128 856× 836× 128
Timestep 12 s 2 s 0.4 s
Subgrid Fluxes MYNN2.5 (Nakanishi and

Niino, 2009) in the vertical
and 2D-Smagorinksy in the
horizontal

3D 1.5-order TKE (Lilly,
1967) and the scheme of
Kosović (1997)

3D1.5-order TKE (Lilly,
1967) and the scheme of
Kosović (1997)

Surface Layer Revised MM5 (Jiménez
et al., 2012)

Revised MM5 Revised MM5

Shallow Convection GRIMS – –
Radiation RRTMG (Iacono et al.,

2008)
RRTMG RRTMG

Microphysics Morrison 2-moment (Mor-
rison et al., 2009)

Morrison 2-moment Morrison 2-moment

LSM NOAHMP NOAHMP NOAHMP
HYDRO No No Yes
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To increase the conceptual realism in the LES, HYDRO was applied in D03. It was
operated on the same 100m grid like WRF-NOAHMP. In HYDRO, the surface runoff
scheme was set to the steepest descend method (option 2), subsurface routing was
utilized and for the channel routing the gridded diffusive wave formulation was applied
(option 3). For several reasons outlined in Sec. 4.2.4, the groundwater bucket model
was not applied in this study. Table 4.2 summarizes the applied schemes in NOAHMP
and HYDRO.
The HYDRO component was operated uncalibrated. As the attention is not on

runoff generation at the land surface but on the coupling of the land surface and the
atmosphere, a possible calibration would have involved a much larger parameter space,
not necessarily including the adjustable parameters in HYDRO (Cuntz et al., 2016).
Furthermore, calibration of HYDRO and NOAHMP is only possible in offline mode
due to massive amount of necessary realizations to sufficiently sample the probability
distributions of the model parameters. Thus, it is unclear, whether the calibrated
parameters for an offline model are also applicable for fully coupled simulations.

4.1.4. Data Assimilation

Talbot et al. (2012) showed that changes in the weather conditions in the forcing
domains can have a large impact in the nested LES. Simulations at the meso-γ-scale
can be corrected by a data assimilation (DA) scheme during runtime. Mesoscale DA
has already shown its potential in improving the simulation of clouds and precipitation
(Schwitalla and Wulfmeyer, 2014; Bauer et al., 2015) as well as the structure of the
PBL (Adam et al., 2016). Thus, it was decided to correct the outermost domain
(D01) by applying data assimilation during the runtime of the model with an hourly
3DVAR Rapid Update Cycle (RUC; Schwitalla (2012)) to retrieve as realistic initial
and boundary conditions as possible for the nested domains. For all simulations D01
was started 12 hours in advance of the other domains. The first 3DVAR was performed
after 6 hours of spinup in D01, so in total 6 assimilation cycles were performed prior
to the initialization of the nested domains.
The 3DVAR relies on the background error covariance matrix B, which contains

the spatial information about model errors and their correlations in control space. It
was derived by applying the NMC method of Parrish and Derber (1992). The NMC
method approximates the model errors and its covariances with differences between two
NWP forecasts valid for the same time. In our case 62 12 hour and 24 hour forecasts
for each month a case study was conducted were used to derive B. To reduce the size
of B, the prognostic variables are transformed to so called control variables, which
show weaker correlations (Barker et al., 2004). The correlations between the different
control variables in B were created using the CV7 method of Sun et al. (2016). Further
details of the applied 3DVAR RUC can be found in Schwitalla (2012).
For the assimilation, observations like surface reports (SYNOP, METAR), radio-

sonde (RS) ascents (TEMP), wind profiler observations (PROFI), and aircraft meas-
urements (AMDAR) from the data archive of the Global Telecommunication System
(GTS) of the World Meteorological Organization (WMO) were used. They were ob-
tained from the ECMWF. Atmospheric Motion Vectors (AMV) from the Meteosat
Second Generation (MSG) satellite were assimilated above 700 hPa as well. Surface
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Table 4.2.: Summary of the applied schemes in the final setup of NOAHMP and HYDRO.

Model Process Scheme Option

NOAHMP Dynamic vegetation LAI and GVF pre-
scribed by table, Fveg

calculated

dveg=3

Stomatal resistance rs Ball-Berry model opt_crs= 1
Soil moisture control
over rs

CLM formulation opt_btr= 2

Surface exchange coeffi-
cient for heat

Monin-Obukhov formu-
lation

opt_sfc= 1

Hydrologic budget free drainage formula-
tion from NOAH

opt_run=1

Supercooled liquid wa-
ter

no iteration opt_frz= 1

Frozen soil permeability linear effect, more per-
meable

opt_inf= 1

Radiative transfer modified two-stream opt_rad=1
Ground surface albedo BATS formulation opt_alb=1
Precipitation partition-
ing between snow and
rain

method by Jordan
(1991)

opt_snf= 1

Soil temp lower bound-
ary condition (Tbot)

Tbot at 8-m from input
file

opt_tbot=2

Snow/soil temperature
time scheme

semi-impicit opt_stc= 1

HYDRO Surface routing steepest descend
Channel routing 1-D diffusive wave
Subsurface routing applied
Aquifer bucket model not applied
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winds over oceans were obtained from the ASCAT sensor, if available. Furthermore,
GNSS-ZTD data from the EGVAP network1 were assimilated to further improve the
humidity distribution (Schwitalla et al., 2011). DWD radar observations from the four
precipitation radars in southwestern Germany, Feldberg, Türkheim, Memmingen and
Offenthal were assimilated as well. Both the rain water content and the doppler ve-
locity were applied. In addition, brightness temperatures of various satellite sensors
were assimilated, too. Here, SEVIRI, AMSU-A, MHS, HIRS-3 and HIRS-4, AIRS,
IASI and ATMS retrievals were applied. The data were received from the archive of
NOAA’s global data assimilation system (GDAS2).

4.2. Optimization of the Setup

A series of sensitivity experiments have been conducted to optimize the model config-
uration. In this section, selected results of these experiments are presented briefly. In
particular, three critical questions were addressed:

• Is WRF-LES already able to reproduce turbulence characteristics at the relatively
coarse grid increment of O(100m)?

• What is the impact of the turbulence parameterization at grey zone scales of
O(500m) on the spinup of turbulence in D03?

• What is the influence of enhanced soil hydrology in short term simulations?

4.2.1. Performance of WRF – LES at Different Grid Increments

Most of the LES experiments under realistic circumstances published so far make use
of a grid increment of around O(100m) and coarser (e.g. Heinze et al. (2017a), Heath
et al. (2017)). Since LES requires a grid increment, which is fine enough for resolving
the turbulence down to the inertial subrange, a validation of the flow characteristics is
necessary to justify operating LES at such a coarse resolution. Therefore, two different
experiments comparing LES simulations at O(100m) and O(20m) were conducted.
Since WRF-LES is not highly sensitive to changes in the vertical resolution in the
ranges applied here (Talbot et al., 2012), the vertical grid increment was constant in
between the simulations at O(100m) and O(20m) with the 128 levels presented in
Sec. 4.1.1.
The domains were nested into each other, using a 1-way nesting approach. To reduce

the computational costs, the simulations were initialized at 1200UTC. The fourth
domain (D04) extended only over 1016× 1016 grid cells at O(20m), representing just
a part of D03 with 856× 835 grid cells at O(100m). A model resolution of O(20m) is
typical for an LES studying the convective PBL (CBL) for idealized cases (e.g. Patton
et al. (2005), Maronga and Raasch (2013)). Thus, D04 is used here as a benchmark
LES, with which D03 is compared with for the turbulence characteristics. This is a

1http://egvap.dmi.dk/
2https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/
global-data-assimilation-system-gdas/
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common approach for testing the influence of the grid increment on the model results
(e.g. Pope (2000); Sullivan and Patton (2011)).
Since the required model resolution for LES differs with the characteristics of the

PBL flow, two case were selected for investigating the influence of the grid increment.
The SABLE case showed relatively strong mean winds, reaching about 10 ms−1 at
1 km above ground level (AGL) and values up to 160 Wm−2 for Sh during the day.
In contrast, the AMMER2015 case was calm, with the mean horizontal wind not
exceeding 2 ms−1 up to 1 kmAGL and Sh reached maximum values around 220 Wm−2.
Thus, AMMER2015 was an interesting case to study the free convective boundary
layer, in contrast to SABLE, were wind shear showed a larger influence in the PBL. The
evaluation period started at 1300UTC for both cases. According to Moeng and Sullivan
(1994), spinup in LES models happens on a timescale of 3–4 large eddy turnover times
(t∗). For AMMER2015, t∗ was around 600 s, and for SABLE around 650 s. Therefore,
the turbulence was already fully evolved in the model at the beginning of the analysis
window.
Since the thermodynamic budgets of the PBL are one of the main topics in this

study, the question whether the model is able to reproduce the turbulent fluxes of
sensible and latent heat at O(100m) compared to O(20m) is of greatest interest. Fig-
ure 4.5 compares the profiles of the fluxes for both SABLE and AMMER2015 between
O(100m) and O(20m). Temporal averaging is denoted with ξ̄ and spatial averaging
with 〈ξ〉, where ξ represents the averaged quantity. The profiles were sampled for
1 hour and averaged over most of the area covered by D04. During both cases, the tur-
bulent fluxes in the PBL for the run at O(100m) and at O(20m) are very similar. At
O(100m), the SGS flux is decreased to zero through most of the PBL up to zi in both
cases. Hence, the turbulent sensible heat flux was fully resolved for this height region.
While the latent heat flux profiles during AMMER2015 were in good agreement at
O(20m) and at O(100m), the SGS flux for SABLE is stronger throughout the PBL
at O(100m), than at O(20m). Thus, the latent heat flux in the PBL was for SABLE
was slightly larger at O(100m). Nevertheless, the 1.5-TKE closure scheme seemed to
be able to compensate for the loss of resolved flux in O(100m), compared to O(20m).
For all profiles, the SGS flux increased towards the surface. This is a typical behavior
for LES, as the diameter of the dominant eddies in a PBL flow decreases closer to
the surface layer. The height region of D04 with significant contribution by the SGS
model is smaller, as the model is at O(20m) able to resolve smaller eddies, which are
prevailing in the lower PBL.
Another factor influenced by the grid increment is the organization of the turbulent

flow. The WRF model is known to show an effective resolution 7∆x (where ∆x is
the horizontal grid increment; Bryan et al. (2003); Skamarock (2004); Knievel et al.
(2007)). Thus, at O(100m), the effective resolution is around 700m in the model.
Considering the depths of usual summertime convective boundary layers, which is in
the range of 1 km to 2 km AGL, an effective resolution of 700m allows to resolve the
largest eddies within the PBL. However, the size and the pattern of the eddies could
still be skewed by the coarser numerical grid at O(100m).

In order to investigate the influence of the grid increment on the structure of the
flow, profiles of the integral length scale (Λ) of the vertical wind fluctuations (w′) were
compared among the two domains (Fig. 4.6). To derive Λ, the two-point autocorrela-
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Figure 4.5.: Profiles of the kinematic turbulent sensible flux (w′θ′; right) and the kin-
ematic turbulent latent heat flux (w′q′v; left). Panels (a) and (b) show the
profiles for SABLE between 1300–1400UTC, and panels (c) and (d) for
AMMER2015, for the same time interval. Spatial averaging was performed
for D03 at O(100m) over 200× 200 grid cells and for D04 at O(20m) over
1000× 1000 grid cells, covering the same area for each domain.
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Figure 4.6.: Profiles of the integral length scale Λ for the vertical velocity. The solid line
shows Λ in latitudinal direction, the dashed line in longitudinal direction.
Panel (a) shows SABLE, (b) AMMER2015.

tion of w′ (ρw′,w′(δx, δy)) was calculated in the area covered by D04 with δx and δy
as the spatial lags:

ρw′,w′(δx, δy) =

˜
w′(x, y)w′(x+ δx, y + δy)dxdy˜ (

w′(x, y)
)2
dxdy

. (4.1)

With the help of ρw′,w′(δx, δy), the integral length scale can be determined. It is the
integral over the autocorrelation function (ACF; eq. 4.1) from the zero lag to the first
zero crossing of the ACF along the direction r (Eq.4.2):

Λw′,w′(r) =

ˆ ρw′,w′=0

0
ρw′,w′(r)dr, (4.2)

and is usually described as the diameter of the largest eddies within the flow (Lenschow
and Stankov, 1986). Compared among the model resolutions, Λ shows a similar beha-
vior for the cross-wind direction (south-north; the mean wind was for both cases from
the west), with Λ being between 100 m to 200 m larger at O(100m) than at O(20m)
(Fig. 4.6). However, in the direction of the mean wind (west-east), the profiles of Λ
showed a similar shape, but the maximum values of Λ within the mixed layer were
about 300 m to 400 m higher at O(100m) than at O(20m). At higher altitudes, the
differences reduce to the values observed for the cross-wind direction again.
While an increased value of Λ at O(100m) was expectable for SABLE with its higher

mean wind velocities in the PBL due to the accumulation of energy at larger turbulent
scales, this effect is surprisingly observed for the calm conditions prevailing during AM-
MER2015 as well. The coarser resolution led to a smearing of the turbulent structures
in the PBL. It is known, that finite difference codes attenuate energy at large scale
turbulent structures (Muńoz-Esparza et al., 2014). Therefore, dissipation at higher
wavenumbers is necessary to prevent accumulation of the energy at larger wavelengths
and aliasing to the resolvable scales, especially for the kinematic fields in daytime
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boundary layers (Knievel et al., 2007). Sixth order damping together with a fifth order
upwind-biased advection scheme, the setup which was applied here, shows the best res-
ults off all the options available in WRF (Skamarock, 2004). However, at resolutions of
100 m, the dissipation by the model filters seems not large enough to prevent the model
from organizing the flow into larger structures. While an explanation in depth for this
phenomena is beyond the scope of this work, it is nevertheless important to notice,
that operating LES models at relatively coarse scales such as 100m has an impact on
the organization of the flow with elongating the turbulent structures artificially in the
direction of the mean wind.

4.2.2. Influence of the Turbulence Closure Scheme in the Forcing
Domains on the LES

Besides the question for the optimal resolution of the LES domain, the influence of the
lateral boundary conditions is also of great importance. Due to the nesting constraints
of atmospheric models, at least one of the domains in the nesting chain has to be loc-
ated in the grey zone of turbulence parameterization. At these scales, it is ambiguous,
whether a boundary layer parameterization developed for coarser scale models, or the
3D-closure developed for LES should be applied. However, the turbulence paramet-
erization affects the development of the flow inside the nested LES domain (Moeng
et al., 2007; Talbot et al., 2012; Muñoz-Esparza et al., 2014). Two main influences on
the flow in D03 appear. First, as the magnitude of the computed fluxes in D02 differ
with the choice of parameterization, the thermodynamic properties of the boundary
conditions of D03 vary as well, as the choice of PBL-scheme largely controls the de-
velopment of the atmospheric conditions in the simulations (Shin and Hong, 2011;
LeMone et al., 2013; Ching et al., 2014; Milovac et al., 2016). Second, the strength of
the resolved turbulent scales influences the spinup of the turbulence in D03 (Mazzaro
et al., 2017). In order to investigate the influence the closure scheme in D02 shows,
several configurations of boundary layer schemes and 3D-closure schemes as developed
for LES applications were tested at O(500m) for their influence on the spinup of the
turbulence in the LES at O(100m). Table 4.3 summarizes the tested setups. All of
these experiments were conducted for SABLE.

Table 4.3.: Summary of the experiments conducted for testing the final configuration of
the simulation concerning the PBL-parameterization in D01 and D02. An X
in the designation represents application of the 3D 1.5-order TKE closure.

Abbreviation PBL-
Parameterization
D01

PBL-Parameterization
D02

MYNN_X_X MYNN2.5 1.5-order TKE SGS-model
MYNN_MYNN_X MYNN2.5 MYNN2.5
YSU_X_X YSU 1.5-order TKE SGS-model
YSU_YSU_X YSU YSU
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In Fig. 4.7, the development of TKE along a transect in west-east direction (aligned
with the mean wind speed) averaged over the 40 lowest model levels and 800 grid cells
in the opposite horizontal direction (south-north) is presented. All simulations with
the 3-D 1.5-order TKE closure in D02 (MYNN_X_X and YSU_X_X) show a strong
increase in TKE in the first kilometers in D03. In these simulations, the turbulent
exchange in D02 was dominated by resolved structures. Due to the resolution of 500 m
in D02, the TKE is piled up at low wavenumbers in the turbulence spectrum, thus
eddies with large a diameter are over-represented in the flow. These structures are
transferred to D03, which leads to a sharp increase in TKE (Mazzaro et al., 2017).
During the movement of the air through D03, the energy is transferred from larger
scales to turbulent structures with a smaller diameter (Muñoz-Esparza et al., 2014),
visible at the decrease of TKE further away from the inflow boundary.

Figure 4.7.: Evolution of the resolved (solid) and subgrid (dashed) TKE in west-east dir-
ection, averaged over 800 grid cells in south-north direction and the 40 lowest
model levels and from 1300-1600UTC in D03. Inflow in D03 happened from
the west, D03 started at X = 0.

This behavior is not visible in simulations, that apply a PBL-parameterization in D02
(MYNN_MYNN_X and YSU_YSU_X). The resolved convection was much weaker
in D02 compared to the runs with the 1.5-order TKE closure. This is reflected in
much smaller amounts of TKE at the inflow in D03. Since the MYNN2.5 scheme
is less diffusive than the YSU scheme (Shin and Dudhia, 2016), the resolved convec-
tion was stronger in D02 in MYNN_MYNN_X. Thus, at the start of D03, higher
amount of TKE are found in MYNN_MYNN_X than in YSU_YSU_X. The tur-
bulent structures in the PBL seem to be fully developed about 15 km downstream in
D03. Further downstream, only very small differences of TKE are visible between the
configurations. These results are consistent with the results of Mirocha et al. (2013)
and Muñoz-Esparza et al. (2014).
Although adaptive turbulence parameterizations are a current topic of research (Zhu

et al., 2014; Green and Zhang, 2015; Shin and Dudhia, 2016; Zhou et al., 2017; Zhang
et al., 2018), no scheme was available by the time the configuration of the simulations
was fixed. Options for adapting existing schemes to grey zone simulations could have
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been to modify the mixing length scale in the MYNN2.5-scheme, or to calibrate the
constants in the 3D 1.5-order TKE scheme in D02, like it was performed by Muñoz-
Esparza et al. (2017) for the Smagorinsky model. However, all of these methods would
have made another series of experiments necessary. Therefore, a setup that applies
the 1.5-order TKE closure in D02 was chosen. Due to the strong forcing the flow
in the atmosphere experienced in D02 from the land surface, the model was able to
reproduce reasonable turbulent fluxes with the 1.5-order TKE closure already applied
in D02. Compared to the other configurations, MYNN_X_X showed here the best
results. However, this choice is not generally applicable. When a simulation in the
grey zone covers for example a larger body of open water, were the necessary forcing
of the land surface for generating vertical exchange in the PBL is missing, operating
grey zone simulations with LES-closure can lead to a massive underestimation of the
vertical exchange. For such cases it is recommendable to apply a PBL-scheme at grey
zone scales.

4.2.3. The Influence of Enhanced Hydrology

A series of recent studies have examined the influence of lateral water flows in LSMs.
Allowing lateral transport of water increases η in valleys, while it decreases the mois-
ture content of the soil on mountain ridges (Schlemmer et al., 2018). The refined
distribution of η the flux partitioning at the land surface (Kollet and Maxwell, 2008)
and leads to the reduction of low level moisture and temperature biases in the models
(Barlage et al., 2015; Ji et al., 2017; Schlemmer et al., 2018). Furthermore, an enhanced
ratio of the transpiration (Tr) compared to evaporation from the bare soil (Esoil ) was
reported (Maxwell and Condon, 2016; Chang et al., 2018; Shrestha et al., 2018b), es-
pecially in dry seasons (Gou and Miller, 2014; Ji et al., 2017; Schlemmer et al., 2018).
Moreover, incorporating lateral runoff processes showed a feedback on the generation
of precipitation (Arnault et al., 2016, 2018). With HYDRO (Gochis et al., 2013), a hy-
drological extension package to NOAH and NOAHMP is available, which allows a more
realistic representation of the surface hydrology. Although the time frame covered by
an LES is short compared to the time scales on which hydrological processes typically
happen, some of the processes induced by HYDRO for the surface hydrology (e.g. the
representation of ponded water) bear the possibility to show a considerable impact
during short term simulations as well. To estimate the impact HYDRO shows on the
simulations, here two simulations with and without HYDRO are compared.
Figure 4.8 presents the accumulated surface head for a simulation with HYDRO, a

simulation without HYDRO and the accumulated precipitation during the case. Only
very minor differences have been observed between the precipitation fields of both
simulations. Thus, only the precipitation field of the run with HYDRO is shown. The
impact of the modified handling of the infiltration excess in HYDRO compared to
the traditional hydrological scheme applied in NOAH and NOAHMP is visible at the
increased values of surface head in panel (a). In HYDRO the infiltration excess is
allowed to remain in a grid cell as ponded water. If the traditional formulation for
the water budget at the land surface is applied in NOAHMP, the infiltration excess is
removed in every model timestep as surface runoff. In the region with most intensive
precipitation, the surface head reached values of up to 10 mm in the simulation with
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Figure 4.8.: Accumulated Surface Head (mm) from 0600 to 1800UTC for the run with
HYDRO in panel (a), the run without HYDRO in panel (b) and the accu-
mulated precipitation for the run with HYDRO in panel (c).

HYDRO. In contrast, in the simulation without HYDRO, the surface head reached
maximum values of up to 2 mm.
The different handling of the water budget at the land surface consequently leads

to deviations in η between the simulation with and without HYDRO (Fig. 4.9). In the
first soil layer, differences are visible in the regions precipitation was observed. This is
a direct feedback due to the retention of water in HYDRO, which remains available for
infiltration. While enhanced infiltration can explain the positive deviations of η in the
first soil layer, compared to the run without HYDRO, the negative deviations must
have been caused by different processes. Possible reasons could be the redistribution
of the ponded water in the run with HYDRO by overland flow, or a slight change in
precipitation strength or location due to the feedback between η, the energy balance
at the land surface and the generation of precipitation. Nevertheless, compared to the
absolute values of η, ranging from 0.2 m3m−3 to 0.4 m3m−3 in the mean, the differences
of η between the run with and without HYDRO were with 0.02 m3m−3 rather small.
If the soils are saturated, HYDRO starts to redistribute the water with its subsurface

runoff schemes. The influence of the lateral subsurface flow is visible at the differences
in the soil moisture content in the lowermost soil layer, where saturated conditions have
been found in parts of the domain (Fig. 4.9 (b)). Only at a few single points in the south
of the presented area, changes of η are observed. Along the topographic slopes of the
valleys in the Northern Black Forest, orthogonal lines to the topographic gradient with
differences in η between the simulations are visible. These results are in accordance to
the expected influence of the lateral subsurface runoff. Subsurface exchange processes
happen on a timescale much larger than the duration of the simulations conducted
here. Thus, only in cases of a strong gradient of the hydraulic head, as it was the case
in regions steep topographical gradients, an influence of the lateral subsurface runoff
becomes visible within the runtime of the model. Furthermore, spinup effects due to
changes in the topography and the soil texture between the η-spinup and the LES
might have played a role as well.
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Figure 4.9.: Differences in the volumetric soil moisture content between the run with
HYDRO and the run without HYDRO (HYDRO-NOHYDRO) at 1800UTC,
the end of the simulations. Panel (a) shows the deviations of η at the first
soil layer and panel (b) the differences of η in the lowest soil layer.

4.2.4. The Representation of Aquifers

As mentioned in Chapter 3, the representation of groundwater in HYDRO is ambival-
ent. If saturated conditions occur already in the 2m soil column covered by NOAHMP,
the water is redistributed laterally by the subsurface flow module. The deeper ground-
water is represented by an optional aquifer bucket model. Thus, HYDRO includes two
separate methods for the representation of groundwater. If the water table is higher
than 2m, the water is redistributed by solving the equation for saturated flow. This
treatment of saturated flow is principally comparable to the method models like Par-
Flow (Kollet and Maxwell, 2006) and HydroGeoSphere (HGS; Brunner and Simmons
(2012)) compute the groundwater flow, although ParFlow and HGS represent the sub-
surface in a more sophisticated manner. In contrast, the percolation from the 2m soil
column is collected in a bucket model, which accounts for the deeper groundwater in
the model. Thus, the water is collected by the aquifer and not lost as it is the case for
the traditional formulation of the hydrological budget at the land surface in NOAHMP.
However, HYDRO was originally developed as rainfall runoff model. Thus, the

coupling of the aquifer model to the LSM is insufficient for studies dealing with land-
atmosphere feedback. Depending on the amount of water in the bucket model, the
theoretical outflow is calculated and added to the streamflow computed by HYDRO.
Feedbacks between η in the vadose and the water in the saturated zone of the soil
column, like capillary rise, are neglected, which are important processes groundwater
impacts the surface energy balance (e.g.Kollet and Maxwell (2008)). Furthermore,
surface water divisions always represent also subsurface water divisions in HYDRO,
as each catchment has its own aquifer. Especially for karstic aquifers, like the shell-
limestone aquifer beneath the Ammer catchment this must not be the case, as it is
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Figure 4.10.: The annual mean hydraulic head of the aquifer (grey shades) beneath the
Ammer surface water catchment (shape). The hydraulic heads are given in
m above sea level (ASL). White marks a value of 300 mASL and black one
of 570 mASL. The hydraulic heads and the extent of the aquifer are taken
from a simulation with MODFLOW (USGS’s modular hydrologic model)
conducted by D’Affonseca et al. (2005).

visible in Fig. 4.10.
Because of the insufficient coupling of the aquifer bucket model in HYDRO with

the explicitly resolved soil column, the representation of the deeper groundwater is
neglected in this work. Principally, it would have been thinkable of applying WRF-
ParFlow or WRF-HGS, or to develop a parameterization for aquifer soil moisture
coupling with the existing bucket. However, for applying finite element based aquifer
models like ParFlow or HGS, the 3D field of hydraulic conductivity is required. These
data sets were not available. Moreover, calibrating such a model is a science on its own.
Furthermore, for short term case studies like they are conducted here, the impact of
exchange processes between the vadose zone and the saturated zone can be considered
as negligible in comparison to the other terms in the terrestrial water budget.

4.3. The Case Study Sites

4.3.1. The SABLE Field Experiment and the Surrounding Area

In the framework of the Research Unit 1695 ’Regional Climate Change’ of the German
Research Foundation (DFG; see https://klimawandel.uni-hohenheim.de/startseite?&L=
1)), the University of Hohenheim operates a network of EC-stations and other sensors
in the Kraichgau (Wizemann et al., 2014). The Kraichgau is located in the north-west
of the state of Baden-Württemberg, covering altitudes between 100 m and 400 mASL.
It shows one of the warmest climates in Germany, with an annual temperature of
around 9 ◦C, and average annual precipitation from 720 mm to 830 mm. Regular in-
tense rainfall events are found during summer. The prevailing wind direction is from
the south-west. The dominant land use is agriculture (53%), interrupted by forests on
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Triassic limestone table land and on escarpments of the Keuper sandstone. The area
is covered by deep Holocene loess, making it very fertile with regsols and luvisols as
the dominant soil types.
The central study site, where the Surface Atmosphere Boundary Layer Exchange

(SABLE) campaign took place in August 2014 is located in a large scale depression
north of the city of Pforzheim. During the SABLE campaign, a temperature and
water vapor Raman lidar (Hammann et al., 2015) and and a water vapor differen-
tial absorption lidar (WVDIAL; Späth et al. (2016)) of the University of Hohenheim
(UHOH) were operated here along with a couple of Doppler lidars in combination with
four EC-stations.
In the LES domain, the applied land use map was based on the CORINE Land

Cover dataset valid for 2006, which gives land use information at a 100m scale and
distinguishes between 21 different land use classes (Büttner, 2014). For representing
soil characteristics, the soil dataset of Milovac et al. (2014) was employed, which is
at a 1 km resolution and the terrain information was taken form the Shuttle Radar
Topography Mission (SRTM; Farr et al. (2007)) data set at 3′′ (≈ 90 m) resolution.
The LES domain covered for SABLE the northern part of the Northern Black Forest,
as well as the Kraichgau, which is located north of the Black Forest and parts of the
upper Rhine valley in the west of the domain (Fig. 4.11 and Fig. 4.1). The Northern
Black Forest is a secondary mountain range with altitudes up to 1150m. Evergreen
needleleaf forest is the major type of land cover (73%). The geology is dominated
by lower Triassic sandstone and the major soil types are luvisols and podsols. The
landscape is formed by rather angular, in places trapezoidal-shaped summits. The
black forest rises above the Rhine Plain by more than 1.000m, while it is fading
out towards the east into the Gäu landscape. A couple of rivers form deep cut valleys,
namely the Murg, the Nagold and the Enz. The Black Forest is with up to 2.200 mm/a
among the regions with heaviest rainfalls in southern Germany.
In contrast to the Northern Black Forest, the upper Rhine valley is a flat area

at about 200 mASL covered by a mixture of urban areas, cropland and deciduous
forest. There, relatively young sediments from the Pleistocene and the Holocene are
found, mainly gravel and sand, forming a large aquifer. Because of the influence of
the Rhine, fluvisols and gleysols are prevailing but also podsols are found. Similar
to the Kraichgau, the area is also in of the warmest in Germany, with annual mean
temperatures of around 11 ◦C.
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Figure 4.11.: Detail of the area covered by D03 during SABLE. The topography and the channelgrid used by HYDRO (channels are shown
in blue) is presented in panel (a), panel (b) shows the MODIS land use classifications and panel (c) the soilmap applied for
the simulations. The red markers show the locations of the different instruments during the SABLE field campaign, the
black rectangles outline the regions where the budget analysis was applied. The full extend of D03 is presented in Fig. 4.1.
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Two separate control areas were applied for investigating the budgets for energy and
water at the land surface and the budgets of latent and the sensible heat in the PBL.
These regions are marked by the black rectangles in Fig. 4.11. The northern control
area, called the SABLE control area (SCA) extended 125× 125 grid cells, covering a
region of 156.25 km2 around the location of the SABLE campaign. Another control area
was chosen on the northern rise of the Northern Black Forest (Northern Black Forest
control area; NBFCA), covering 120 grid cells in longitudal direction and 57 grid cells in
latitudal direction, leading to a total area of 68.4 km2. The SCA was characterized by
a mixture of cropland, deciduous broadleaf forest and urban areas and rather moderate
topography. The NBFCA shows a mixture of mainly evergreen needleleaf forest and
deciduous broadleaf forest, interrupted by small patches of cropland and urban areas
on elevated terrain with two steep cut valleys. Table 4.4 summarizes the land use in
the two control areas. By comparing the control areas, it is possible to investigate the
influence of the different land use, soil types and topography on the terrestrial and on
the atmospheric budgets under similar weather conditions.

4.3.2. The Ammer Catchment and the Surrounding Area

In the Ammer catchment, a tributary of the upper Neckar west of the city of Tübin-
gen, the University of Tübingen is operating a measurement network consisting out of
three flux-gradient towers based on the Bowen-ratio principle. The Ammer catchment
is dominated by agricultural land use (71%) and urban areas (15%) and has a size of
around 180 km2 (Selle et al., 2013). Its northern tributary, the Goldersbach, is primar-
ily forested. The topography in the Goldersbach catchment is hilly with an altitude
range from 350 m to 600 mASL. The annual precipitation in the Ammer catchment
ranges from 700 to 800mm and the annual mean temperature is around 8 ◦C.

Figure 4.12 presents the topography including the channel network applied by HY-
DRO, the land use and the soil map applied for the case studies in the Ammer region.
A detail of D03 is visible. Like during SABLE, the digital elevation model of the
SRTM, the CORINE land use data set and the soil map of Milovac et al. (2014) was
applied. Particularly the LES domain covered, form the west to the east, the north-
eastern Black Forest, the Gäu landscape, the Keuper uplands and parts of the Swabian
Jura.
In detail, the Gäu landscape is characterized by a mixture of cropland and urban

areas with predominantly cambisols and rendizinas on sandstones and claystones on
the middle triassic Keuper or shell limestone. The Keuper uplands, are characterized
by a similar landscape like the Gäu at altitudes of 300 m–400 mASL. The Swabian Jura
is a highland up to 1000 mASL, predominantly used for agriculture on rendzina soils
and jurassic limestones. The western and southern part of the area covered by D03
is crisscrossed by deep cut valleys of the Neckar and the Nagold rivers. In the areas
with limestone, karstic conditions are often found, which leads to a complex subsurface
hydrology in the area.
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Figure 4.12.: Same as Fig. 4.11, but only for a detail of D03 as applied for AMMER2015 and the AMMER2016. The black contours
outline the Ammer catchment. It is divided into two sub-catchments, the Goldersbach in the north and the main Ammer
catchment in the south. The Goldersbach is a tributary to the Ammer, dewatering the Schönbuch, which is mainly covered
by forest. The main Ammer catchment is characterized by agriculture and urban areas. Both sub-catchments are applied
for the budget analysis. The full extend of D03 as applied for AMMER2015 and AMMER2016 is presented in Fig. 4.1.
The black dots mark the location of the three Bowen-ratio towers.
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For the case studies located in the Ammer region, the Ammer catchment and the
Goldersbach catchment were chosen as reference areas to calculate the terrestrial
and atmospheric budgets (Ammer control area; ACA and Goldersbach control area;
GBCA). The size of the ACA corresponds approximately to the size of the SCA dur-
ing SABLE and the GCA to the size of the NBFCA. The ACA is mainly covered by
cropland and is frequently interrupted by smaller urban areas. The GBCA, directly
aligned in the north of the Ammer catchment, is characterized by deciduous broadleaf
forest. Table 4.4 summarizes the land use in the two control areas. Similar to the con-
trol areas in SABLE, the choice of the catchments as control areas makes it possible
to investigate the influence of the different land use and topography on the budgets.

4.4. Synoptic Situations and Initial Conditions of the Case
Studies

4.4.1. The SABLE Case Study

Summer 2014 started with a heat wave, followed by hot and humid conditions, with
severe convective storms and heavy precipitation in southwestern Germany. August
2014 was unusually moist and cool in southern Germany (DWD, 2014). For SABLE,
August 19th 2014 was chosen. On this day, a low pressure system was located over
Scandinavia, associated with a low geopotential at 500 hPa (Fig 4.13). The Northern
Atlantic was under high pressure influence, so cold and moist air was advected to
central Europe. The 850 hPa equivalent potential temperature θe reaches values of
about 300 K (Fig 4.13) in southwestern Germany indicating moist air being advected
form the north-west to the area. Around the measurement side the day was character-
ized by windy conditions, with wind velocities of up to 10 ms−1 inside the PBL. The
mean wind direction was west to south-west. Cumulus clouds formed during the day
and occasionally precipitation occurred. The local meteorological conditions are also
summarized in Tab. 4.5.
Figure 4.14 presents a time series of the cloud fraction, hereafter referred as CLF

and the integrated liquid water path (LWP) in the atmosphere above the two control
areas during SABLE. The CLF describes the share of a single grid cell, which is cloudy.
For both the LWP and the CLF , the highest values are visible in the morning. At the
start of the simulations, drier air was advected from the west into the LES domain. At
the intersection of the dry to the moist air, a strong band of clouds formed, which was
advected over the area. After 0800UTC, the cloud cover decreased. Nevertheless, for
both control areas, a frequent occurrence of clouds is found during the daytime, what
is visible in the spatial variability of both the CLF and the LWP . After 1600UTC,
the cloud cover increased again above both control areas.
To estimate the influence of the η-spinup in D01, the time series of the soil moisture

is compared with the soil moisture of the ECMWF analyses interpolated to the applied
WRF grid of D01 as well as the observations of the regional soil moisture network in
the Kraichgau (Fig. 4.15). To avoid the problems when comparing point measurements
with model data representing a spatial mean, the average over all available sensors and
the spatial variability are compared. For the models, all grid cells covering a location of
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Figure 4.13.: ECMWF analysis of August 19th 2014 1200UTC, (a) shows the 500 hPa
geopotential height (color shades), 500 hPa winds (barbs) and isobars of the
surfaces pressure (white contours). In (b), the 850 hPa equivalent potential
temperature θe (color shades) and the 850 hPa winds (barbs) are shown.
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Figure 4.14.: Temporal evolution of the cloud fraction cover (a) and the liquid water
path (b) for the SCA and the NBFCA in D03 during SABLE. The shaded
areas represent ±1σ spatially. A cloud fraction of 100% represents a full
cloud cover over the entire region, while one of 0% implies that no clouds
were found in the area at all.

a sensor were included in the statistic. The sensors are buried 15 cm below the surface,
a depth which is not represented by the soil layers in NOAHMP. Thus, the levels at
5 cm and 25 cm depth are applied for the analysis, both neighboring the sensor depth.

The spatial variability in the observations by the network is substantially larger
than in the models. However, at a resolution of 2.5 km, it cannot be expected that
the model resolves the full heterogeneity of the area. The WRF-NOAHMP simulation
shows a higher variability of η than the ECMWF analyses. This is related to finer
resolved structures at the land surface in WRF-NOAHMP at 2.5 km compared to
the native resolution of the ECMWF model, which is at around 16 km. Since WRF-
NOAHMP was initialized with the η-fields from the ECMWF model the time series
of η starts at the same value in both models. Until the middle of July, WRF shows
a better accordance with the observed η values than the ECMWF analysis, which
seemed to overestimate a precipitation event at the of June. From the second half of
July onwards, the values of η in the ECMWF model were closer to the ones observed
by the network than the ones in WRF-NOAHMP. While the frequency as well as the
strength of the precipitation related increases in η were comparable for both models
and the observations, η decreased stronger in WRF-NOAHMP than in the ECMWF
model and the observations. This leads to values for η, which are significantly drier
(about 0.1 m3m−3) in the Kraichgau, in comparison to the monitoring network.
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Figure 4.15.: Evolution of the mean soil moisture during the 2-month spinup in the
Kraichgau region in D01 compared with the interpolated soil moisture
fields in the ECMWF analyses and the mean soil moisture observed by
the regional monitoring network of the University of Hohenheim. For the
models the grid cells in which a sensor is located were used to calculate
the mean. Shaded regions mark ±1 spatial standard deviation. In total 19
locations went into the calculation.

Although it is only possible to speculate about the different behavior of the models
(the ECMWF model uses a different parameterization for the soil hydrology (Balsamo
et al., 2009, 2011) as WRF-NOAHMP, and the applied soil data sets are different)
a possible reason could be an overestimation of the hydraulic conductivity in the soil
map applied in WRF-NOAHMP. While the ECMWF model showed a slightly different
behavior for the η time series in 5 cm and 25 cm depth, especially after precipitation
events, the η values were more similar in WRF-NOAHMP. Therefore, the drainage
in the soil could be overestimated in WRF-NOAHMP, leading to insufficient storage
of water in the soil. However, this hypothesis could only be verified, if soil moisture
observations at two different depths have been available.
The initial field of η resulting from the spinup (SU) is compared to the interpolated

field from the ECMWF analysis in Fig. 4.16. The SU field showed lower values of
η than the interpolated field of the ECMWF analysis. If the moisture available for
transpiration is normalized by the difference between η at field capacity (ηmax ) and
η at the wilting point (ηwilt ; (η − ηwilt)/(ηmax − ηwilt)), the influence of the soil on η
becomes visible. The normalized moisture shows lower values in the north and the
east of the domain in the SU field. For the moisture fields of the ECMWF analysis,
values close to saturation are found in the Northern Black Forest. There, the SU field
shows significantly lower values.
The contrast between the two possible initial field of η underlines, how important

an appropriate η spinup is for studying the land-atmosphere system in NWP models.
If the η fields from the ECMWF model would have been used as an input for the LES,
spinup effects would have superimposed the redistribution of water in the model due
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Figure 4.16.: Initial soil moisture fields for SABLE. Panel (a) shows η resulting from
the spinup (SU) averaged over the root zone of the respective dominant
land use type. Panel (b) shows the same without SU (the interpolated
fields from the ECMWF analysis). Panel (c) shows the plant-available η
normalized by the difference of the η at field capacity and the wilting point
η ((η− ηwilt)/(ηmax − ηwilt)) averaged over the root zone for the initial SU
η. Panel (d): the same as panel (c), but only for the interpolated η field
from the ECMWF analyses. The root-zone average is weighted according
to the soil layer thickness.
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to physical based mechanisms. This can skew the behavior of the model, especially
when studying such a highly non-linear system as the land-atmosphere system.
Compared to the local soil moisture observations during the case study, the spatial

variability of η was missing and the soils were too dry in the average. In the SU fields,
at all locations of sensors η was in between 0.2 m3m−3 and 0.3 m3m−3. In contrast,
the sensors of the monitoring network showed only at the locations of 4 sensors η
values between 0.2 m3m−3 and 0.3 m3m−3. At 14 locations, the observed moisture was
between 0.3 m3m−3 and 0.4 m3m−3 and at 3 locations it was even between 0.4 m3m−3

and 0.5 m3m−3. Although at the locations of all sensors the correct land use type was
assigned in the model, the model was still not able to reproduce the local variability
of η. However, as the major part of the spinup was performed at a grid increment
of 2.5 km, the η-fields are affected by the coarser simulations. The 10-day spinup in
D02 was probably too short to show an appreciable influence in the η-fields. Thus, the
missing variability in the η field could be a result of the structure of the η spinup as it
was applied in this work.

4.4.2. The AMMER2015 Case Study

During summer 2015, Europe experienced a serious drought (Van Lanen et al., 2016;
Ionita et al., 2017; Laaha et al., 2017) with similar conditions as in summer 2003,
making the season interesting in order to study the water and energy budgets under
short water supply. For the case study, July 15th 2015 was chosen. This case was at
the end of a two month period without any considerable precipitation in the area of
the Ammer catchment. Furthermore, the observations of the Ammer network showed
calm wind speeds, what promised a strong land-atmosphere coupling. Thus, it was
an interesting case to study a boundary layer with open cell convection, in contrast
to SABLE, during which wind shear showed a larger influence in the PBL. Table 4.5
summarizes the local meteorological conditions.
The synoptic situation on July 15th 2015 was characterized by low pressure over

the North Atlantic and Fennoscandia (Fig 4.17), while in Central Europe and the
Mediterranean a high pressure system was prevailing. This situation resulted in large
scale subsidence and adiabatic warming in Central Europe and reduced cloudiness. In
addition, southwesterly flow regimes dominated, transporting warm and moist air to
Central Europe (Fig 4.17 (b)).
In the LES simulations, cumulus clouds developed during the case above both control

areas. The highest values of CLF and LWP were found around local noon (1000UTC)
and in the following hours (Fig. 4.18). For both fields, the spatial mean is higher over
the GBCA than over the ACA around local noon, indicating a denser cloud cover over
the GBCA. In the afternoon, slightly larger values for the cloud cover and the liquid
water path are observed over the ACA. Above the GBCA, a rapid increase of the cloud
cover is found in the morning, which was caused by a mixture of local convection and
advection of clouds into the area.
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Figure 4.17.: Same as Fig. 4.13 but only for July 15th 2015, 1200UTC (AMMER2015).
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Figure 4.18.: Temporal evolution of the cloud fraction cover (a) and the liquid water
path (b) for the ACA and the GBCA during AMMER2015 in D03. Like
in Fig. 4.14, the shaded areas represent ±1σ spatially.

Around the Ammer catchment, the η-fields resulting from the SU were more ho-
mogeneous compared to the interpolated field from the ECMWF analysis (Fig. 4.19).
In the ECMWF η field, lower moisture values were found in the west of the Ammer
catchment than in the east. This behavior was not visible in the SU field. The nor-
malized vegetation available moisture (Fig. 4.19 (c) and (d)) shows, that η from the
SU is balanced with the physical constraints in the model. This is not the case for
the ECMWF η-field. Here, in the area with clay (see Fig. 4.12) as the dominant soil
type significantly lower values were found for the normalized η than in the rest of the
domain. If the model had been initialized with the moisture field from the ECMWF
analysis directly, unrealistic constrains of ET would have occurred in this area.

4.4.3. The AMMER2016 Case Study

During the end of May and in early June 2016, Germany was affected by a series
of unusually severe thunderstorms (Piper et al., 2016). The synoptic situation on
the June 08th and June 09th was characterized by very low geopotentials at 500 hPa
over Scandinavia extending towards Central Europe and high pressure over Western
Europe (Fig. 4.20). Winds at 850 hPa were very weak and limited the warm and moist
air transport from the Mediterranean (Fig. 4.20 (b)). Weather conditions with low
winds generally favor severe convective storms (Wernli et al., 2010; Piper and Kunz,
2017).
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Figure 4.19.: Same as Fig. 4.16, but only for AMMER2015.
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Figure 4.20.: Same as Fig. 4.13 but only for June 09th 2016, 1200UTC (AMMER2016).
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Figure 4.21.: Same as Fig. 4.18, but only for AMMER2016.

On June 08th in the area of the Ammer catchment, a local supercell caused heavy
precipitation of more than 40 mm per hour, flooding parts of the Ammer catchment.
Because of the moist conditions on June 09th, this case was seen as a good counterpart
to AMMER2015. Cloudy conditions were prevailing in the area during the case, and
the mean flow direction was north to north-west with wind velocities of up to 8 ms−1

in the PBL. Table 4.5 summarizes the local meteorological conditions.
Locally, a closed cloud cover for both control areas was found for most of the case

in the LES. In the afternoon, the cloud cover was interrupted by short periods which
were almost cloud free (Fig. 4.21). The liquid water path showed the highest values
during in the early morning hours and varied in the following time during the day
on a lower level. Compared to the other case studies, the spatial variability of LWP
was smaller, what corresponded to the large spatial extend of the cloud layer during
AMMER2016.
In the ECMWF η-field, a gradient from the north-west to the south-west was visible

(Fig. 4.22). In the SU η-field, higher values of η were found in areas with soils with a
high water holding capacity, such as clay. The interpolated fields from the ECMWF
analysis indicated oversaturation in the south east of the presented area. If the model
was initialized directly with the ECMWF η-fields, unusual large runoff processes would
have been generated in this area.
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Figure 4.22.: Same as Fig. 4.16, but only for AMMER2016.
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Table 4.4.: Summary of the topography and the landuse in the control areas during
SABLE, AMMER2015 and AMMER2016 (σalt is the standard deviation of
the altitude in the control area).

Date 19.08.2014
Runtime 0600–1800UTC

Topography SCA NBFCA

Mean altitude 294.7 m 511.0 m
σalt 41.5 m 101.4 m

Land use Share SCA (%) Share NBFCA (%)

Evergreen needleleaf forest 0.8 41.5
Deciduous broadleaf forest 20.4 1.2
Mixed forests 13.3 30.7
Closed shrublands 0.1 –
Open shrublands – 3.1
Grasslands 8.6 3.7
Croplands 40.5 9.9
Urban and built-up 11.7 10.3
Cropland/natural vegetation mosaic 6.1 2.2

Case Study AMMER2015 AMMER2016

Date 15.07.2015 08. and 09.06.2016

Runtime 0000UTC 15.07–. 1200UTC 08.06–
0000UTC 16.07 0000UTC 10.06.

Topography ACA GBCA

Mean altitude 446.4 m 484.1 m
σalt 58.3 m 49.7 m

Land use Share ACA (%) Share GBCA (%)

Evergreen needleleaf forest 2.5 10.1
Deciduous broadleaf forest 1.9 16.9
Mixed forests 7.1 59.6
Open shrublands 1.0 6.9
Grasslands 1.9 0.5
Croplands 57.9 3.5
Urban and built-up 16.1 1.5
Cropland/natural vegetation mosaic 11.3 0.9
Barren or sparsely vegetated 0.1 -
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Table 4.5.: Summary of some the meteorological and hydrological characteristics in the two respective control areas applied to study the
budgets during each case study. Daytime is defined as the time from 0600 to 1800UTC.

Case Study SABLE AMMER2015 AMMER2016
Control Areas SCA NBFCA ACA GBCA ACA GBCA

Mean root zone soil moisture (m3m−3) 0.28 0.29 0.18 0.20 0.24 0.31
Mean normalized root zone soil moisture 0.48 0.56 0.33 0.39 0.50 0.68
Daytime Mean 2-m temperature (K) 290.90 289.37 297.79 297.38 291.04 290.97
Daytime Mean 2-m qv (gkg−1) 6.82 6.72 10.80 10.90 8.11 8.04
Daytime Mean 10-m wind velocity (ms−1) 4.37 3.69 1.92 1.67 4.23 3.28
Mean Fveg (%) 74 79 70 89 59 87
Mean LAI (m2m−2) 2.55 3.16 2.63 4.04 1.81 3.82
Mean albedo 0.18 0.13 0.19 0.14 0.17 0.14
Mean roughness length z0 (m) 0.35 0.71 0.21 0.73 0.21 0.73
Mean cloud cover (%) 18 24 23 28 62 65
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4.4.4. Summary of the Case Studies and the Sites

In total three case studies were conducted for estimating the terrestrial budgets of
energy and water and the atmospheric budgets of sensible and latent heat. Table 4.4
summarizes the cases studies and gives a brief overview about the control areas, that
were applied as framework for calculating the budgets. Besides the differences in the
prevailing land use between the control areas, respective catchments in each case study,
the moisture content in the soil also differed significantly between the case studies and
the control areas (Tab. 4.5). Thus, not only the influence of the land use, but also
the impact of the moisture content on the land-atmosphere interaction and the energy
and water budgets at the land surface and in the PBL can be evaluated as well under
variable realistic weather conditions.

4.5. Observational Data Sets for Validation

In this section, a short overview about the different observational data sets applied
in this study for model validation is given. After a brief introduction of the meas-
urement principle of each observation type, the structural advantages and deficits of
the different observation types for model validation, the instrument errors and the
representativeness of the measurement are discussed.

4.5.1. Lidar Measurements

Lidar represents a group of remote sensing systems using laser radiation in the ultra-
violet, visible and near-infrared region of the electromagnetic spectrum (Wandinger,
2005a). Depending on the observed properties of the radiation, different atmospheric
variables can be measured. If the power of the backscattered radiation is measured,
the aerosol content of the atmosphere can be observed. With more sophisticated lidar
techniques it is possible to measure the wind speed, temperature, water vapor con-
tent and the concentration of trace gases like CO2. So called Doppler lidars make use
of the doppler shift when radiation it is scattered at moving particles. This enables
to observe the radial wind velocity in the direction of the laser beam. Temperature
rotational Raman lidars (TRRL) utilize the rotational Raman shift, when the radi-
ation is inelastically scattered at N2 or O2 molecules. Since the wavelength of the
backscattered radiation changes with temperature, it is possible to measure the atmo-
spheric temperature (Behrendt, 2005). Water vapor Raman lidars (WVRL) use the
vibrational Raman scattering of the radiation at H2O molecules (Wandinger, 2005b).
Another method to observe moisture with lidars is the water vapor differential absorp-
tion lidar (WVDIAL) technique. Here, radiation at two slightly different wavelengths
is emitted to the atmosphere, while one wavelength is at an absorption line of H2O and
the other close to the absorption line, but not affected by water vapor. By comparing
the two backscatterd signals, information about the absolute humidity (ρw) is derived
(Bösenberg, 2005).
For model validation, lidar observations are interesting for a couple of reasons. First

of all, they provide a continuous measurements of water vapor and temperature profiles
as well as profiles of the vertical wind in an altitude up to 3 km above ground level
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(AGL). Especially for turbulence resolving simulations, such as LES, this is a major
advantage. Turbulence is a stochastic process and it is therefore not reasonable to
compare single observations like soundings with the model. According to Stevens and
Lenschow (2001), only comparing statistics is a meaningful approach.
Another advantage of lidar observations compared to other profiling instruments is

the large signal to noise ratio. By comparing the observed time series with the known
theoretical behavior of a turbulent time series, it is possible to distinguish between
instrumental noise and atmospheric variability in the observations (Lenschow et al.,
2000). For other profiling instruments, the statistical and absolute errors are only
available by long term derived empirical values. The systematic errors of ground based
WVRL systems are smaller than 5%, for WVDIAL with values around 2%–5% and for
temperature measurements with TRRL systems smaller than 1 K. The statistical error
depends on the averaging time and the applied range resolution, but it is considered
to be around 1%–10% for WVRL and WVDIAL at a temporal resolution of 10 s,
which is sufficient in order to study turbulent fluctuations in the PBL. For TRRL, the
statistical error is given with 1 K at the same temporal resolution (Wulfmeyer et al.,
2015).
Lidar data has already been utilized to validate model simulations and has shown

its potentials to reveal structural deficits in atmospheric models. For example, Milovac
et al. (2016) validated WRF simulations at convection permitting scales with water
vapor DIAL data to investigate the impact of different PBL-schemes and the LSMs
on the water vapor content of the lower troposphere. Doppler lidar derived second to
fourth moments of the vertical wind have been used by Lenschow et al. (2012) to study
the occurrence of the vertical exchange in the PBL under several weather conditions.
They compared the lidar data with idealized LES runs. Jähn et al. (2016) validated
an LES for island wakes in Barbados with Doppler lidar wind data and water vapor
Raman lidar data and Heinze et al. (2017a) validated the ICON LES with lidar derived
variance profiles of vertical wind, potential temperature and water vapor mixing ratio.
Recently is has been shown, that it is possible to derive statistics up to the fourth

moment for turbulent fluctuations of the vertical wind, the temperature and the hu-
midity, with lidar observations (Lenschow et al., 2012; Behrendt et al., 2015; Muppa
et al., 2016). Therefore, higher moment statistics of turbulent fluctuations in the PBL
generated by LES can be validated by lidar data, which was not possible before. With
the help of lidars, it is possible study turbulent exchange processes in the PBL and
the entrainment fluxes around zi. Thus, these processes can be verified in the model.

4.5.2. Eddy Covariance Measurements

The idea behind the eddy covariance method is to observe all components of the energy
balance at the land surface at once. The net radiation (Rn), the 3D-wind vector, the
atmospheric humidity and the temperature as well as the ground heat flux are observed.
Both the temperature and the wind vector are measured with a 3-D sonic anemometer.
The wind vector is observed by comparing the run-time of the ultrasonic pulses in all
three different directions. Since the speed of sound in the atmosphere depends on the
temperature, the sonic anemometer can be utilized to measure the temperature as
well. The water vapor content is observed with an absorption hygrometer, making use
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of the absorption lines of H2O in the UV or the infrared. For observing the soil heat
flux (G), heat flux plates are employed measuring the temperature difference between
the top and the bottom of the plates. To derive the ground heat flux, a correction
accounting for the storage of heat in the soil above the plate is necessary. For this, the
moisture content in the soil is required.
Eddy covariance measurements have been considered as the best method for a direct

measure of Sh and λET and have been applied in many field studies (Baldocchi et al.,
1996, 2001; Wilson et al., 2002). The turbulent fluxes are calculated by applying
Reynolds averaging on the high frequency measurements of θ, humidity and the wind
vector. Thus, the sensible heat flux is the covariance of the temperature fluctuation
with the vertical wind fluctuation, and the latent heat flux the respective covariance
of the water vapor fluctuation with the vertical wind fluctuation. For calculating the
statistics, a time series of 30 min to 60 min is applied. Typical errors of sensible and
latent heat fluxes are in the range of 5%–20% (Foken, 2008; Vickers et al., 2010).
Although EC measurements are accurate, still issues including unintentional conver-

sion of random errors to systematic errors, ambiguous differentiation between turbu-
lence and other motions and omission of transport by stationary eddies exist (Mahrt,
2010). Especially the missing energy balance closure is problematic (see Chapter 1).
The residual in the energy balance depends largely on the local conditions of the area
in which the station is positioned (Wilson et al., 2002; Stoy et al., 2013). Depending on
the topography in the area, advection has to be considered in the energy balance. In
heterogeneous terrain, the mean flow lines are often not aligned with the geographical
coordinates (Finnigan et al., 2003). Thus, the mean wind vector is partially influencing
the vertical wind measurement. To apply the eddy covariance method, it is necessary
that the mean vertical wind is zero. This is assured by performing a coordinate trans-
formation, aligning the coordinates to the mean wind, which can substantially increase
the estimates of λET and Sh and improves the energy balance closure (Finnigan et al.,
2003; Oncley et al., 2007).
Further reasons for the energy balance gap are the energy storage due to photo-

synthesis and the energy release by plants and soil respiration. However, they are
generally considered to contribute only a few percent of Rn (Meyers and Hollinger,
2004; Finnigan, 2006; Eshonkulov et al., 2019). Several studies have proven, that it
is not possible to capture the full spectra of lower atmospheric exchange with a single
tower measurements (Kanda et al., 2004; Mauder et al., 2007; Steinfeld et al., 2007;
Mauder et al., 2010). Therefore, longer averaging periods have been discussed to in-
crease the representativeness of the measurements (Finnigan et al., 2003; Foken, 2006;
Sun et al., 2006; Mauder et al., 2010). Nevertheless, the averaging period should be
short enough to assure a stationary behavior of the surface layer. However, the larger
eddies, existing on a timescale longer than the typical time average of 30 min applied
for EC-stations, contribute to the energy balance in the surface layer as well (Foken,
2008). Since the large eddies are not in steady state, they cannot be measured with
the EC method. This hypothesis is also a topic of this work.
Changes in the properties of the land surface lead to different spatial represent-

ativenesses of the sensors applied in EC measurements. While the measurement of
radiation and ground heat flux is influenced by the local conditions, the footprint of
the turbulent fluxes is influenced by a much larger region, depending on the heights
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of the sensors, the wind speed, the stability of the atmospheric stratification and the
roughness of the land surface (Gash, 1986; Schuepp et al., 1990). Thus, if the energy
balance over a certain type of land cover is observed, the EC-station should be located
in a relatively large and homogeneous patch.
Because the energy balance is not closed in EC observations, the residual has to be

taken into account when EC measurements are compared with results of simulations.
For simulations with relatively fine resolution, as it is the case with LES, a horizontal
average should be used for comparing with EC measurements to increase the spatial
representativeness of the model results to an area which fits approximately to the
footprint of the EC data. Furthermore, the land use classification in the model has
to be taken into account, which often varies in the static model data compared to the
real behavior, especially on agricultural land (Ingwersen et al., 2018).

4.5.3. Bowen –Ratio Towers

An alternative approach to the EC method for observing the energy balance at the
land surface is the Bowen-ratio technique. It applies simultaneous measurements of
the vertical gradients of humidity and temperature to partition the available energy
for turbulent fluxes at the land surface to Sh and λET . The Bowen-ratio method is
appropriate for areas covered by short vegetation (Denmead and McIlroy, 1970) and
is widely applied at agricultural and grassland sites. With the EC method it shares
the observation of Rn and G. By assuming identical turbulent exchange coefficients
for moisture and heat, the Bowen-ratio can be derived from the gradients of moisture
and temperature:

Bo =
cp
Lv

∆T

∆q
. (4.3)

With the known net radiation Rn and the ground heat flux G, the sensible heat flux
Sh and the latent heat flux λET can be calculated according to:

Sh = (−Rn −G)
Bo

1 + Bo
, (4.4)

λET =
−Rn −G
1 + Bo

. (4.5)

The Bowen-ratio method is facing a couple of approach inherent difficulties. It is
only applicable in neutral to near-neutral conditions in the surface layer. For strongly
stable and unstable conditions the assumption of same exchange coefficients for heat
and moisture may not be valid any more (Blad and Rosenberg, 1974; Angus and Watts,
1984). Furthermore, the two sensor heights have to be located in the surface layer.
Especially under stable conditions, this can be violated. Moreover, the presence of
higher obstacles in the upwind area of the stations can increase the roughness sublayer,
lifting the surface layer above the instruments. Since the energy balance is assumed
to be closed, the residual is added according to the Bowen-ratio to the estimates of
Sh and λET . Thus, the measured fluxes are usually higher than with the ECmethod
(Angus and Watts, 1984; Kanemasu, 1992).
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For validating model data with data derived by the BR method, the footprint of
the observations has to be taken into account, which is about the same as for the EC
method (Horst, 1999). Furthermore, due to the stronger assumptions behind the BR
method compared to the EC technique, especially data covering the nocturnal energy
exchange and the morning and evening transitions has to be treated cautiously.

4.5.4. The Synoptic Network of the DWD

A common problem of all the aforementioned instruments is their limited spatial rep-
resentativeness due to the small number of stations or instruments available. Mobile
platforms like the University of Hohenheim lidars are only operated for special observa-
tional campaigns and immobile platforms like EC stations and Bowen-ratio towers are
limited to certain test areas, where they reach a sufficient density for local model valid-
ation. However, even in comparison to the relatively limited extend of domains applied
for LES, these test areas usually cover only a small portion of the domain. Since it is
not possible to produce longer time series with LES due to the computational efforts,
the validation of short term simulations with local observations has thus only a local
validity. Therefore, data of an observation network with good spatial coverage is of
interest for model validation as well for closing the gap of limited representativeness
of the other observation types.
The German meteorological service (Deutscher Wetterdienst; DWD) operates a net-

work of synoptic measurement stations in Germany. At each station, the temperature
and the relative humidity is observed every hour, and at some stations the 10-m velo-
city is recorded as well. In the area covered by the LES domain applied for this thesis,
11 stations were available for temperature and humidity observations and 4–6 stations
for the 10-m wind. In the models, the 2-m temperature (T2m) and the 2-m relative
humidity (RH2m) are both calculated using the sensible and the latent heat flux at
the land surface. In the observations, the air temperature and the humidity close to
the surface are largely affected by the local land surface processes as well (Holtslag
and Van Ulden, 1983). Furthermore, in-situ observations are frequently applied in an
assimilation context for constraining land surface properties in LSMs (Margulis and
Entekhabi, 2001). Therefore, comparing the 2-m diagnostics with observations gives
the possibility to perform at least an indirect validation of the turbulent fluxes at the
land surface for various regions inside the domain. The 10-m wind (uh10m) depends on
the surface roughness and on the friction velocity in the model. Thus, a comparison
with observations gives the opportunity for drawing conclusions about these quantities.
Several attempts have been made to derive flux data from the observations of met-

eorological surface fields. The common idea of these methods is that under limited
advection, the fields of T2m and RH2m are reflecting the strength of the surface heat
fluxes (Betts, 1992; Betts and Ball, 1995). However, all of these methods suffer from
structural deficits, with either treating the entrainment flux at the top of the PBL
as constant ratio of the surface flux (Gentine et al., 2015) or as the residual in a
PBL budget (Santanello et al., 2009). Furthermore, the advection is often derived by
changes in the daily mean values of T2m and RH2m (Gentine et al., 2016), which is due
to the runtime of the simulations in this work not an applicable solution. Thus, in this
study only the direct measurements of T2m and RH2m as well as uh10m are applied for
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validating the model.

4.5.5. Soil Moisture Monitoring Network of the University of Hohenheim

In combination with the observatory in the Kraichgau the University of Hohenheim
is operating EC stations, a regional network for soil moisture observations was imple-
mented. At each location 21 time domain transmission sensors are present, located in
15 cm depth, all under cropland. The sensors are placed in three concentric squares,
with a side length of 3 km, 9 km and 27 km (Poltoradnev et al., 2018).
Soil moisture observed by an in-situ probe represents only a point measurement,

affected by the local soil texture and the land cover, while a land surface model assumes
a unified value of η in the entire grid box. Both the soil texture and the land cover are
much more heterogeneous in reality as in the models, where only a single land use type
and soil type are assumed in one grid cell. Additionally, the applied soil maps show
no soil horizons and the corresponding soil parameters are often not in accordance
with the soil texture in reality. Therefore, it can not be expected, that the modeled
η conforms with the observed values for single in-situ observations. By comparing
the statistic of a monitoring network, differences at the single locations loose their
influence and the network average can be used to validate the temporal development
of η in the model. Furthermore, the standard deviation can give an insight into the
spatial variability of η in the region (Greve et al., 2013).

4.5.6. Satellite Remote Sensing

For this study, data of the EUMETSAT Satellite Application Facility (SAF) on Land
Surface Analysis (LSA; Trigo et al. (2011)) are applied. Namely, the products for
the downwelling shortwave radiation, the albedo, the LAI and Fveg are used. With
the downwelling shortwave radiation (S↓w) the location of clouds can be validated, the
albedo is a key variable in the surface energy balance, and with the help of albedo and
LAI and the Fveg , the state of the vegetation can be validated.
In the LSASAF framework, the S↓w at the land surface is defined as the integral of

the spectral irradiance between 0.3µm and 4µm. It is observed by the channels in the
visible range of the SEVIRI (spinning enhanced visible and infrared imager) instrument
of the MSG satellite. The calculation is based on the solar constant, corrected by
the solar zenith angle, the variations of the distance of the sun during the year and
the atmospheric transmittance for shortwave radiation. Clear and cloudy pixels are
identified by the backscattered shortwave radiation. For the clear atmosphere, the
transmittance is derived with the method of Frouin et al. (1989), taking into account
the scattering of aerosols, water vapor and ozone. The ECMWF forecast model is
the source of the water vapor data and the NASAs TOMS (Total Ozone Mapping
Spectrometer) climatology is applied for the ozone concentrations. The aerosol optical
thickness is specified according to a latitude dependent climatology (Berthelot and
Dedieu, 2000).
Similar as for S↓w, for the albedo an atmospheric correction has to be applied as well.

This is followed by an inversion of the bidirectional reflectance distribution function
(BRDF), which defines how radiation is reflected at an opaque surface. The inversion
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is performed by decomposing the BRDF in a series of linear kernel functions for each
spectral band which are associated to dominant light scattering processes (Lucht and
Roujean, 2000). Cloudy pixels and pixels influenced by cloud shadows are excluded
from the inversion process. With the help of the parameters resulting from the inversion
of the BRDF, the spectral albedo is derived by angular integration. Following that,
the broadband albedo is derived by integrating the spectral albedo over the different
wavebands.
Just as for the albedo, for the LAI atmospheric and BRDF corrected data is neces-

sary as well. Three SEVIRI channels are applied, the red 0.6µm, the near infrared
0.8µm, and the middle infrared 1.6µm to obtain the LAI . The calculation of the LAI
is based on the Fveg in each pixel using a semi empirical approach including a clumping
index for non-randomness in the leaf distribution (Roujean and Lacaze, 2002). The
Fveg is derived from a spectral mixture analysis (SMA), where it is assumed that the
observed variability of the pixels arises from a mixture of the pure classes of vegetation
and soil.
The major advantage of satellite remote sensing is the wide areal coverage of the

data it is providing (Balsamo et al., 2018). However, as this study is working with
limited area models, the spatial extend of the data is even not completely utilized.
The spatial resolution of the MSG data varies with the location of interest on the disk.
For Europe, it is about 4 km × 5 km. Therefore, spatial interpolation is necessary for
making comparisons, because the resolution of the simulations conducted here is much
smaller. Furthermore, the products rely on a couple of assumptions and make use
of other data sources, which are not necessarily observation based. For example, for
the corrections for the atmospheric transmittance, data of an NWP model is applied.
Thus, satellite products can not be seen as purely observational dataset.
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Comparison With Observational Data

In this study, simulations are carried out to enhance the understanding of processes
in the land-atmosphere system. However, as simulations are always a simplified image
of the real processes, it is necessary to compare the model results with observations
of the land-atmosphere interaction to asses the reliability of the simulations. In the
foregoing chapter, an overview of the observation systems applied in this study was
given (Sec. 4.5). In this chapter, the data measured by the listed instruments is com-
pared with the model output. Particularly, the terrestrial energy balance is compared
with data of EC-stations operated during SABLE, and with observations of Bowen-
ratio towers located in the ACA during AMMER2015 and AMMER2016 (Sec. 5.1).
Furthermore, the albedo, the LAI and the fractional vegetation cover (Fveg) are com-
pared with satellite remote sensing products (Sec. 5.2) and the 2-m temperature and
humidity as well as the 10-m wind are validated with the observations by the synoptic
network of the DWD (Sec. 5.4). In addition, the applied soil data set is compared with
a different, finer scaled product (Sec. 5.3). Lidar data of the humidity and the vertical
wind is applied to asses the exchange processes in the PBL in the model (Sec. 5.5).
Finally, the cloud cover in the simulations is validated with satellite data (Sec. 5.6).

5.1. Local Flux Balance Towers

Validation of the Terrestrial Energy Balance during SABLE

During the SABLE campaign, four EC-stations were operated (see Sec. 4.3.1. In the
model, all EC-stations, named EC1 to EC3 and EC7 were located over cropland.
During the measurement campaign, the land cover beneath the EC-stations differed
from that in the model. EC1 and EC2 were both located in a maize field, while EC3
and EC7 were both positioned in a harvested, barren field.
Figure 5.1 compares the surface energy balance between the model and the operated

EC-stations. For all EC-stations, the net radiation (Rn) indicates a stronger cloud
cover over the sites than in the model, visible at the frequent decreases of Rn. However,
Rn was in the model comparable strong as in the observations. Therefore, differences
in the radiation balance between the model and the observations must exist, besides
the reduction of S↓w by the shading of clouds. Without the effect of clouds, Rn would
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have been larger in the observations than in the model.
Particularly, in the radiation balance, lower values of S↓w are noticed in the model

in contrast to the observations due to the differences in the cloud cover. Proportional
differences were found for the shortwave upwelling radiation (S↑w). This indicates, that
the albedo α in the model was comparable to the values found in the observations.
While for upwelling longwave radiation (L↑w), no larger differences were observed for
EC1 and EC2 in comparison to the model, for EC3 and EC7, a systematic under-
estimation of L↑w was visible in the model. Both EC3 and EC7 were located over
a harvested field, while in the model cropland was assigned. Due to the missing Tr,
higher values for the surface temperature are reached, what resulted in larger values
of L↑w in the observations than in the model.
The downwelling longwave radiation (L↓w) was about 50Wm-2 lower in the model at

all locations of EC-stations. Several reasons could be responsible for this deviation.
Unlike for the inconsistencies in S↓w, clouds can be excluded here, as the deviations in
L↓w were not fluctuating in time. A possible reason is an underestimation of the at-
mospheric temperature in the model. Comparisons with observations of T2m showed
lower temperatures in the model than in the observations. Furthermore, lower con-
centrations of gases, which are optically active in the infrared, could have caused the
discrepancies in L↓w. In comparison to lidar data, the model showed lower values of
the absolute humidity (ρw) in the PBL. However, the constant underestimation of L↓w
in the model can be seen as the major factor causing the lower values of Rn in the
model.
Similar to L↑w, differences in the ground heat flux (G) are also explainable by the

land cover. Both EC1 and EC2 showed smaller values of G than the model, while
for EC3 and EC7 slightly larger values of G in the measurements were observed.
Over barren fields, the surface temperature reached higher values due to the missing
Tr. This increased the temperature gradient between the land surface and the deeper
soil, what led to higher values of G at the locations of EC3 and EC7. In contrast,
maize, as it populated the fields beneath EC1 and EC2, shows in August the highest
values for the LAI throughout the year. Especially for maize, the prescribed values
for the LAI for cropland in the model do not agree with the development of the actual
LAI (Ingwersen et al., 2018). A denser canopy absorbs and reflects more irradiance,
what leads to a smaller heating of the ground beneath the canopy due to the shading,
explaining the lower values of G found for EC1 and EC2. Furthermore, the stronger
Tr over vegetated areas decreased the heating of the land surface. However, besides the
land cover, differences in the soil properties as well as η also can contribute to changes
in G. Nonetheless, for isolating the impact of these factors, simulations covering longer
timescales would have been necessary.
In the data measured by EC1 and EC2, λET was larger than Sh. Although the

classification of the land use, in which maize was correctly summarized as cropland,
the model showed at the location of EC1 slightly higher values of Sh than of λET
around noon. At the location of EC2, the values of λET and Sh were equally strong
in the model around noon. Besides the influence of the LAI , the soil type played a
role in the partitioning of the energy budget at the land surface during SABLE as well.
Both EC-stations were located in the model directly at an intersection of silt loam and
clay as dominant soil type. The spatial average of the model data that is compared
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(a) (b)

(c) (d)

Figure 5.1.: Comparison of the surface energy balance in the model with the data ob-
served by the EC-stations operated during SABLE. For the model data,
7× 7 grid cells were averaged, corresponding approximately to the footprint
of the EC-stations. Panel (a) shows EC1, (b) EC2, both located in a maize
field (c) the EC3 and (d) EC7, both located over a harvested field. In the
model cropland was assigned at all locations. All data was averaged to the
full hour. In the panels, NETRAD represents Rn, LHF λET , SHF Sh, GHF
G and RES the residual in the terrestrial energy balance. The dashed line
shows the observations and the solid lines the model results.
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here against the observations, contained also grid cells over clay. Samples of the soil
beneath the EC-stations revealed a composition of clay and silt for all four stations,
which corresponds better to the classification of silt loam in the model than to clay.
Due to the high ηwilt , Tr was reduced over clay in the model during SABLE. Thus,
besides the influence of a wrong representation of the LAI for maize in the model, an
incorrect classification of the soil in the area in the model was another factor leading
to the underestimation of λET compared to the observations. The residual which is
found for EC1 to reach up to 100 Wm−2, makes the analysis still questionable for this
location, as EC1 would have showed larger values of Sh than of λET , if the residual
was completely added to Sh. However, for EC2, the residual was too small to change
the partitioning of the turbulent fluxes. Therefore, an underestimation of λET in the
model for this location can be assumed.
In contrast, EC3 and EC7 showed roughly equally large values of Sh and λET

around noon. In the model, larger values of Sh and λET were found at the respective
locations. Both stations were installed over barren fields. In the model, cropland was
assigned. Thus, higher values for λET were expected due to the missing Tr in the
observations. In the measurements of EC3, an increase of λET , accompanied by a
decrease of Sh in the afternoon is visible. While it is only possible to speculate about
the reasons for the increase of λET at the location of EC3, in the data of EC7, a clear
impact of the differences in land use between the model and the observations is visible.

Validation of the Terrestrial Energy Balance during AMMER2015

During AMMER2015 and AMMER2016, data of three Bowen-ratio towers was avail-
able for validating the surface energy balance. The stations were operated in the ACA
and are located in Tailfingen, over agricultural land on loess soils with a high content
of silt, and in Poltringen, over agricultural land above vertisol (vertisol is classified as
clay in the model). The tower in Entringen is placed on pasture in the water meadow
of the creek Käsbach on clayey soils. Since the station in Entringen is located in the
floodplain of the Ammer it usually shows a high watertable (≈ 80 cm in the annual
mean).
Figure 5.2 shows a comparison of the surface energy balance in the model with the

Bowen-ratio towers for AMMER2015. During the case study, the towers in Entringen
and in Poltringen were located over grassland, while beneath the tower in Tailfingen,
winter wheat was planted. In the model, cropland was assigned at all three locations.
For all three stations, Rn was almost in accordance between the observations and the
model. For the stations at Poltringen and Entringen, decreasing values of Rn around
noon indicate a frequent shading by clouds. For both locations, Rn is lower in the
model than in the observations, indicating a higher density of the cloud cover in the
model. The station at Tailfingen showed sings for shading by clouds in the morning,
which are not found in the model. When Rn was disaggregated into its components,
it appears that the differences for Rn mainly occurred because of disagreements of S↓w
between the observations and the model. All other radiation components showed a
close agreement at all stations.
The ground heat flux showed only marginal differences between the model and the

observations at Entringen and Poltringen. At Tailfingen, a slight overestimation of G
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(a)

(b)

(c)

Figure 5.2.: Comparison of the surface energy balance in the model with the data ob-
served by the Bowen-ratio towers of the Ammer network for AMMER2015.
For the model data, 7× 7 grid cells were averaged. Panel (a) shows the
observations at the station at Entringen, (b) the station at Poltringen and
(c) the station at Tailfingen, respectively.
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in the simulations was detected. Several reasons could have caused higher values of G.
Among them are a too high values for the thermal diffusivity for heat in the soil or an
incorrect representation of η or the vegetation density.
In Tailfingen, larger values of λET than for Sh are found in the model. In contrast,

in Entringen and Poltringen, Sh is observed to be larger than λET in the model.
Here, the lower usable field capacity of clay soils, the prevailing soil type in the model
at Entringen and Poltringen, could have showed its impact. While over the silty
soils in Tailfingen the vegetation is still able to transpire in the model, the values
for η in the clay soils in Entringen reached in the model already a state limiting Tr.
However, while at Entringen, in the observations higher values of Sh were also found
compared to λET , in Poltringen λET exceeded Sh in the observations. The station in
Tailfingen and in Entringen were both located over grassland in summer 2015. In the
simulation, at both locations, cropland was assigned. Among the possible reasons for
the discrepancies between the observations in Entringen and Poltringen are different
species of grassland, or a larger usable field capacity in the soil in Poltringen compared
to Entringen. While the low values of λET at Entringen indicate, that the grassland
was not able to transpire any more, it seems that the vegetation at Poltringen was still
able to extract moisture from the soils. In the model, Tr was limited at both locations,
showing that the model was not able, despite the fine resolution, to reproduce the local
conditions at all sites. Nonetheless, at Tailfingen and at Entringen, the energy balance
between the observations and the model almost agreed.

Validation of the Terrestrial Energy Balance during AMMER2016

During AMMER2016, Rn showed signs for a denser cover with clouds in the obser-
vations than in the simulation in the morning at all locations. At Poltringen and at
Entringen, in the early afternoon, a stronger cloud cover is also found in the observa-
tions compared to the simulations. A closer look at Rn revealed that, similar to the
AMMER2015 case, the major part of the discrepancies between the model and the
observations in Rn are explainable by differences of S↓w as well. This could have been
related to differences in the cloud over.
While during AMMER2016, at all three locations cropland was assumed as the

major land use class in the model, the land use differed in the observations. The site in
Tailfingen was populated with winter wheat, the one at Poltringen with maize and the
one at Entringen was located over grassland. For both Sh and λET , a close agreement
between the measurements and the simulations for the site at Tailfingen is found. Small
differences occurred because of the overestimation of Rn in the model in the morning.
For the sites at Poltringen and Tailfingen, almost all the available energy was converted
into λET in the observations. While both, the model and the observations, showed
similar values of λET , the observations showed no appreciable values of Sh. During the
case, the canopy may have been covered with water. Therefore, all the available energy
was converted into the evaporation of water. A closed water cover is imaginable for
grassland. For maize (the station at Poltringen was located over maize), differences in
the plant growth and the representation of the cropland in the model could have played
a role. Maize is a late-covering crop (Imukova et al., 2016), potentially emerging in
May. Therefore, ponding water could cover the young plants, similar to the grassland.
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(a)

(b)

(c)

Figure 5.3.: Same as Fig. 5.2, but for AMMER2016.
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In contrast, the model shows at both locations small values of Sh. In the model, the
intercepted water in cropland evaporated completely in the morning, what led to an
increase of Sh. However, by using HYDRO, the model allows ponded water. Thus, a
closed water surface in the model in the area could have been reproduced by the model.
Here, an inadequate location and differences in the strength of the precipitation on the
day before the case study could have played a role in the observed differences.

5.2. Satellite Remote Sensing

With the applied option for the vegetation dynamics in NOAHMP, the LAI follows
a prescribed value defined for each vegetation type and for each month. Since the
development stage of the vegetation shows variations according to the seasonal weather
conditions, differences of the prescribed value of LAI to the local state of the vegetation
are expectable. Especially for agricultural land, larger differences can occur in LAI
(Ingwersen et al., 2018), which are reflected in the strength of the transpiration Tr
and are influencing the behavior of the PBL (Sulis et al., 2015). This is of particular
interest, because the vegetated fraction (Fveg) and both the leaf resistance against
evaporation and sensible heat (rb) and the canopy resistance rac) directly depend on
the LAI in the model. Thus, the LAI influences various variables determining the
terrestrial water and energy budgets. Furthermore, the validation of the simulations
with local observations revealed a strong influence of the vegetation cover on the surface
energy balance. Therefore, it is necessary to validate the LAI with observational data.
For this purpose, data of the EUMETSAT Satellite Application Facility (SAF) on Land
Surface Analysis (LSA; Trigo et al. (2011)) was applied (see Sec. 4.5.6). In particular,
α, the LAI and the Fveg have been used to validate the simulations. Unfortunately,
no data was found for the AMMER2016 case. Thus, the validation is restricted to the
SABLE and the AMMER2015 case studies.
Figure 5.4 compares α, the LAI and the Fveg between the LSASAF product and

the model for SABLE. The albedo was larger throughout the whole domain in the
simulations compared to the LSASAF product. In contrast, the spatial pattern of α
showed a good accordance between the LSASAF product and the simulation. In the
mean, α was in the SCA and in the NBFCA with 0.18 and 0.17 slightly larger in the
model than suggested by the LSASAF product with 0.13 and 0.12 (Tab. 5.1). For the
snow free broadband albedo, a relative bias of 10% is reported in the literature for the
LSASAF product (Carrer et al., 2010, 2018). Therefore, the observed differences in α
are significant.
Compared to the local measurements of the radiative balance of EC-stations, the

shortwave upwelling radiation S↑w was almost in accordance with the model (see Sec 5.1).
Only on the first sight this is contradictory to the results found here. The differences
observed for α can cause changes of around 30 Wm−2 in S↑w at the maximum values
found for S↓w in the local observations, corresponding to up to 25% of the values found
for S↑w (S↑w showed maximum values of around 150 Wm−2). Thus, considering the
magnitude of the other factors in the terrestrial radiation and the terrestrial energy
balance, the differences in α are not decisive for the energy partitioning at the land
surface for the conditions found during SABLE.
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Figure 5.4.: Comparison of the albedo in WRF, defined for the spectral band of 0.3µm–
3.0µm with the broad-band albedo observed by the LSASAF, valid for
the same spectral range, the LAI and the fractional vegetation cover Fveg

between LSASAF data and the values prescribed in NOAHMP for SABLE.
In panel (a) the LSASAF albedo is visible, interpolated on a Lambert Con-
formal projection at 2.5 km resolution. In panel (b) the LSASAF LAI and
in panel (c) the LSASAF Fveg interpolated on the same grid are presented.
Panels (e), (f) and (g) show the albedo, LAI and Fveg fields from the model
interpolated on the same 2.5 km grid as applied in the upper row, while the
panels in the lowest row present the albedo, the LAI and the Fveg on the
native LES grid, respectively.
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Table 5.1.: Comparison of the control area averaged albedo, LAI and Fveg with the
LSASAF observations. The values for the simulations are not the same
as the ones presented in Tab. 4.5 and Tab. 6.2, since the control areas were
defined on a 2.5 km grid here, and are, thus, not congruent to the control
areas at the 100 m grid increment of the LES.

Case Study SABLE AMMER2015

Data WRF LSASAF WRF LSASAF

Control Area SCA NBFCA SCA NBFCA ACA GBCA ACA GBCA

Albedo (–) 0.18 0.17 0.13 0.12 0.16 0.12 0.16 0.14
LAI (m2m−2) 2.63 3.12 2.81 3.44 3.49 3.86 2.64 2.73
Fveg (–) 0.75 0.76 0.68 0.74 0.83 0.89 0.68 0.69

For SABLE, the LSASAF data shows higher values for the LAI than the model.
The spatially aggregated fields of the simulations exhibited a larger spatial variability
of the LAI in the model than in the LSASAF product. The deviations reached values
of ≈ 2 m2m−2 at some locations in the NBFCA and values of around 1 m2m−2 in the
SCA. In the mean, the LAI in the SCA was with 2.81 m2m−2 and with 3.44 m2m−2

slightly larger in the LSASAF product than in the simulations with 2.63 m2m−2 in
the SCA and with 3.12 m2m−2 in the NBFCA (Tab. 5.1). A direct validation of the
LSASAFs LAI product with ground-truth maps resulted in an overall accuracy of
20% (Verger et al., 2007), questioning the significance of the observed deviations.
Nevertheless, since summer 2014 was unusual moist in southwestern Germany and
showed good growing conditions for vegetation, larger values for LAI compared to the
ones prescribed in NOAHMP, which are a satellite based mean for several years, are
likely.
Compared to the values of 0.74 in the LSASAF data, the Fveg showed in the NBFCA

in the model with 0.76 a better agreement than in the SCA (0.75 in the simulations
and 0.68 in the LSASAF data). Especially for the north of the SCA, the values of Fveg

were lower in the LSASAF compared to the simulations. Since August is a typical
harvesting time in the southwest of Germany, bare fields could have leaved to lower
values of Fveg in the LSASAF product.
The largest differences for LAI and Fveg between the model and the LSASAF data

are found for the area west of the SCA and the NBFCA. Late growing crops like maize
planted in the area could increase the LAI and Fveg , which are not represented in
the prescribed values of the LAI in the model. Areas with a larger share of maize
could, therefore, lead to the observed differences in the spatial patterns of LAI and
Fveg . However, a misrepresentation of the prescribed values of the LAI in the model
for the different forest types in the densely vegetated Black Forest could also lead to
the observed differences between the model and the LSASAF data in LAI and Fveg .
For AMMER2015, again the largest discrepancies for LAI occurred in the densely

vegetated Black Forest. However, throughout most of the domain higher values of
LAI were found in the simulation. In both control areas, the simulations showed
significantly higher values for both the LAI and the Fveg in the mean. In contrast
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Figure 5.5.: Same ad Fig. 5.4, but for AMMER2015.
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to 2014, the year 2015 was a distinct dry year in the southwest of Germany, showing
worse growing conditions for the vegetation. Thus, lower values of LAI and Fveg could
have been related to the dry conditions, which decrease the vegetation growth in the
summer season. These seasonal differences are not considered in the prescribed value
for LAI and the the resulting values of Fveg . Furthermore, especially winter wheat,
which is the dominant crop type in the area covered by the ACA, is harvested early in
dry years, being a further factor decreasing LAI and Fveg in the LSASAF data.

During both case studies, significant differences of the LAI and the Fveg have been
found between the LSASAF product and the values in the model. Higher values for the
LAI , as they were indicated for the SABLE case by the LSASAF products would have
led to a higher share in Tr on ET and lower values of Esoil, as less energy would have
been available beneath the canopy and rac would have been increased. Furthermore,
through the increased shading, the ground heat flux G would have also been decreased.
The opposite would have been found for AMMER2015. In this case, G would have
been increased, and Esoil would have showed a larger influence on ET .

5.3. Comparison of the Soil Dataset With a Finer Map

The hydraulic properties of the soil are key parameters and show a strong influence
in LSMs (Schwinger et al., 2010). The default values for soil hydraulic properties
in NOAHMP can yield biased simulations (Gayler et al., 2013). It is supposed that
the applied soil map can bias the energy and water budgets at the land surface in
the simulations, like it was visible in the validation of the terrestrial energy budget
(Sec. 5.1). Thus, it is interesting to investigate, how the applied soil dataset compares
against other soil datasets of the region. Here, the soil map of Milovac et al. (2014),
which is based on the Bodenübersichtskarte (BÜK) at a scale of 1:1000000 (BÜK1000),
was applied in the simulations presented in this work. It is compared to the much
finer Bodenkarte (BK) at the scale of 1:50000 (BK50) of the Landesamt für Geologie,
Rohstoffe und Bergbau1 for the areas the simulations have been conducted. In detail,
the field capacity and the usable field capacity are compared. Both quantities describe
key properties in the soil hydraulics. The field capacity is a measure for the amount
of water the soil is able to retain against gravity. The usable field capacity describes
to which degree the water in the soil is accessible for the vegetation.
Figure 5.6 presents the three aforementioned quantities for a detail area of the do-

main applied for SABLE. Figure 5.7 shows the same area in the BK50. The applied
soil map in the simulation does not represent the variability of the soil properties as it
is represented in the BK50. This has several reasons. First of all, NOAHMP does only
allow a limited number of soil types. Therefore, the soils in the map of Milovac et al.
(2014) are clustered according to their hydraulic properties. Moreover, the soil map
applied in the simulations is based on the BÜK1000, which is at much coarser scale
than the BK50. Furthermore, the map of Milovac et al. (2014) was originally intended
for coarser scaled simulations as the ones conducted here. Thus, the spatial resolution
is, with 1000m, coarser than the applied grid increment for the LES.
Large differences are noticed in the absolute values of the two quantities between

1Available from http://www.lgrb-bw.de/aufgaben_lgrb/geola/produkte_geola
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Figure 5.6.: Hydraulic properties as specified by the applied soil map for a detail of D03
as it was located for SABLE. Panel (a) shows the field capacity and panel
(b) the usable field capacity of the soils.

(b)(a)

Figure 5.7.: Hydraulic properties as given by the BK50 soil map for the same detail of
D03 as in Fig. 5.6. Panel (a) shows the field capacity and panel (b) the
usable field capacity of the soils.
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the maps. The soil map applied for the simulations shows relatively high values for
the field capacity in the northern and the eastern part of the presented region. In the
south, soils with a lower field capacity prevail (Fig. 5.6 (a)). The BK50 shows as well
higher values for the field capacity in the northern part. The values of the field capacity
are comparable to the ones found in the soil map applied in the simulations. In the
eastern part of the presented area, an aggregation of the values found for the field
capacity in the BK50 would have led to similar values compared to the ones found in
the map of Milovac et al. (2014). For the southern part of the domain, the differences
of the BK50 to the applied soil map are on such a high level, that spatial averaging
would not have led even to a rough congruence between the map for the area.
The usable field capacity shows relatively high values in the northern part, and

higher values in the southern than in the northeastern part of the presented area,
where clay was the prevailing soil type in the applied soil map (Fig. 5.6 (b)). Here, the
BK50 (Fig. 5.7 (b)) showed again comparable values in the northern part of the area.
In the northeastern part, values for the usable field capacity were found that could
meet the estimations in the applied soil map approximately, if they were averaged over
larger spatial areas. Similar as for the field capacity, also for the usable field capacity
in the southern part of the presented area, the largest differences occur between the
two maps. The usable field capacity is massively overestimated in the applied soil map,
compared to the BK50 in the area.
For both presented fields, a dependence on the topography were found in the BK50.

For example, in the Northern Black Forest, soils with higher hydraulic conductivity
were found in the valleys in the BK50. This was not the case for the soil map applied in
the simulations. There, uniform fields were found in the area. However, such features
would have been resolvable at the grid increment of 100 m. They could have influenced
the terrestrial budgets of energy and water in the area in the simulations.
Figure 5.8 and Fig. 5.9 show the same quantities as Fig. 5.6 and Fig. 5.7, but for

the region of AMMER2015 and AMMER2016. In general, the agreement of the field
capacity and the usable field capacity was better than for SABLE. Both maps are
presenting areas with higher values for the field capacity and the usable field capacity
in the west of the ACA than in the east of the ACA and in the area of the GBCA.
While the usable field capacity was comparable for both maps in the western part of the
ACA, for the eastern part of the ACA and the GBCA, the BK50 revealed substantially
lower values.
In summary, larger differences of the applied soil map with the much finer BK50

were noticed, both, for the spatial pattern and the absolute values of the compared
properties for parts of the domains. Furthermore, as the influence of the hydraulic
properties of the soil can affect the surface energy balance and can propagate thus into
the atmosphere in numerical models (Ács et al., 2010; Hu et al., 2017), a disturbance
of the organization of the atmospheric flow also can be expected. Here, structural
deficits in NOAHMP are revealed, due to the limited number of allowed soil classes,
being unable to represent the morphology of the soil in such fine scaled simulations as
they are conducted here. Especially for the region of SABLE, larger deviations for the
usable field capacity were found between the applied soil map and the BK50 for the
Northen Black Forest. This leads to a biased representation of the water availability
for the vegetation in this area. Furthermore, the soil parameters in the model are
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Figure 5.8.: Same ad Fig. 5.6, but for a detail of D03 as it was applied for AMMER2015
and AMMER2016.

(b)(a)

Figure 5.9.: Same ad Fig. 5.7, but only for a detail of D03 as it was applied for AM-
MER2015 and AMMER2016.
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adjusted to NorthAmerican soils in the model, from which it is known, that they
are not valid for European soils (Ács et al., 2010). For instance, Gayler et al. (2014)
adjusted the prescribed soil parameters in NOAHMP for the site the SABLE case
study took place to compare the terrestrial energy in offline simulations of NOAH with
EC measurements.

5.4. Validation with the Synoptic Network of the DWD

As was already mentioned in Sec. 4.5.4, a validation of the near-surface fields with the
observations of the network of local synoptic surface stations has the advantage of
obtaining the accuracy of in-situ observations combined with a good spatial coverage.
Nevertheless, as the meteorological conditions close to the land surface are closely
linked with the properties at the land surface, it is possible to examine the surface
fluxes of heat and moisture and the surface roughness by comparing the observations
of weather stations with the values of T2m , RH2m and uh10m with the respective fields
in in the model.
Figure 5.10 presents the station means of T2m , RH2m and uh10m of the synoptic

surface network in the area covered by D03 together with the respective fields in
the model for the same variables. During SABLE, T2m was slightly increased in
the model in the mean. For RH2m , lower values were found in the model during
daytime, potentially related to the higher temperatures. The discrepancies in the mean
values of T2m and the lower values for RH2m were probably caused by differences in
the temperature and the humidity in the air masses advected over the area. This
is indicated by the dampening of the morning increase of T2m and the decrease of
RH2m between 8UTC and 10UTC in the observations. The change in the morning
development of RH2m and T2m did not appear in the time series of the model of
T2m and RH2m , what led to the described variations between the model and the
observations. Besides this period, the slopes of the change of T2m and RH2m agreed
well between the observations and the model. This illustrates that the magnitude of
Sh and λET were correctly represented for the spatial average over the area the surface
stations were located.
For the model, similar values of uh10m were found in comparison to the observations.

This leads to the conclusion that, both, the larger scale forcing for the wind and
the vertical momentum transport represented by the friction velocity (u∗) and the
underlying surface roughness were well represented at the local sites in the model.
Moreover, the spatial variability of all three fields were in good agreement between the
model and the observations, demonstrating that the model was able to reproduce a
variety in local characteristics, which were similar to the ones found in the observations.
In contrast to SABLE, during AMMER2015, lower values for T2m were observed

in the model, while RH2m was found to be higher in the model than the data from
the measurement network suggests. For both, T2m and RH2m , the difference between
the model and the observations increased during the morning. Since the discrepancies
decreased in the evening again, it is likely, that they are caused by the local surface
energy balance. Therefore, Sh was underestimated, while λET was overestimated in
the model in the mean over the locations of the weather stations.
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(a)

(b)

(c)

Figure 5.10.: Comparison between the 2-m temperature, 2-m relative humidity and 10-m
horizontal wind speed with averaged observation from the synoptic network
of the DWD in the area covered by D03 for each case. Panel (a) shows
SABLE, panel (b) AMMER2015 and panel (c) AMMER2016. In total
11 stations went into the average of the 2-m observations and 6 into the
average of the 10-m wind for SABLE, 10 stations for the 2-m observations
and 4 for the 10-m wind for AMMER2015, and 10 stations for the 2-m
observations and 4 for the 10-m wind for AMMER2016. An average of
7× 7 grid cells was taken around the location of each station in the model.
The bars represent the standard deviation due to the variability between
the locations.
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The diurnal cycle of uh10m was well represented in the model. Larger differences
than during SABLE occurred between the observations and the model. Since the
wind velocity experienced weaker external forcing during AMMER2015 than during
SABLE, it was harder to predict for the model during AMMER2015. Besides the
differences observed for the mean values, no larger discrepancies are found for the
spatial variability of all fields. Similar to SABLE, the model seemed to be able to
reproduce the same range in local variations as was found in the observations.
The AMMER2016 case showed the best concordance of the fields for T2m and RH2m

between the observations and the model for all case studies. No significant differences
were observed in magnitude, the spatial variability and the diurnal cycle of both fields.
Due to the high contents of η, the surface energy balance was not influenced by the
hydraulic properties of the soil in the model. This might have led to the excellent
agreement of the meteorological fields at 2-m altitude between the model and the
observations, as the soil properties represents a further source of uncertainty for the
surface fluxes in the model.
Larger discrepancies are visible for uh10m , especially for the time between 4UTC and

12UTC. Since the other case studies showed a better accordance for uh10m , a wrong
estimate of local conditions like the surface roughness in the model is unlikely to cause
the overestimation of uh10m . For AMMER2016, heavy convective storms formed in
the area, having potentially led to local convergence zones in the model, which had no
counterpart in the observations. As a consequence, this could have caused an increase
of the wind velocity close to the surface in the model.

5.5. Validation with Lidar Data

With the lidar data collected during SABLE, it is possible to apply continuously meas-
ured profiles and derived statistics to validate the vertical structure and the exchange
inside the PBL. Figure 5.11 shows a comparison between the time-height cross section
of the absolute humidity ρw and the vertical velocity w between the lidar measure-
ments and the simulation. The data was observed during the SABLE field campaign
with the UHOH DIAL and a Doppler lidar. The measurements start at 300 m above
the ground due to the overlap behavior between the receiver telescope of the lidar and
the laser beam. While the lidar data is presented from 1400UTC to 1500UTC, in
the cross sections of the simulations data from 1330UTC to 1430UTC is presented.
During the period between 1430UTC to 1500UTC a layer of dry air was advected in
the PBL above the area of the SABLE campaign in the simulation. This dry layer was
not observed by the lidar instrument. Thus, for the hour form 1400UTC to 1500UTC
the model did not show a quasi-stationary PBL and the turbulence statistics were
modified by the change in advection of water vapor. To compare the behavior of a
stationary PBL, the time window for the simulations was shifted for half an hour. The
time window of an hour was still applied. Otherwise the sampling of the turbulent
fluctuations would have been insufficient to generate reliable statistics.
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Figure 5.11.: Time-height cross section of absolute humidity for SABLE, observed by the UHOH DIAL in the top left corner in comparison
to the corresponding cross section computed by the LES in the top right corner. In the lower left corner a time-height cross
section of the vertical wind observed by doppler lidars is shown. In the lower right corner the corresponding cross section for
the LES. The simulated time series were sampled from 1330–1430UTC, in contrast to the period of 1400–1500UTC of the
lidar measurements, due to the requirement of a stationary time series for the comparison between observed and simulated
turbulence statistics.
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The simulations showed lower values of moisture in the PBL. The PBL top (zi)
was found at the height with the largest gradient of ρw. Slightly higher values were
found in the mean for zi in the simulations than in the lidar data. In the upper
part of the PBL in the model, stronger exchange of air with the free troposphere is
found. Besides the influence of the advection, the stronger entrainment of dry air
could have been responsible for the lower moisture content in the PBL in the model.
This could have been caused by the relatively coarse resolution of O(100m) of the
LES. In the interfacial layer, around zi, the mean diameter of the turbulent eddies
decreases compared to the convective mixed layer. Wherever the flow could not be
fully resolved, the model tended to attenuate energy at larger-scale motions, which
were able to penetrate deeper into the PBL and transported thus higher amounts of
drier air into the PBL. In the opposite direction, also convective plumes are able reach
higher altitudes due to their higher kinetic energy.
Similar effects are found for the time series of the vertical velocity. The simulated up-

and downdrafts are stronger compared to the lidar observations and last longer. Akin
to the strength of the entrainment, here the accumulation of the energy at coarser
structures was responsible, as well. In the simulations, relatively few regions with
moderate values for vertical motions were found. Thus, the up- and downdrafts in
the PBL were stronger in the model compared to the values that were found in the
observations.
Figure 5.12 presents the corresponding statistics for the time series visible in Fig. 5.11.

Particularly, the mean value of the absolute humidity ρw, the absolute humidity vari-
ance ρ′2w , and the vertical wind variance w′2 are presented. Theoretically, a validation
up to the fourth moment would have been possible (Behrendt et al., 2015; Muppa
et al., 2016), but as the weather situation was not optimal for such an analysis, it
is restricted here to the first and the second moment. The error statistics have been
calculated following the method of Lenschow et al. (1994) and Lenschow et al. (2000).
For the simulations, the sampling error is visible and for the lidar observations the sum
of the sampling and the observation error for the profiles of ρ′2w and w′2 are presented.
For the profile of ρw, the horizontal bars represent the standard deviation in the time
series in the simulations and the measurements.
The model data was averaged over 9 sampling locations arranged in a chessboard

pattern over the region of the SABLE campaign. The distance of every sampling point
was 3 km to ensure an uncorrelated time series at each location, increasing the sample
size of separate eddies, following the approach of Talbot et al. (2012). The sampling
errors of the average was calculated according to σavg2 = 1/(

∑N=9
i=1 1/σ2

i ). The applied
method can lead to strongly increased sampling errors, as it is visible in the simulated
profile of w′2 at a single altitude. The sampling error depends on the integral time
scale (tint), being the integral of the autocorrelation function (ACF) of the time series
from lag zero to the first zero crossing of the ACF. If the ACF did not decrease to zero
at one of the locations included in the sample, high values for Tint were found. This
resulted in high sampling error values.
As it was already visible in Fig. 5.11, the model underestimated the humidity content

substantially in the PBL (Fig. 5.12 (a)). The values found for ρw were up to 1.5 gm−3

lower in the model than in the lidar observation. Since water vapor is optically active
in the infrared, lower values of humidity in the PBL correspond to the lower values of
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Figure 5.12.: Lidar profiles of the mean value (a) and the variance (b) of the absolute
humidity as well as the variance of the vertical wind (c) together with
the corresponding profiles from the LES for SABLE. For the profiles of
ρ′2w and w′2 the error bars represent the sampling error for the simulated
profiles. For the profile observed by the lidar, the additional noise error
of the instrument is included. For the case of ρw the standard deviations
due to the atmospheric variability is visible for the model profiles and the
additional instrument noise for the DIAL observations. The model profiles
were averaged over 9 sampling locations arranged in a rectangular grid in
the region the SABLE campaign took place. The statistics are sampled
over the same time periods as in Fig. 5.11.

L↓w in the model in comparison to the observations of Rn during SABLE. While there
are several possible reasons for an underestimation of the moisture content in the PBL
(including an underestimation of ET in the forcing domains, or the humidity content
in the boundary conditions of D01), the choice of the turbulence closure scheme in
D02 was not decisive for the humidity content. Sensitivity experiments revealed that
the mean moisture content varied with values up to 0.5 gm−3 with the choice of the
turbulence closure scheme in D02 for SABLE.
The profile of ρ′2w showed both in the model and the lidar observation a peak at

an altitude corresponding to zi. However, zi was located ≈ 200 m lower in altitude
in the lidar observation than in the model. Thus, the observed PBL was ≈ 1.3 km
AGL slightly shallower in the measurements compared to the values ≈ 1.45 kmAGL in
the simulation. Above 1.3 kmAGL ρ′2w decreased rapidly in the observed lidar profile.
The overestimation of ρ′2w is even higher than in the PBL. Like it was already visible
in the time series of ρw (Fig. 5.11), the mixing of the air from the free troposphere
with the PBL air was higher in the simulation than in the lidar observations. While
several reasons could have been responsible for the lower values of ρw of the model,
enhanced drying of the PBL by stronger entrainment is a possible explanation, that
would have corresponded to the increased values of ρ′2w . However, to exactly determine
the differences of the entrainment, a validation with observed turbulent flux profiles
would have been necessary. Furthermore, the model showed beneath 1.3 kmAGL only
slightly larger humidity fluctuations than the lidar data. Thus, while in the upper-
most PBL, the moisture fluctuations were stronger in the model, indicating stronger
exchange of moist air from the PBL with the drier air from the free troposphere, inside
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the PBL, the model was able to reproduce the strength of the moisture fluctuations.
In the profile of w′2, larger differences between the two data sets are visible. While

beneath 200 m AGL, the observations agreed well with the simulated values of w′2, at
higher altitudes, the model overestimated w′2 in comparison to the doppler lidar data.
An overestimation of the vertical wind variance in a nested LES was already observed
by Muńoz-Esparza et al. (2014) and Markowski and Bryan (2016). They concluded that
partly resolved convective motions in the PBL in the forcing domains are passed to the
LES and cause there the overestimation of the vertical wind fluctuations. However,
in this study, no significant changes in TKE were found behind a 15 km wide area
downstream of the inflow in D03 (see Sec. 4.2.2), indicating that the turbulence is fully
developed at the location of SABLE. The accumulation of kinetic energy in the model
at larger scales could be another reason for the overestimation of w′2 in the model. Due
to the resolution of O(100m), the convection in the PBL happened at fewer incidence,
but was stronger. Thus, higher values for w′2 were found. A possible solution would
be to calibrate the SGS model to the applied grid increment. A more diffusive SGS
model would have decreased the forcing for the resolved convection in the PBL by
dissipating more energy due to stronger SGS fluxes.

5.6. Validation of the Cloud Cover

Validation of the cloud cover is possible by comparing S↓w with satellite data derived
from the LSASAF (Fig. 5.13). As it was already mentioned in Sec. 5.2, for AM-
MER2016 no data from the LSASAF was available. Thus, the analysis is restricted
to SABLE and AMMER2015.
For SABLE, a higher density of the cloud cover is visible throughout the whole area

covered by the domain in the LSASAF data in comparison to the WRF simulation
(Fig. 5.13). Especially in the southern half of the domain, the LSASAF data showed
a stronger reduction of S↓w. In the mean, S↓w was significantly underestimated (more
than 120 Wm−2) in both the NBFCA and the SCA. There are several potential reasons
for the underestimation of the cloud cover, including the larger scale weather situation
and the utilized forcing data. It would go beyond the scope of this study to discuss
these in detail. However, the decreased cloud cover was in accordance to the decreased
moisture content in the PBL for SABLE (Fig. 5.12 and Fig. 5.10). With a higher
moisture content in the PBL, the formation of clouds due to atmospheric convection
would have been more likely.
Besides the cloud cover, the concentrations of other optical atmospheric compounds

(like aerosols and gases like H2O, O2 and O3, which are in the case of LSASAF
obtained from the ECMWF forecast model) could also have led to changes in S↓w. In
WRF, the concentration of optical active gases in the atmosphere are set to constant
concentrations, according to volume mixing ratios in the IPCC report from 2007.
Aerosols concentrations are part of the input fields for WRF and are obtained by the
climatology of Tegen et al. (1997). Nevertheless, although large differences in the water
vapor content were found, for none of these compounds the concentrations can explain
a difference of more than 120 Wm−2 in S↓w.

For AMMER2015, a better concordance of S↓w between the LSASAF data and the
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Figure 5.13.: Comparison of the downwelling shortwave radiation reaching the land sur-
face (S↓w) between LSASAF data and the WRF output. Panels (a) and
(d) show the LSASAF data interpolated to a Lambert Conformal projec-
tion at 2.5 km resolution, panels (b) and (e) the WRF data interpolated
on a 2.5 km grid, with the same projection as in panels (a) and (b) and
panels (c) and (f) the WRF data at the original resolution of 100 m. The
upper row of panels show SABLE, the lower one AMMER2015. The data
was temporally averaged from 0600–1800UTC representing roughly the
daytime for both cases.

Table 5.2.: Comparison of the control area averaged S↓w with the LSASAF observations.

Case Study SABLE AMMER2015

Data WRF LSASAF WRF LSASAF

Control Area SCA NBFCA SCA NBFCA ACA GBCA ACA GBCA

S↓w (Wm−2) 509 501 381 378 568 555 577 565

99



Chapter 5. Comparison With Observational Data

simulations is observed. On average, the modeled and the LSASAF values agree
upon 10 Wm−2 in both control areas. During AMMER2015, the model was able to
reproduce the generation of clouds over the Black Forest in the western part of the
domain. Furthermore, both the LSASAF data and the simulations showed clouds in
the northern part of the domain. However, in the northern part, the reduction of S↓w
was not as strong in the simulation as it was found in the LSASAF product. This
could be related to fewer or less persistent clouds in the model. In contrast, over
the GBCA and the east of the ACA, the cloud cover was stronger in the simulations
than in the LSASAF data. The area with reduced values of S↓w over the NBFCA was
shifted to the south in the simulations compared to the LSASAF product. Moreover,
signs for an enhanced cloud cover above the Swabian Alb in the south-eastern part
of the domain were found in the LSASAF data. For this area, no sings for clouds
were noticed in the simulations of S↓w. Like for SABLE, differences in the location and
strength of the clouds can have multiple reasons, which are not investigateable in the
framework of this study.

5.7. Summary

Despite of the fine grid increment of the model, it was not possible to exactly reproduce
the local conditions at the different locations of flux measurements during the three
case studies. Particularly, for all locations, a mixture of the following three factors
biased the computed energy balance in the model:

• Unrealistic representation of the vegetation parameters in the model (LAI , Fveg).

• Wrong representation of the hydraulic properties of the soil.

• Differences in the moisture content in the atmosphere.

The LAI was prescribed in the model by a satellite based average over several
years and for each vegetation type. Thus, especially for land use types describing
agriculture, the LAI , and consequently, the LAI -derived Fveg do not represent the
temporal variability of the vegetation. Different crop types show a deviating growing
behavior depending on the sewing time, the crop type and the growing conditions in
the particular year. Depending on the growing conditions, the harvesting period also
differs. In comparison to the LSASAF data, the subsequent conclusions are possible
for the state of the vegetation during SABLE:

• Higher values of LAI were found in the LSASAF data in both control areas
compared to the model.

• Fveg was slightly lower in the SCA in the model than in the LSASAF data,
potentially being related to the harvesting of crops.

• Comparable values of Fveg were found in the model and the LSASAF data in
the NBFCA.

• The albedo was slightly lower in both control areas in the LSASAF data.
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During AMMER2015 the state of the vegetation in the model in comparison to the
LSASAF data showed different results than during SABLE. All statements are valid
for both control areas:

• The LAI was higher in the simulations than in the LSASAF data.

• Fveg was lower in the LSASAF data than in the model.

• The albedo values were similar in the LSASAF data and the model.

Summer 2015 was unusually dry in southern Germany, thus lower values for the
LAI and Fveg are expected in the observations compared to the model simulations and
reflect the disadvantages of applying a multi year average as prescribed value for the
LAI .
Besides the vegetation parameters, the soil type played also a vital role in the model

in determining the fluxes at the land surface. Specific soil types were constraining
Tr due to their high ηwilt in the model. A comparison of the applied soil map in the
simulations with a finer scaled product have revealed the following discrepancies:

• Smaller scaled structures in the soil hydraulics, like increased values of the hy-
draulic conductivity in valleys, were missing in the applied soil dataset.

• Even for larger areas, substantial differences have been found for the field capacity
and the usable field capacities between the two maps.

• The soil parameters in the model are adjusted to North American soils, but not
being valid for European soils.

However, as the influence of the soil texture in the model depends on η, for AM-
MER2016 (the case with the highest values of η), the model showed the best agreement
with the local flux balance towers in the ACA and also for the 2-m temperature and
humidity observations of the network of synoptic surface stations in the area covered
by D03. Particularly, the comparison with the network of surface stations yielded the
following outcomes:

• Differences in advection of qv and T in the model during SABLE.

• During AMMER2015 T2m was underestimated and RH2m overestimated.

• For AMMER2016, the accordance of RH2m and T2m is the best of all cases,
possibly related to the high values of η and the corresponding lower influence of
the soil type on the surface energy balance.

• The surface roughness was well represented in the model, perceptible by the good
agreement of uh10m for SABLE and AMMER2015.

Besides the advection of larger air masses, the moisture budget in the PBL also was
an important factor. Here, in comparison with lidar data, the following findings were
made for SABLE:
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• The mean moisture content in the PBL was underestimated.

• The entrainment of dry air into the PBL was overestimated in the model in the
uppermost part of the PBL, what decreased the moisture content in the PBL.

• The relatively coarse resolution for an LES increased the duration and strength
of convection.

• A calibration of the SGS model to the LES resolution could decrease the forcing
for resolved convection in the PBL.

The lower moisture content in the lower atmosphere during SABLE eventually lead
to a lower cloud cover in the model compared to the LSASAF data. Thus, the humidity
influenced Rn in the model in two ways:

• The shading of clouds decreased S↓w.

• The absorption of longwave radiation by water vapor influences the longwave
radiation balance.

For AMMER2015, the cloud cover was in better concordance than for SABLE. Here,
the location of the clouds differed in the model compared to the observations, while
during SABLE, the cloud cover was underestimated in the model, especially above the
NBFCA.

102



CHAPTER 6

The Terrestrial Budgets of Energy and
Water

In this chapter, the terrestrial budgets for energy and water in the different control
areas in the simulations are discussed. In the first two sections, the diurnal cycle and
the spatial pattern of the different quantities of the terrestrial energy budgets (Sec. 6.1)
and the terrestrial water budgets (Sec. 6.2) are presented in the different control areas.
This is followed by a discussion of the controlling factors of the budgets in Sec. 6.3.

6.1. The Terrestrial Energy Budget

The diurnal cycle of the terrestrial energy budget averaged over the respective con-
trol areas during SABLE (the SCA and the NBFCA) is presented in Fig. 6.1. The
SCA covered the area around the location of the SABLE field campaign, while the
NBFCA was located in the Northern Black Forest (see Fig. 4.11). The respective spa-
tial patterns of the temporally accumulated fields are presented in the left column of
Fig 6.2. The mean value of the net radiation (Rn) as well as the spatial variation of
Rn (represented by the shaded area in Fig. 6.1) were larger in the NBFCA than in the
SCA. While the mean value as well as the spatial variability of the ground heat flux
(G) and the latent heat flux (λET ) did not showed any significant differences between
the two control areas, both, the mean value and the spatial variability of the sensible
heat flux (Sh) and the net radiation (Rn) were larger in the NBFCA than in the SCA.
The higher mean values of Rn are related to the higher share of forest in the NBFCA
compared to the SCA (Fig. 6.2 (a) and (d) and Fig. 4.11 on page 53). The larger spatial
variability of Rn in the NBFCA could have been caused by two reasons. First, larger
variations in the cloud cover were found over the NBFCA. Second, the NBFCA showed
stronger variations in land use, compared to the SCA. For instance, in the SCA, no
considerable needleleaf forest was present. Additionally, the larger share of forested
land use types increased Sh in the NBFCA compared to the SCA (Fig. 6.2 (g)). The
different forest types, which were dominating the land use in the NBFCA transpired
less water. Therefore, more energy was converted into Sh. Moreover, the convector
effect (Banerjee et al., 2017) increased Sh in the NBFCA as well. The higher surface
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Figure 6.1.: Terrestrial energy budget for the SABLE case study averaged over the two
control areas. Panel (a) shows the budget averaged over the SABLE con-
trol area (SCA) and panel (b) the budget averaged over the Norther Black
Forest control area (NBFCA). All terms are averaged to the full hour. The
shaded region marks the ±1σ spatial standard deviation. In the figure, GHF
represents the ground heat flux, SHF the sensible heat flux, LHF the latent
heat flux and NET_RAD the net-radiation.
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Figure 6.2.: Accumulated energy exchange for a detail of D03. The panels (a), (b) and (c)
show from left to right Rn for SABLE, AMMER2015 and AMMER2016.
Panels (d), (e) and (f) show λET for the same cases, (h), (i) and (j) Sh
and panels (k), (l) and (m) G, respectively. For all cases, the fields are
accumulated for 0600–1800UTC. The shapes mark for the left column of
panels the SCA in the north and the NBFCA in the south. For the middle
and the right column of panels, the southern contour represents the ACA
and the one directly aligned in the north the GBCA.
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roughness above forests led to a higher mixing of the air above forests and intensified
Sh.
The spatial pattern of λET (Fig. 6.2 (c)) showed lower values in the north-eastern

part of the SCA, which were balanced by higher values of Sh. These changes cannot
be connected with the land use pattern in the area. As already mentioned in Sec. 5.1,
clay soils were influencing the terrestrial energy budget through the high values of
ηwilt assigned to clay in the model. In the north-eastern part of the SCA, clay was
the dominant soil type in the model (see Fig. 4.11 on page 53). Besides the regions
with clay as dominant soil type, also over urban areas λET was reduced. Urban areas
show a high resistance against λET in the model. The additional energy was thus
partitioned into Sh and G (Fig. 6.2 (g) and (j)).
The diurnal cycle of the terrestrial energy budget in the control areas during AM-

MER2015 is presented in Fig 6.3. Panel (a) shows the budget averaged over the Ammer
control area (ACA) and panel (b) presents the budget in the Goldersbach control area
(GBCA). The corresponding spatial patterns of the accumulated variables are presen-
ted in the central column of panels in Fig. 6.2. In the mean, λET in the ACA was
slightly lower than λET in the GBCA, while the spatial variability of λET was larger
in the ACA. The ACA showed a higher density of urban areas (see Fig. 4.12 (b) on page
55) than the GBCA, which was almost entirely covered by forest. Similar to SABLE,
λET was largely reduced above urban areas, increasing the spatial variability of λET
in the ACA. Furthermore, a strong dependence of λET on the soil type was visible
(Fig. 6.2 (e) and Fig. 4.12 (c)). Areas above clay soils showed significantly reduced
values of λET compared to the surroundings. An opposite behavior was visible for Sh
(Fig. 6.2 (h)). Here, the areas above clay soils showed higher values. This is a sign for
a decrease of λET due to limited moisture availability over clay soils.

A strong increase of the spatial variability of Rn was visible after 0900UTC, caused
by the shading of shallow cumulus clouds. The cloud cover was not closed. A closed
cloud cover would have dampened the mean value of Rn and no increase in the spatial
variability of Rn would have been found. The behavior of Rn was in accordance with
the time series of cloud cover (see Fig. 4.18 on page 63). The mean value, as well as the
spatial variability of the fractional cloud cover and the LWP were increased around
local noon. Furthermore, in the center of the ACA, smaller values of Rn were found
(Fig. 6.2 (b)), indicating a higher cloud density in the region.
The clouds formed over the forested ridges of the Schönbuch and were advected

from the north into the region of the catchments. Thus, in the GBCA, the clouds
developed more rapidly than the ACA. This is visible at the stronger increase of the
spatial variability of Rn in the GBCA compared to the ACA, which comes along
with a decrease in the mean value of Rn between 0900 and 1000UTC. The abrupt
decrease of Rn was reflected by a dampening in the morning increase of λET . In
addition, Sh even decreased in the hour between 0900 and 1000UTC in the GBCA.
An increase of the evaporative fraction as response to an increased cumulus cover
was already observed by Lohou and Patton (2014) in an LES study investigating the
influence of cumulus shading on the terrestrial budget. Similar to their findings, in
the simulations conducted here, a decrease in the skin temperature (Tskin) in areas
shaded by clouds was observed. However, the temperature in the first model level in
the atmosphere as well as the first soil layer did not respond as strong on the reduction
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Figure 6.3.: Terrestrial energy budget for AMMER2015 averaged over the Ammer con-
trol area (ACA) in panel (a) and in panel (b) averaged over the Goldersbach
control area (GBCA). All terms are averaged to the full hour, the shades
represent ±1 spatial standard deviation.
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of Rn as Tskin . Thus, the temperature gradients between Tskin and the temperatures
in the first soil layer or the lowest model level in the atmosphere, driving Sh and G,
decreased, what reduced Sh and G consequently. The additional energy was available
for the evaporation of water. Therefore, λET was less affected by the reduction of the
insolation. Reflecting the smaller impact of the clouds on Rn in the ACA, the reaction
of the terrestrial energy budget was weaker in the ACA as in the GBCA.
In the spatial mean, the GBCA showed higher values of Sh than the ACA. This

was related to differences in land use between the two control areas. Similar to the
NBFCA compared to the SCA, the GBCA was also denslier covered by forest than
the ACA. Three different factors were increasing Sh above forests. First, the lower α
led to a stronger absorption of insolation at the land surface. Second, higher values of
the stomatal resistance (rs) in combination with a higher roughness favored Sh. And
third, the ground heat flux G was larger in the ACA than in the GBCA (Fig. 6.2 (k)),
increasing the available energy for Sh further in the GBCA. Higher values of G in the
ACA were related to the larger density of urban areas and the lower Fveg compared to
the GBCA, what increased the available energy at the soil surface. A small increase of
G above clay soils is visible, potentially related to the larger amount of energy available
for direct heat transfer due to the decrease of λET in these regions.

The diurnal cycle of Rn during AMMER2016 indicates a larger scale cloud cover
(Fig. 6.4). In contrast to Rn during AMMER2015, the damping of Rn coincides
between the two control areas. Furthermore, the spatial variability of Rn was rel-
atively constant during the case. These results are in accordance to the high values for
the fractional cloud cover in combination with a small spatial variability that were vis-
ible for AMMER2016 in both control areas (see Fig. 4.21). Similar to AMMER2015,
G was larger in the ACA than in the GBCA. The latent heat flux was significantly
increased in the ACA. Both the mean value and the spatial variability of λET were
larger in the ACA. In contrast, for Sh, larger mean values were found in the GBCA,
whereas the spatial variability of Sh was larger in the ACA. The higher spatial variab-
ility in the surface fluxes can be related to the larger diversity of land use in the ACA.
In the GBCA, λET showed a strong increase in the morning, leading to a delayed
increase of Sh compared to the ACA. This could have been related to the evaporation
of intercepted water due to heavy precipitation event taking place on the day before.
Due to the higher density of the vegetation canopy, more water can be stored in the
GBCA by interception as in the ACA.
The spatial patterns of the accumulated fields are presented in Fig. 6.2 in the leftmost

panels. For Rn, reduced values were found over the Swabian Jura in the south-western
part of the area which were caused by increased cloud density in this area. However,
for the ACA and the GBCA, comparable values of Rn were found. A clear dependence
on the land use type is visible, when the spatial pattern of Sh, λET and G is compared
to the land use pattern for the area presented in Fig. 4.12 (b) on page 55 in both control
areas. Only small values for the accumulated ground heat flux are visible. Due to the
higher moisture availability, a larger share of Rn is consumed by λET , which leads to
lower values of Tskin . Consequently, G was decreased compared to AMMER2015.
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Figure 6.4.: Same as Fig. 6.3, but for AMMER2016.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.5.: Share of the different quantities in the terrestrial energy budgets on the
complete budget. Panel (a) shows the SCA, panel (b) the NBFCA, both
during SABLE. Panel (c) presents the ACA, panel (d) the GBCA, both
during AMMER2015. Panels (e) and (f) show the same as panels (b) and
(c), but for AMMER2016.

Table 6.1.: Summary of the total terrestrial energy exchange during the three case studies
in the different control areas. All values are given in MJm−2.

Case Study SABLE AMMER2015 AMMER2016

Control Area SCA NBFCA ACA GBCA ACA GBCA

NET_RAD 14.45 15.23 16.70 17.40 17.93 18.72
LHF 5.46 5.31 6.38 7.14 11.14 9.28
SHF 6.71 7.58 6.80 8.01 4.74 8.16
GHF 2.15 1.73 3.50 2.18 2.00 1.20
RESIDUAL 0.23 0.61 0.02 −0.20 0.05 0.02

The results for the terrestrial energy budgets are summarized in Fig. 6.5 and Tab. 6.1.
All control areas with a larger share of forest (NBFCA and GBCA) showed, related to
their lower α, higher values of Rn. In addition, the ground heat flux G was reduced
in the NBFCA and the GBCA for all cases compared to the SCA and the ACA. Two
factors decreased G in these control areas. First, the NBFCA and the GBCA showed
a smaller share of urban areas. Second, due to the higher density of the canopy in
the NBFCA and the GBCA decreased the irradiance heating the soil surface. The
AMMER2016 case was the only case with a significant change in the terrestrial energy
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budget in between the two control areas (Fig. 6.5 and Tab. 6.1). For SABLE, a more
similar terrestrial energy budget between the SCA and the NBFCA was expected than
for the ACA and the GBCA during AMMER2015 and AMMER2016. The GBCA
and the ACA showed more distinct differences in land use. Considering the contrast
in the differences in the terrestrial energy budget between the ACA and the GBCA
in between the AMMER2015 and the AMMER2016 case, a first conclusion could be
that short water supply at the land surface lead to a decrease of the influence the land
use has on the terrestrial energy budget. Under conditions in which η limits λET , the
soils starts to influence the energy exchange.

6.2. The Terrestrial Water Budget

The Soil Moisture Conditions during the Cases

The results of Sec. 6.1 indicate that for conditions with lower η, the soil starts to control
ET . Thus, it is important to investigate how strong the influence of the different levels
of η in the simulations on the terrestrial water budget is. Therefore, this section starts
with a detailed discussion of the moisture content in the soil during the case studies.
Figure 6.6 presents the temporally averaged fields of the plant-available soil moisture
(the difference between the total soil moisture and the wilting point soil moisture
ηplant = η − ηwilt) for the different soil layers for each case study.
For all soil layers, AMMER2016 shows the highest values of ηplant for all case studies.

The lowest values of ηplant are found for AMMER2015, while SABLE shows values in
between the other two cases. Due to the lower values of ET , the highest values of
ηplant are found beneath urban areas for all cases. In the first soil layer, for both,
SABLE, and AMMER2015 a strong influence of clay soils is visible on ηplant . Clay
soils are characterized by a high water holding capacity, resulting in large values for the
field capacity and consequently ηwilt . Thus, under drier conditions, ηplant was reduced
stronger in clays compared to the other soil types.
Since the soils are drying from the top, the differences in the plant-available soil

moisture between clays and the other soil types are decreasing with depth for both
SABLE and AMMER2015. In the fourth soil layer, the most homogeneous field of
ηplant is found for SABLE and AMMER2015. Not all land use types are able to access
the water in the fourth soil layer due to smaller values of the rooting depth (zroot).
Thus, the soil is not drying due to root water uptake beneath all land use types in
the bottom soil layer. Significantly increased values of ηplant are visible in the NBFCA
during SABLE compared to the SCA. Here, the higher altitude of the area leads to
stronger convection and thus to higher precipitation.
The AMMER2016 case showed more homogeneous fields of ηplant , compared to the

other two cases. During AMMER2016, a large input of moisture was found on the day
before the case study due to strong precipitation. Thus, drainage showed a stronger
influence and the effect of ET on ηplant was less pronounced in contrast to the other two
cases. The lowest values for ηplant are found for an area in the south-west of the domain.
In this area, sandy loam was the dominant soil type. Sandy soils are characterized by
a large hydraulic conductivity and a low water holding capacity. Therefore sands are
drying out very rapidly in the model.
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Figure 6.6.: Temporally averaged fields of ηplant (ηplant = η − ηwilt) for a detail of D03.
The top row of panels presents the first soil layer at 0.5 cm depth, the second
at 15 cm depth, the third at 75 cm depth and the fourth at 150 cm depth, re-
spectively. Each column represents a different case study: the first SABLE,
the second AMMER2015 and the third AMMER2016. Averaging was per-
formed for 0600–1800UTC for SABLE and for the full day for AMMER2015
and AMMER2016.
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The Terrestrial Water Budget during SABLE

The terrestrial water budget was set up for each case study in the two respective
control areas. Hourly averaged data was used to investigate the temporal development
of the terms. The applied budget equation was based on Eq. 2.7 applied to the model
variables and reads as:

z=4∑
z=1

(
∂η

∂t

)
z

+
∂IW

∂t
+
∂PW

∂t
= P − ET −QDRAIN −QCHANIN − RES , (6.1)

where (∂η/∂t)z is the change in η storage in the respective soil layer, ∂IW /∂t the
temporal change in interception, ∂PW /∂t the storage of ponded water, ET the evapo-
transpiration, P the precipitation, QDRAIN the drainage from the lowest soil layer in
NOAHMP, QCHANIN the channel inflow and RES the residual.

The diurnal cycle of the terrestrial water budget for SABLE, averaged over the SCA
and the NBFCA is presented in Fig. 6.7. As it was already visible in the terrestrial en-
ergy budget, ET showed no larger differences between the control areas. Furthermore,
the division of ET into transpiration (Tr) and evaporation from the ground (Esoil ) was
comparable for both areas. From morning until noon, Tr was slightly larger, while in
the evening Esoil showed higher values in both control areas. In the NBFCA, a small
precipitation event occurred in the morning, evoking a direct response in the canopy
evaporation (Ecan) and influenced the change of η down to the third soil level. In
the first soil layer, the change of η showed no significant differences between the two
areas. However, larger differences between the control areas are visible in the deeper
soil layers. The NBFCA showed a higher share of forest, with values of zroot allowing
to access the fourth soil layer.
While the drainage from the lowest soil layer was insignificant in the SCA, the

NBFCA showed continuous drainage during the whole simulation. In NOAHMP, the
drainage from the lowest soil layer is dependent on the topographical gradient. The
NBFCA showed stronger topographical gradients than the SCA, leading to higher val-
ues of drainage. Moreover, the topography changed in the region in the LES compared
to the simulation performed for the soil spinup, which were operated on a coarser grid
increment. Therefore, the loss of water due to drainage is also a result of an adapt-
ation of the soil moisture on the local conditions, which can suddenly increase the
topographical gradient, especially for areas with complex terrain.
Furthermore, spinup effects can also explain the residual in the terrestrial water

budget found in the NBFCA, which showed, in the beginning of the simulations, con-
siderable values compared to the other budget quantities. Due to the change in model
resolution in between the LES and the soil spinup simulations, not only the topography
of the area, but also the soil classes changed in the grid cells. This led to moisture
contents, which were not in equilibrium with the hydraulic properties of the specific
soil type during the case, resulting in oversaturation. In saturated soil layers, HYDRO
started to redistribute the moisture laterally in the subsurface (see Sec. 3.4). Although
it was mentioned in Sec. 4.2.3 that subsurface runoff processes happen usually on a
much longer timescale than the integration time of the LES in this study, here the
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Figure 6.7.: Terrestrial water budget for SABLE averaged over the SCA in panel (a), and
over the NBFCA in panel (b). All terms are averaged to the full hour. In
the figure, T_R represents the transpiration, E_SOIL the soil evaporation,
E_CAN the evaporation of intercepted water and STOR_SOIL the change
of η in the respective soil layers. Furthermore, STOR_IW stands for the
change of intercepted water, STOR_PW the change of ponded water on the
land surface, Q_CHANIN the channel inflow, Q_DRAIN the percolation
from the lowest soil layer, P the precipitation and R the residual in the
budget.
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effect of the subsurface redistribution of water by HYDRO was visible in the residual.
For large gradients of the hydraulic head, as they are produced by a sudden increase
of the orographic gradient, unnaturally large lateral fluxes can occur. Since satur-
ated conditions were found in the NBFCA in the lowest soil layer, the residual in the
terrestrial water budget is probably caused by subsurface runoff processes, not being
covered by the budget as it was configured here. In detail, the lateral flow out of the
control area is missing. A further sign for spinup effects to cause the residual is the
continuous decrease of the residual to fully zero around 15UTC. Physically caused
runoff processes in the saturated zone would have shown a relatively constant value
throughout the time covered by the case study. Furthermore, the additional input
of water by the precipitation event also did not show any impact on the residual,
indicating, that the residual is caused in the saturated zone.

The Terrestrial Water Budget during AMMER2015

During AMMER2015, the GBCA showed slightly higher values for ET than the ACA
(Fig. 6.8). The major part of ET was caused by Tr in both control areas. Due to the
dry conditions in the topmost soil layer, Esoil showed only low values. The change of
η reflected the different values for zroot in the two control areas. Since ηplant increased
with depth, the largest changes in η were observed in the soil layer corresponding to
the respective depth of zroot in the dominant land use type in each catchment. The
GBCA was mainly covered by forest, showing a root zone down to the fourth soil layer.
Thus, in the GBCA the largest loss in η was found in the fourth soil layer. In contrast,
the ACA was predominantly covered by cropland, showing only a rooting depth down
to the third soil layer. Consequently, the largest change of η took place in the third soil
layer in the ACA. Because the vegetation in the GBCA had access to a larger reservoir
of water due to the higher zroot , larger values of Tr were found in the GBCA than in
the ACA.
During the hour from 0900UTC to 1000UTC, the morning increase of Tr stagnated

in the GBCA. This effect was already visible in the terrestrial energy balance (see
Fig. 6.3), and was related to a reduction in Rn caused by an increase in the cloud cover
over the area. The change in the increase in Tr was reflected in the loss of η down to
the fourth soil layer in the model. For the time between 0900UTC and 1000UTC an
increase of the shaded stomatal resistance (rs,sha) in the GBCA was observed, what is
related to the increased shading of clouds. A higher density of the cloud cover led to a
limitation of photosynthetic active radiation (PAR) at the leafs and reduced, thus, the
possible amount of photosynthesis. Therefore, the vegetation canopy started to close
the stomata to save water. Stomata are known to respond on changes in PAR within
a timescale of ≈ 10min (Vico et al., 2011; Lawson and Blatt, 2014), enhancing the
water use efficiency of the plants. In addition to the shading of the leaves by clouds,
the stomata respond also on sudden changes of the leaf temperature, like they are
generated by the shading of clouds (Duursma et al., 2014). Thus, a response of rs to
the shading by clouds is thoroughly realistic, although the stomatal response depends
strongly on the plant species and is reported to be faster in herbaceous plants than in
woody plants (Knapp and Smith, 1990). However, it is instantaneous in the model for
all vegetation types (De Arellano et al., 2014). The implementation of a time delay
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Figure 6.8.: Terrestrial water budget for AMMER2015 averaged over the ACA in panel
(a) and averaged over the GBCA in panel (b). All terms are averaged to
the full hour.
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function in the response of the stomatal resistance could also lead to a more realistic
behavior of the transpiration, especially for fine scaled simulations, in which abrupt
changes of the meteorological conditions can appear (Vico et al., 2011).
The bare soil evaporation Esoil does not show a comparable influence on the reduc-

tion of Rn. In contrast to Tr, Esoil is not constrained by physiological reactions. Thus,
reductions in the insolation affects Esoil only through the decrease in the available
energy at the land surface for the phase change of water. Nevertheless, this effect was
insufficient for this case to affect Esoil . The strength of Esoil largely depends on the
gradient of water vapor content at the land surface and the canopy air. Furthermore,
the soil moisture as well as the soil texture are influencing Esoil . Since these variables
are not directly affected by a reduction in Rn, a smaller impact of clouds on Esoil is
reasonable.

The Terrestrial Water Budget during AMMER2016

Figure 6.9 shows the diurnal cycle of the terrestrial water budget for AMMER2016. In
the ACA, Esoil dominated ET (Fig. 6.9 (a)), whereas in the GBCA Tr showed larger
values than Esoil (Fig. 6.9 (b)). While for Tr slightly higher values were found in the
GBCA, the massively increased amounts of Esoil in the ACA compared to the GBCA
led to higher values of ET in the ACA than in the GBCA. Both control areas showed
a loss of intercepted water through an increase of the canopy evaporation (Ecan) in the
morning. This process was stronger in the GBCA than in the ACA. Due to the higher
density of the canopy, the vegetation was able to store more intercepted water in the
GBCA. The evapotranspiration was dominated by the sharp increase of Ecan in the
morning, explaining the delayed response of Sh after sunrise observed in Fig. 6.4. As
soon as all the intercepted water is evaporated the morning increase of ET decreased
in both control areas. Evaporation of intercepted water is limited rb and ra, whereas in
the calculation of Tr, rs, and for Esoil , rac and rsoil are involved in addition. Thus, the
constrains on Tr and Esoil are stronger than on the evaporation of intercepted water.

Two processes were superimposed in the temporal change of η: the loss of water due
to ET and the the vertical redistribution of the precipitation on the day before. Before
the onset of ET , the uppermost two soil layers were loosing water due to drainage to
the deeper soil layers. The third soil layer showed a delayed and dampened response
to the water redistribution. This is explainable by the increase of the depth of the soil
layers and their enhancing storage capacity for moisture. During the morning hours,
the fourth soil layer showed in the ACA an increase of η, turning during the day to a
net loss of η. No response to the diurnal cycle of ET at the land surface is visible in
the ACA in the fourth soil layer. As was already observed during AMMER2015, zroot
reached only to the third soil layer in the dominating land use types in the ACA. In
contrast, in the GBCA, similar to AMMER2015, a loss of η due to Tr was found in
the bottom soil layer in the model.
In both control areas, water was lost because of drainage from the fourth soil layer,

which was saturated. Furthermore, channel inflow from the surface water was found.
This indicated a partial cover of the land surface in the control areas with ponded
water. Redistribution of water at the land surface must have been found. The HY-
DRO component allows only surface water to flow into the channel network. If this
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Figure 6.9.: Same as Fig. 6.8, but for AMMER2016.

118



6.2. The Terrestrial Water Budget

surface runoff crossed the boundaries of the control areas, it appeared as residual in
the terrestrial water budget. The terrestrial water budget, as it was set up here, did
not account for the surface runoff out of the control area. In the center of the ACA, the
observations of the surface energy balance at Poltringen and Entringen indicate that
the area was indeed covered with water (see Fig. 5.3 (a) and (b)). For both stations,
no significant values of Sh were observed.

Spatial Patterns of the Terms in the Terrestrial Water Budgets

The spatial pattern of the accumulated fields of ET , Tr and Esoil are presented in
Fig. 6.10. As it was already visible in Fig. 6.2, ET was affected during SABLE and AM-
MER2015 both, by the land use and the soil texture, whereas during AMMER2016,
the land use was decisive for the magnitude of ET . Especially the spatial pattern of
Tr showed during AMMER2015 and SABLE a mixed dependence on the soil type and
the land use. This is indicating that the available moisture limits Tr by an increase
of the stomatal resistance rs. Particularly areas with clay as the dominant soil type
showed the strongest influence on Tr.

For AMMER2015 and SABLE, Esoil showed increased values in the vicinity of urban
areas. Similar to the soil type, the land use in the soil spinup simulations also did not
agree with the land use in the LES due to the coarser resolution. Urban areas are
characterized by a high resistance against ET . Therefore, if the location of urban
areas is shifted slightly between the soil spinup simulations and the LES, areas close to
the urban sites had access to higher amounts of moisture, not being in equilibrium with
the conditions in the LES. This resulted in increased values of Esoil . This effect was
particularly visible during SABLE, and caused the large share of Esoil in both the SCA
and the NBFCA. The transpiration was not affected by changes in the land use from
urban to a different land use class. Since Tr is not only controlled by physical processes,
but also by the plant physiology, here the maximum amount of photosynthesis is
probably already reached, limiting Tr.
During AMMER2016 both, Tr and Esoil , showed a strong dependence to the land

use. In the ACA, higher values of Esoil were found. They are explainable by the lower
LAI cropland shows compared to the different types of forests covering the GBCA.
Due to the lower LAI , the canopy is less dense, reducing the aerodynamic resistance
of the canopy air (rac). In addition, the vegetation fraction Fveg was, with 0.70 for
AMMER2015 and with 0.59 for AMMER2016, smaller in the ACA than with 0.89
for AMMER2015 and with 0.87 for AMMER2016 in the GBCA for both cases as
well. Thus, a larger share of ET in the ACA had its origin in Esoil , compared to the
GBCA. This was particularly visible during AMMER2016 due to the high values of
η. In contrast, during AMMER2015, Esoil was limited by the lower values of η in the
topmost soil layer, what leads to smaller values of ET .
For all case studies, a dependence of Esoil on the soil type is visible. Similar as

for Tr, the clay showed also modified values of Esoil , compared to the surroundings.
For SABLE and AMMER2016, Esoil was increased above clay soils, whereas for AM-
MER2015, Esoil showed slightly reduced values over clay. Due to the high field capa-
city, clay soils are able to retain more water, what results in larger values for η for very
moist conditions, like it was the case for AMMER2016. For conditions with lower val-
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Figure 6.10.: Accumulated fields of the evapotranspiration (left panels), transpiration
(center panels) and the bare soil evaporation (right panel) for SABLE
(top), AMMER2015 (middle) and AMMER2016 (bottom row). All fields
were accumulated for 0600–1800UTC. Note the different scales between
the panels.
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ues of η, as they were prevailing during SABLE and AMMER2015, clays show a higher
resistance against ET . This effect was visible for SABLE in Tr and for AMMER2015
in Tr and Esoil . However, for SABLE, Esoil was larger over clay, while Tr was lower.
This is caused by the applied model for computing the surface resistance against evap-
oration (rsoil ). Although in NOAHMP the influence of the hydraulic properties of the
soil are considered in computing rsoil (Sakaguchi and Zeng, 2009), the influence of the
soil hydraulics of the soil on rs seems to be stronger in the model as on rsoil . A series
of both theoretical and observational studies have emphasized the impact of the soil
texture on rsoil through differences in the capillary forces according to their pore size
distribution (Wythers et al., 1999; Or et al., 2013; Merlin et al., 2016). Therefore, as Tr
showed lower values above clay, a similar behavior of Esoil would have been expected
as well. The vegetation is generally able to extract water at a higher matric potential
(ψm) than Esoil (Decker et al., 2017; Lehmann et al., 2018). Therefore, a situation
with higher values of Esoil in combination with reduced values of Tr, like it is found
here for SABLE reveals the requirement for a more physically based model describing
the nonlinear relationship between η, the soil texture, and Esoil in NOAHMP.

The spatial pattern of the accumulated change of η in the three case studies is shown
in Fig.6.11. For SABLE, a relatively homogeneous drying of the soils was visible. In
the first soil layer, the loss of η slightly increased above clay soil. This was related
to slightly increased values of Esoil , which were observed above this area. In contrast,
in the deeper soil layers, the areas with clay as dominant soil types showed a smaller
change in η, explained by the smaller amounts of Tr found above clay. The second
to the fourth soil layer in SABLE showed also a small increase of η in parts of the
domain, caused by drainage. In the southern part of the panels (d), (g) and (j) of
Fig. 6.11, angled structures with large changes of η are found. They are related to the
soil spinup problems described earlier, which are caused by changes in the topography
in the LES and the change of the hydraulic properties of the soils compared to the soil
spinup simulations.
A similar pattern like during SABLE was found for the change in η during AM-

MER2015. The first two soil layers showed a relative homogeneous decrease in η.
Starting with the second layer, the areas with clay as the dominant soil type show
smaller values for the loss of η than the surrounding areas. Particularly in the ACA,
the drying of the soils was less pronounced in clays. There, the areas with silt loam
and silt as dominant soil types showed the strongest decrease in η, especially in the
third soil layer. The cropland covering the area was still able to extract moisture from
these types of soils. Over clay, this was not the case any more. In contrast, in the
GBCA, the largest change of η was visible in the fourth soil layer. There, water was
also removed from clay. Since zroot of cropland reaches only down to the third soil
layer, the cropland already utilized all the plant-available water from clay during the
spinup simulations. The different forest types covering the GBCA show all values for
zroot reaching down to the fourth soil layer. Therefore, the vegetation in the GBCA
had access to a larger water reservoirs, enabling the plants to still extract water with
their roots from the soil.
The largest changes of η for all case studies are observed during AMMER2016. In

the first soil layer, the highest loss of η was noticed above the areas with clay covered
by cropland. This was caused by the enhanced Esoil above clay in combination with the
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Figure 6.11.: Temporally accumulated change in soil moisture. The top row of panels
presents the first soil layer at 0.5 cm depth, the second at 15 cm depth,
the third at 75 cm depth and the fourth at 150 cm depth, respectively.
Each column represents a different case study, the first SABLE, the second
AMMER2015 and the third AMMER2016. The temporal accumulation
was performed for 0600–1800UTC.
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lower values Fveg shows during June. The second soil layer showed the most negative
changes of η. Here, the extraction of η by the roots and the drainage of the water
input by the precipitation event on the previous day were superimposed. In the west
of the ACA the changes of η were the largest in the third soil layer. In this area, the
largest amounts of precipitation were found on the day before, resulting in the highest
values of drainage. The fourth soil layer showed again a separation of the change in η
due to the different soil types. While in most of the regions η decreased, in clay soils
η increased during the case study due to the large field capacity of clay.

Summary of the Terrestrial Water Budgets

The share of the different quantities in the terrestrial water budget is summarized in
Fig. 6.12 and Tab. 6.2 for the time from 0600 to 1800UTC. For SABLE, the change
of η in the SCA is decreasing with soil depth, whereas it is increasing with depth in
the NBFCA (Fig. 6.12). The larger values of Esoil in the SCA, and the lower values of
zroot found for the majority of the land use pattern in the SCA reduced η preferably
in the top soil layers. In contrast, the higher density of the vegetation canopy in the
NBFCA, which had access to deeper soil layers led to a stronger change of η in the
lower soil layers. With lower absolute values of ET and Tr, the relative influence of
ET on the complete budget was also smaller in the NBF area than in the SCA. The
drainage from the lowest soil layer (Qdrain) is larger in the NBFCA, caused by the more
complex orography in the NBFCA. Furthermore, a small precipitation event during
the case study developed in the NBFCA, skewing the different relative impacts of the
budget terms on the complete terrestrial water budget compared to the SCA.
For AMMER2015, the largest change of η occurs in the ACA in the third soil layer,

whereas in the GBCA the change of η increased with soil depth and the largest loss
of η is found in the fourth soil layer. While larger values for ET and Tr were found
in the GBCA, Esoil is larger in the ACA for both, the absolute and the relative value.
The higher LAI in the GBCA compared to the SCA decreased Esoil and led to higher
values of Tr.
Due to the strong precipitation on the day before AMMER2016, the terrestrial water

budgets contained a stronger impact of runoff processes than during AMMER2015
and SABLE. The strongest changes of η were found in the second soil layer. Here, the
combined effect of Tr and the drainage of water affected η. The evapotranspiration is
higher compared to AMMER2015 in both control areas. However, larger values are
found in the ACA, due to a strong increase of Esoil . In contrast, in the GBCA, higher
values of Tr and the canopy evaporation Ecan were found. Similar to AMMER2015,
for AMMER2016, the higher density of the canopy in the GBCA decreased Esoil .
Higher values of Tr are found for AMMER2015 compared to the other two case

studies in both control areas. In contrast, Esoil was smaller during AMMER2015 than
during the other two cases. While a decrease of Esoil is in accordance to the smaller
values of η, higher values for Tr can only be explained by a stronger atmospheric
demand of water vapor during the case. Indeed, for AMMER2015, higher values for
the vapor pressure deficit (VPD) in the canopy air have been found with up to 18 hPa
in the mean in the control areas during AMMER2015 compared to values of up to
12 hPa and 10 hPa in the mean in the control areas for SABLE and AMMER2016,
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(a) (b)

(c) (d)

(f)(e)

Figure 6.12.: Share of the different quantities in the terrestrial water budgets on the
complete budget. Panel (a) shows the terrestrial water budget in the SCA,
panel (b) the terrestrial water budget in the NBFCA, panel (c) the ter-
restrial water budget for AMMER2015 in the ACA, panel (d) the ter-
restrial water budget for AMMER2015 in the GBCA and panels (e) and
(f) the same as panels (b) and (c), but for AMMER2016. Only the rel-
evant processes for each case study are presented. The abbreviations are
explained in Fig. 6.7.
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respectively. Since Tr is computed against the VPD in the canopy air, the higher
VPD led to higher values of Tr in AMMER2015.

Table 6.2.: Summary of the accumulated terrestrial water exchange during the three case
studies, averaged over the different control areas. All values are given in mm.
The abbreviations are explained in Fig. 6.7.

Case Study SABLE AMMER2015 AMMER2016

Control Area SCA NBFCA ACA GBCA ACA GBCA

STOR_SOIL (5cm) −0.80 −0.63 −0.46 −0.32 −1.56 −1.11
STOR_SOIL (25cm) −0.55 −0.65 −0.51 −0.41 −2.51 −2.13
STOR_SOIL (100cm) −0.48 −0.78 −1.08 −0.80 −1.77 −1.22
STOR_SOIL (150cm) −0.33 −0.81 −0.42 −1.30 0.22 −0.55
ET 2.17 2.11 2.53 2.83 4.42 3.69
E_SOIL 1.03 0.97 0.45 0.43 3.14 1.39
T_R 1.15 1.10 2.09 2.41 1.17 2.00
E_CAN – 0.05 – – 0.13 0.30
Q_DRAIN 0.06 0.32 0.02 0.03 0.76 0.86
STOR_IW – – – – −0.12 −0.30
Q_CHANIN – 0.07 – – 0.36 0.59
P – 0.66 – – – –
RESIDUAL −0.07 1.03 −0.08 −0.03 0.20 0.17

6.3. Controlling Factors of the Terrestrial Budgets

As was already outlined in Sec. 3.3, the terrestrial energy balance and particularly
the partitioning of the turbulent fluxes at the land surface in NOAHMP depends
on a series of factors controlling λET and Sh. Among these factors are different
resistances describing the influence of the soil, the vegetation, and the stability of the
lowest atmosphere. Additionally, the moisture content of the soil, the soil texture and
the land use as well as the available energy at the land surface play a role in the
determination of the strength of λET and Sh. In the following, the influence of these
factors is investigated in the different control areas applied in this study to obtain a
better insight into the terrestrial energy and water budgets in the control areas.

Influence of the Soil Types

Considering the similarities of the extent of certain soil types and the partitioning of the
energy and water fluxes at the land surface (see Sec. 6.1 and Sec. 6.2), this section starts
with further investigations of the influence of the soil properties on ET in the model.
As was outlined in the previous sections, the question whether water is accessible to
the vegetation does not only depend on η alone, but also on the hydraulic properties
of the soils. To describe the energetic state of the water in the soil, the concept of
water potentials is applied (see Sec. 2.1). In this concept, the binding capacity of the
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soil to water is described by ψm. Since ψm can cover a wide range of values, usually
the dimensionless decadal logarithm of ψm is applied, the pF -value, pF = log10

( ψm

hPa

)
.

Generally a pF -value of 4.2 is considered as the wilting point. In case the pF -value
exceeds 4.2, the vegetation is not able to access the water in the soils and Tr is limited
by η. Figure 6.13 shows the spatial pattern of the pF -value in panels (a) to (c) for the
different case studies.
For SABLE and AMMER2015, the pF -value showed a clear dependence on the soil

types. During these cases, the pF-value reaches values around 4.2 in the areas with
clay as dominant soil type. In the same areas, a reduction of Tr was found (see Fig. 6.10
on page 120). In contrast, for AMMER2016, the pF -value was considerably smaller
than for the other two cases. A high level of accessible moisture in the presented area
was found during AMMER2016, corresponding to the high values of η (see Fig. 6.6 on
page 112).
Prior work has already documented the large impact of rs on the terrestrial budgets

for water and energy (De Arellano et al., 2014; Combe et al., 2016). Especially the
representation of the roots showed a significant influence on the surface energy balance
in previous studies (Findell et al., 2007; Ferguson et al., 2016). To simulate the effect
of η on rs, the Ball-Berry (see Eq. 3.30 on page 29) and the coupled Farquhar model
do apply the β-factor. The β-factor controls the ability of the vegetation to perform
photosynthesis depending on the moisture availability in the soils, and thus the opening
of the stomata. The factor varies between 0 and 1. A value of 1 indicates that
the moisture availability in the soil is high enough, so that η is not affecting the
photosynthesis. A factor of 0 results in high values of rs due to water scarcity. In this
study, the β-factor model of the community land model (CLM; Oleson (2004)) was
applied, which is based on the matric potential ψm,

β =

Nroot∑
n=1

∆zn
zroot

min

(
1.0,

ψm,n − ψwilt

ψsat − ψwilt

)
. (6.2)

In this equation, Nroot is referring to the number of soil layers in the rooting depth of the
particular land use type, ∆zn is the depth of the n-th soil layer, zroot is the depth of the
rooting zone, ψwilt is the wilting point matric potential (which is set to a constant value
of −150 m in the model), ψsat is the saturation matric potential, (which is a soil type
specific parameter), and ψm,n is the matric potential at the nth soil layer. The matric
potential ψm,n is derived by the empirical relationship of ψm,n = ψsat(ηn/ηsat)

(−b),
following the method of Clapp and Hornberger (1978) (see also Sec. 3.3), where ηsat
is the saturation soil moisture and b is a curve fitting parameter specific for each soil
type.
Figure 6.13 shows the spatial pattern of the β-factor for all three case studies in

its respective panels (d) to (g). The β-factor was significantly decreased for SABLE
and AMMER2015 in the areas where a high pF -value was visible. This indicates
that in these regions Tr was controlled by the moisture availability in the soil. For
AMMER2016, the β-factor showed values close to 1 in the whole area. Thus, the
available moisture was sufficient and no considerable limitations of Tr were visible.
The spatial pattern of the β-factor is reflected in the spatial fields of the sunlit

stomatal resistance rs,sun (Fig. 6.13 (h) to (j)). The sunlit stomatal resistance rs,sun
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showed higher values in the area with a lower β-factor for SABLE and AMMER2015,
while for AMMER2016, the spatial pattern of rs,sun showed a good concordance with
the land use (see Fig. 4.12 on page 55). The influence of the soil as well as the land use
were also visible in the fields of rs,sun and were also found in the fields of rs,sha .
The strong response of the β-factor on the soil type during SABLE and AM-

MER2015 could have been lowered by applying a different parameterization of the
control of η over rs. The CLM-type parameterization shows a non-linear behavior
with decreasing values of η (Niu et al., 2011). The parameterizations with a linear re-
sponse, applying η instead of ψm, decrease less rapidly for lower values of η, especially
for clay soils, and show thus a smaller reduction of Tr under dry conditions (Lawrence
et al., 2007; Bonan et al., 2014). Nevertheless, observational studies suggest that a
linear response of Tr against changes in η is not a realistic assumption (Vadez et al.,
2014; Verhoef and Egea, 2014). In addition, most cropmodels apply a strong non-linear
parameterization of the moisture control over rs (e.g., SUCROS, GECROS, WOFOST;
Van Ittersum et al. (2003); Yin and van Laar (2005)). Thus, while the choice of the
β-factor parameterization might have led to an overestimation of the impact of the
soil on the terrestrial water and energy balance, the actual issue might not be the
β-factor parameterization for the root water uptake, but the applied soil map and its
representation in NOAHMP.
For both cases, SABLE and AMMER2015, a negative spatial gradient from the

outer boundaries of the clay layers to the areas further inside the clay layer was visible
for the pF -value, the β-factor and rs,sun . Similar to the drainage and the lateral
subsurface runoff, effects of the soil spinup were visible here. At some locations in
the 2-month soil spinup simulation at 2.5 km grid increment, the interpolated soil data
was not the same as in the LES. This explains the increased values for the pF -value
found at the boundaries of the clay layer for SABLE and AMMER2015. In these
areas, in the 2.5 km soil spinup run other soil types than clay prevailed. The plant-
available water was, thus, unnaturally decreased in these regions, resulting in the small
values of the β-factor and high values of rs,sun . Nevertheless, areas over clay showed
generally increased values for rs,sun compared to other areas, as well for the regions
where the soil type agreed between the spinup at 2.5 km grid increment and the LES.
Thus, it can be concluded, that an influence of the hydraulic properties of the soils
was not only an artifact due to values of η, which were not in balance with the model.
Since AMMER2016 experienced heavy precipitation directly before the case study was
conducted, such effects did not appear during this case.
In the direct comparison of the surface energy balance in the model and the obser-

vations of the surface fluxes, the influence of the soil texture on ET showed ambivalent
results. During SABLE, two EC-stations were located directly at an intersect between
clay and silt loam in the model. They observed larger values of λET than of Sh. In
contrast, in the simulation Sh was equally strong than λET or even stronger. For both
EC-stations, a soil type was reported, whose composition was not fitting to the one
in the model (clay). For AMMER2015, two flux towers were located over areas with
clay in the model. For one of the two flux stations a good agreement between the sim-
ulations and the observations was found with larger values for Sh than for λET . For
the other station, λET exceeded Sh in the observations, while the simulations showed
higher values of Sh compared to λET . At both stations, soil types have been reported
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Figure 6.13.: Root zone averaged fields of the simulation averaged pF -value in the top
row. The average is weighted according to the soil layer thickness. The
hourly-averaged β- factor is presented the middle row. The β-factor rep-
resents the η control over rs in the Ball-Berry model. The averaging period
was for 1300–1400UTC. The bottom row shows the hourly-averaged fields
of rs,sun , averaged fro 1300–1400UTC as well. For all variables, the differ-
ent case studies are (SABLE, AMMER2015 and AMMER2016) aligned
from the left to the right.
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with comparable hydraulic properties as the prevailing clay in the model. However,
local differences in the vegetation, the hydraulic properties of the soil or η could ex-
plain the observed differences in the agreement of the terrestrial energy balance at
the two locations between the measurements and the simulation results. Moreover, in
the comparison of the hydraulic properties of the soil with other soil maps at a finer
scale (see Sec. 5.3), large discrepancies were found. These results underline the need
for a finer structured soil data base for simulations at a comparable grid increment as
conducted in this work with adjusted hydraulic parameters for the local soils.

Examination of the Exchange Coefficients between the Control Areas

Besides the effect of rs and the corresponding impact of ηplant , a series of other factors
is influencing the turbulent fluxes at the land surface in the model. Since NOAHMP
applies a flux gradient relationship for parameterizing the turbulent fluxes at the land
surface, these factors are mainly represented as resistances in the model. Among these
are the resistance of the bare soil against evaporation (rsoil ), and the resistance of the
leafs against evaporation and heat transfer, which is represented by the leaf boundary
resistance (rb) in the model. The influence of the stratification and the mixing of
the air close to the surface on the turbulent fluxes are described by the aerodynamic
resistances, relying on MOST similarity relationships and incorporating the surface
roughness. Since in NOAHMP the vegetation canopy is treated separately from the
bare ground for the vegetated part of the model tiles, the aerodynamic resistance is
split into a factor describing the canopy air (rac) and a factor for the simulation of
the exchange between the canopy air and the lowest model level (ra). For the non-
vegetated part of the model tiles, only ra is applied to describe aerodynamic influences
(see Sec. 3.3).
Further factors, which play a crucial role in the exchange between the land surface

and the atmosphere are the energy available at the land surface for the turbulent
heat fluxes (AvaEn), which is the net radiation minus the ground heat flux (AvaEn =
Rn−G). Furthermore, the gradients of temperature (∆T ) and the water potential (∆ψ)
between the land surface and the lowest model level in the atmosphere are influencing
Sh and λET . To calculate ∆ψ, the water potential in the lowest model level in the
atmosphere ψair was derived according to

ψair =
RgasT

VH2Oliq

ln

(
RH

100%

)
, (6.3)

with Rgas as the general gas constant, the absolute temperature T , the molar volume of
liquid water VH2Oliq

and the relative humidity RH . The matric potential in the soil was
calculated by a weighted average of the vegetated and bare fractions of the gridcells.
For the bare part, ψm in the first soil layer was applied. For the vegetated fraction, an
average over zroot determined by the land use type weighted by the respective thickness
of the soil layer was utilized. In detail, ψsoil was derived in the following way:

ψsoil = (1− Fveg)ψm,z=1 + Fveg

zroot∑
z=1

ψm,z
∆z

zroot
. (6.4)
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In order to investigate, how important the respective factors are for determining
the surface energy balance and to reveal structural differences in the partitioning of
the fluxes between the control areas during the case studies, a principal component
analysis (PCA; Fig. 6.14) was performed. Areas with urban land use, as they show no
vegetation canopy, and areas with values larger than 104 for rs,sun have been excluded
from the PCA to account for the areas in which η was not in equilibrium with the
model due to the inconsistencies in the resolution of the soil spinup and the land use,
respective soil map in D03. In the results of the PCA as they are presented here,
the distance between the variables indicate, how strong they are correlated with each
other. Furthermore, the distance to the center of the coordinate system indicates the
influence of the quantity on the overall variance of the data set.
For the SCA (Fig. 6.14 (a)), the factors were clustered along two axes. For one of

the axes, the latent heat flux (λET ) was grouped with the β-factor on one side, while
at the opposite side, the resistances against the soil evaporation rsoil , the sunlit, and
the shaded (rs,sun , rs,sha) were located. The close correlation of λET with the β-factor
was a result of the limitation of λET by ηplant in some areas of the SCA. The opposite
behavior of the β-factor and rs,sun , rs,sha and rsoil are explainable by the different
reaction of the respective variables on water scarcity. The β-factor showed low values
for the case of restricted water supply for Tr, what resulted in high values of rs,sun ,
rs,sha and rsoil .
For the second axis, the water potential difference between the first model level (∆ψ)

and the surface and the aerodynamic resistance (ra) are grouped on one side, opposed
by the available energy (AvaEn), the canopy air resistance (rac), the leaf boundary
resistance (rb), the sensible heat flux (Sh), and the temperature gradient between the
surface and the first model level (∆T ). While a close correlation was found between Sh
and ∆T , ∆ψ seemed to depend stronger on the air temperature, and thus, on the vapor
pressure deficit, than on λET and on the moisture availability at the land surface. The
close correlation between AvaEn, rac and rb can be explained by the land use pattern
in the SCA. Land use types with a higher density of the canopy, such as the different
types of forest, showed a lower albedo (α) and thus higher values for AvaEn. At the
same time, the higher density of the canopy in forests led to higher values of rb and
rac . Moreover, these land use types have also a higher surface roughness, decreasing
ra above the canopy.
In contrast to the SCA, the NBFCA (Fig. 6.14 (b)) shows no signs for a decrease of

λET due to water scarcity, visible at the larger difference between λET and the β-
factor. However, λET was still largely controlled by the vegetation canopy, indicated
by the opposite location of rs,sha , but also of rac , rb and rs,sun . The sensible heat
flux Sh showed the closest correlations with AvaEn and ∆T , while ra and ∆ψ showed
only a small influence on the complete variance. Similar to the SCA, ∆ψ was stronger
influenced by the atmospheric temperature than by λET .
Panel (c) of Fig. 6.14 presents the results of the PCA for the ACA during AM-

MER2015. Due to the strong influence of η on Tr a close correlation between λET
and the β-factor was found. The low values of η led to an anti-correlation of rsoil ,
rs,sun , and rs,sha with respect to λET and the β-factor. All of the three resistances
were higher above areas with low ηplant . In contrast to the SCA, in the ACA during
AMMER2015, ∆ψ was stronger correlated to λET than to ∆T . Thus, the humidity
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Figure 6.14.: Results of the PCA with the variables which determine the turbulent fluxes
at the land surface. Panel (a) shows the first two components for the en-
ergy balance in the SCA, panel (b) the first two of 12 components for the
energy balance in the NBFCA. Panels (c) shows the same for the ACA and
panel (d) for the GBCA during AMMER2015. In panels (e) and (f), the re-
spective components for the ACA and the GBCA during AMMER2016 are
presented. The amount of variance covered by the components is presented
at the corresponding axis of each panel. In addition, in the top left corner
of the panels, the complete variance covered by the first two components
compared to the full variance of the data sets is plotted. All fields were
sampled for 8 hours, from 0800 to 1600UTC for every 5minutes. Urban
areas have been excluded from the analysis as well as areas with values for
rs,sun larger than 104. LHF and SHF are abbreviations for Sh and λET ,
respectively.
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in the lowest model level seemed to be stronger influenced by the water potential in
the soil than by the atmospheric temperature. This can be connected to the lower
wind velocities during AMMER2015 compared to SABLE close to the surface. The
mixing of the air and the transport of moisture was stronger during SABLE. Thus,
for AMMER2015, a stronger impact of the surface on the thermodynamic variables in
the lowest model level was found.
In the GBCA during AMMER2015, λET and ∆ψ were largely influenced by the

available soil moisture as well (Fig. 6.14 (d)). However, ∆ψ showed a smaller contri-
bution to the overall variance, indicating a relatively homogeneous field. Differences
between the catchments occurred for the relation between ra and rac . While rac and ra
were closer correlated in the GBCA, in the ACA the difference between the two vari-
ables was larger. For the area with clay as the dominant soil type in the ACA, lower
values for ra were found compared to the rest of the area. Due to the higher values
of Sh found there, the stability of the atmosphere changed. Through more vigorous
updrafts, stronger mixing is induced. In contrast, rac was not affected by this process.

For AMMER2016, λET was not limited due to water scarcity in both, the ACA
and the GBCA. The β-factor and rsoil showed only insignificant contributions to the
complete variance in both catchments. The shaded stomatal resistance (rs,sha) had
the largest influence on λET , visible by the contrary positions of both variables. In
general, larger differences are found between rs,sun and rs,sha for both catchments in
AMMER2016 (panels (e) and (f)) in contrast to AMMER2015 (panels (c) and (d)).
AMMER2016 showed a stronger cloud cover than AMMER2015. Consequently, rs,sha
showed a larger impact on λET than rs,sun , due to the larger share of shaded leafs.
The values of rs,sha were larger than the ones of rs,sun due to the lower amounts of PAR
reaching the shaded part of the vegetation canopy. Ergo, rs,sha had a larger impact on
λET than rs,sun .
During AMMER2016, the temperature difference was stronger correlated with AvaEn

than during AMMER2015. This indicates that ∆T was largely controlled by AvaEn
during AMMER2016. In contrast, during AMMER2015, the scarcity in η increased
in some areas the influence of other factors on Sh compared to AvaEn, and thus on
∆T .
For both control areas during SABLE, and AMMER2015, and for the GBCA during

AMMER2016, Sh was closer correlated to AvaEn than λET . This indicates that λET
was not limited by radiation, but rather by the vegetation canopy, as λET was stronger
controlled by both versions of rs. Generally it is assumed that ET is typically con-
strained by the insolation in Central Europe. However, the simulations presented here
suggest, that ET can be constrained by the vegetation canopy as well. Furthermore,
Sh was stronger influenced by ra and rac , which in turn showed a stronger impact
on Sh. In contrast, Tr and thus λET is constrained as well by the opening of the
stomata, and thus by the water efficiency the vegetation shows for the photosynthesis.
Hence, λET depends both on physical mechanisms and the plant physiology. As the
Ball-Berry model and the coupled Farquhar model, which were applied here, assume
water efficient plants, that try to prevent leaf desiccation (Medlyn et al., 2011; Bonan
et al., 2014), the values of rs are constraining ET in the model. In contrast, Sh is only
constrained by physical mechanisms and Sh is only indirectly coupled to the physiolo-
gical reaction of the vegetation over to the strength of λET . Thus, the additional
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energy available over forests due to the lower albedo is preferably turned into Sh. The
higher surface roughness lowers ra and the higher density of the canopy leads to lower
values for the ground heat flux G than over agricultural land. An exception here was
the ACA during AMMER2016, where λET was stronger influenced by AvaEn. For
this case, λET was dominated by Esoil . Similar to Sh, Esoil is also only indirectly
controlled by physiological factors of the vegetation and depends, therefore, stronger
on the available energy as Tr.

Comparison of the Controlling Factors between the Case Studies

With the help of a PCA, the relative importance as well as the interaction of the
different factors influencing the terrestrial energy budget can be estimated. However,
the absolute values of the controlling factors of the turbulent fluxes under the different
conditions prevailing in the case studies are of interest as well. To examine the differ-
ences, the evaporative fraction (EF = λET/(λET +Sh)) is compared against selected
control factors. Furthermore, it is investigated whether changes in the land use or
the soil type were decisive for the behavior of the different quantities. AMMER2015
and AMMER2016 were chosen for the comparison of the absolute values, because
they showed the largest differences in the PCA and for both cases the same control
areas were applied. In addition, as SABLE showed values for η, which were located
in between the values that were prevailing during AMMER2015 and AMMER2016,
the behavior of the examined factors showed for SABLE a superposition of the charac-
teristic behavior in the other case studies. Particularly, the β-factor, rs,sun , rsoil , ∆ψ,
and ∆T are compared. These factors can be influenced directly by different levels of
η during the two case studies, the land use, and the soil type.
Figure 6.15 compares the aforementioned factors for AMMER2015. Different mark-

ers represent the land use types. The sampling was preformed in both, the GBCA and
the ACA. Since the main interest of this work is on the daytime budgets, all quant-
ities were averaged from 0800 to 1600UTC. In order to investigate the influence of
the soil type, in Fig. 6.16, the variables were compared against the different soil types
in the control areas for AMMER2015. Finally, Fig. 6.17 compares the same values as
Fig. 6.15, but for AMMER2016 in the ACA and the GBCA against the land use types.
During AMMER2015 (Fig. 6.15), a relative wide range of EF is covered by each

land use type. This indicates that the land use was not the only decisive factor for
EF . Increasing values of EF were found together with an increase in the β-factor.
Depending on the land use type, different sensitivities for the increase of EF with the
β-factor were found. The different slopes were related to a couple of land use type
specific parameters, e.g. the water efficiency of the vegetation type for photosynthesis.
When the relationship of EF with respect to the β-factor is compared against the soil
type in the model (Fig. 6.16 (a)), it is found, that lower values than 0.4 of the β-factor
are all located in clay, underlying the influence of the hydraulic parameters of clay on
ET . In contrast to AMMER2015, AMMER2016 showed a clear dependence of the
EF on the land use type (Fig. 6.17). The β-factor showed values close to one. Thus,
the restriction of λET due to water supply is negligible.
For both case studies, rs,sun showed a hyperbolic influence on EF , as it was expected

from Eq. 3.29. For AMMER2015 (Fig. 6.15 (b)), rs,sun did not show any clear influence
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Figure 6.15.: Scatter plots of the evaporative fraction (EF = λET/(λET + Sh)) at the
land surface against different controlling factors for the terrestrial energy
budget for AMMER2015. Sampling was performed in the ACA and the
GBCA. The values are averaged from 0800 to 1600UTC. Urban areas were
excluded from the analysis as well as areas with values for rs,sun larger than
104.

by land use. The sunlit stomatal resistance is very high for grid cells with clay as
the dominant soil type (Fig. 6.16 (b)). Here, the strong response of the stomata on
the water scarcity is visible. For AMMER2016, the values of rs,sun are clustered
according to the land use types (Fig. 6.17 (b)). Thus, in contrast to AMMER2015, for
AMMER2016, the land use types were decisive for the strength of rs,sun . Furthermore,
the values of rs,sun are much lower for AMMER2016 than for AMMER2015. This in
accordance with the low values observed for the β-factor.

The AMMER2015 case showed higher values of rsoil than AMMER2016 (Fig. 6.15
and Fig. 6.17 (f)). Since rsoil depends on the water content in the topmost soil layer,
this result was expected. However, when rsoil is compared with the soil type for
AMMER2015 (Fig. 6.16 (c)), a clear dependence of rsoil on the soil type as for rs,sun
is not found. This underlines the findings of Sec. 6.2, where a smaller impact of the
soil type on Esoil compared to Tr was found.
For some land use types a small increase of the difference of the water potential ∆ψ

between the land surface and the first model level was found for AMMER2015 with
decreasing values of EF (Fig. 6.15 (h)). The largest values for ∆ψ are found above
clay (Fig. 6.16 (d)). The matric potential ψm was lower in clay soils compared to the
surrounding areas (see Fig. 6.13). Thus, a stronger gradient of the water potential
between the soil and the lowest model level in the atmosphere indicates that ψair was
strongly decreased in the areas above clay. Since higher temperatures where found

134



6.3. Controlling Factors of the Terrestrial Budgets

Figure 6.16.: Same as Fig. 6.15, but for the soil type. Here, different marker types and
colors represent the different soil types in the ACA and the GBCA. Urban
areas were excluded from the analysis as well as areas with values for rs,sun
larger than 104.

in these regions in the atmosphere due to the higher values of Sh, the vapor pressure
deficit VPD was increased in these regions as well. Furthermore, the humidity was
lower due to the smaller amounts of λET . Since the lowest model level was still
dominated by the SGS transport in the model (which is coupled by default to λET )
spatial gradients of λET are strongly visible in the lowest model level. Due to the
windier conditions, the lateral transport of moisture in the lower troposphere was
stronger during AMMER2016. Thus, the influence of λET on the VPD in the lowest
model level was less stronger. Therefore, no dependence of ∆ψ on EF was found.

Increasing values of ∆T were found for both cases together with a decrease of EF
(Fig. 6.15 and Fig. 6.17 (i)). Thus, a correlation with increasing values of Sh is found.
In areas with higher values of Sh, λET is usually decreased. Reduced values of λET
increase Tskin in the model. Thus, ∆T increases, leading consequently to higher values
of Sh.
If the results presented here are set in relation with the mean soil moisture contents

found for the case studies, they indicate that the influence of the land use on the
terrestrial budgets of energy and water decreases with lower η. In contrast to the
findings made here, in the literature the largest differences for the surface energy
balance between forests and grassland (which has similar properties in the model like
cropland), are reported during droughts (Teuling et al., 2009; Van Heerwaarden and
Teuling, 2014). Van Heerwaarden and Teuling (2014) observed larger values of ET over
grassland than for forests, whereas over forests the sensible heat flux Sh was enhanced.
Here, in the average, the ACA showed a similar partitioning of the surface energy
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Figure 6.17.: Same as Fig. 6.15, but for AMMER2016.

balance under dry conditions than the GBCA. In the study by Van Heerwaarden and
Teuling (2014), no limiting effect due to water scarcity on Tr was found. Here, this is
clearly the case for the cropland over clay soils. For their study, they concluded that
the energy balance will change over the grassland, as soon as η reaches values which
are limiting Tr. This state was already reached for the simulations conducted here for
AMMER2015 and for SABLE over clay soils.
The validation of the model results with the observations in the previous chapter re-

vealed several discrepancies having an influence on the terrestrial budgets. For SABLE,
an underestimation of the moisture content in the PBL was found in comparison to
both, lidar data and the in-situ observations of the 2-m humidity. A higher humidity
would have decreased ET in the simulations due to a lower VPD . Furthermore, a lower
cloud cover was found during SABLE in the model compared to the satellite data. This
would have decreased mainly Sh in the model, based on the results presented here. In
comparison to the satellite based observations, the LAI was slightly underestimated
in both control areas, while Fveg was lower in the SCA and comparable in the NBFCA
with the observations. In the SCA, it is challenging to estimate a clear impact due
to the antagonistic effects a higher density of the canopy in combination with a lower
share of canopy would cause. In the NBFCA, higher values of LAI would have de-
creased Esoil and G due to the higher values of rac . More energy exchange would have
taken place, thus, in the vegetation canopy.
For AMMER2015, a lower LAI in combination with a lower Fveg was found in both

control areas. Thus, the vegetation canopy would have been less dense. This would
have decreased Tr in the model. Since Esoil was already limited in the model due to the
low η values during AMMER2015, ET would have been decreased in the model. Thus,
the additional energy would have been redistributed into the soil, leading to higher
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values of G and Sh. However, the comparison of the model with the 2-m observation
of the temperature and the relative humidity of the synoptic network revealed an
underestimation of T2m in the model in combination with an overestimation of RH2m.
Higher values of the atmospheric temperature would have decreased Sh, since the
temperature gradient between the land surface and the atmosphere would have been
lower. Furthermore, lower values of RH increase the atmospheric demand of humidity.
This would have forced higher values of ET .

6.4. Summary

The largest differences between the terrestrial budgets of water and energy in the
control areas have been found for AMMER2016. For this case, the behavior of the
terrestrial budgets was dominated by the land use. For the other two cases, SABLE
and AMMER2015, the impact of the land use was superimposed by a strong influence
of clay soils on the terrestrial budgets. Particularly, this behavior was caused by the
following reasons:

• The transpiration was reduced over clay soil through higher values of rs.

• The stomatal resistance was higher due to low values of ηplant in combination
with high values of ηwilt in clay.

• The applied β-factor parameterization is based on ψm and shows, thus, a strong
non-linear behavior on changes in η, increasing rs over clay.

Applying a different β-factor parameterization would have reduced the influence of
the clay on the terrestrial budgets. However, several studies consider a non-linear
parameterization as more realistic. Thus, to reduce the influence of clay, the soil map
and/or the hydraulic parameters of the soil could be adjusted. The comparison of the
hydraulic parameters of the applied soil data set with a finer scaled soil map (Sec. 5.3)
underlined this requirement. For AMMER2016, the effects of the β-factor model were
not visible, as η was higher in the soils due to the strong precipitation on the day
before the case study.
In the soils, η was decreased due to three factors:

• The root water uptake for Tr, the affected soil levels were defined by the depth
of zroot .

• Direct evaporation from the first soil layer.

• Drainage to deeper soil layers or percolation of water from the lowest soil layer.

The drainage from the fourth soil layer was, except for AMMER2016, mainly caused
due to differences in the topography between the η spinup simulations and the LES.
Indeed, discrepancies in the land use between the η spinup simulations and the LES
increased Esoil in the vicinity of urban areas during SABLE and AMMER2015. The
same effect was found for the soil maps as well. Here, artificially high values of rs
were found at the boundaries of areas with clay, as the spinup simulations assumed
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different soil types and η was, thus, not in equilibrium for theses areas. To minimize
the discrepancies between the soil spinup and the LES, for future LES studies with
WRF, an offline soil spinup on the native LES grid increment should be applied.
The lateral redistribution of HYDRO showed only negligible effects. For the NBFCA,
spinup effects were found caused by the refinement of the topography and the soil map
compared to the soil spinup simulations. The time period covered by the LES was too
short for HYDRO to show a significant effect.
A detailed analysis of the different factors involved in the model in the determination

of the turbulent fluxes at the land surface revealed structural differences between Sh
and λET . Notably, the following findings were made:

• λET was stronger constrained by the vegetation canopy than by AvaEn, except
when λET was dominated by Esoil .

• Sh was stronger influenced by the aerodynamic resistances ra and rac than λET .

• The additional energy by lower α in forests is turned into Sh.

In contrast to λET , Sh depends only on physical mechanisms. The latent heat flux
λET is constrained by both plant physiological processes and the physical mechanisms.
Therefore, Sh is affected only indirectly by the plant physiology. Thus, the forested
control areas showed generally higher values of Sh, while at least for SABLE and
AMMER2015, ET showed comparable values between the control areas. Due to the
high values of Esoil in the ACA during AMMER2016, the ACA showed higher values
of ET compared to the GBCA. This was possible, as Esoil depends (like Sh) only on
physical constraints and is, thus, not limited by the vegetation.
Nonetheless, the variability in the terrestrial budgets found in the case studies

propagated into the atmosphere and showed to influence the thermodynamic fields
in the lower PBL. Thus, it is an interesting question, to which degree the terrestrial
budgets influence the thermodynamic budgets in the PBL and the organization of
boundary layer flow. This is the topic of the next two chapters.
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CHAPTER 7

The Thermodynamic Budgets in the
Planetary Boundary Layer

In this chapter, it is investigated how the different properties of the land surface in
the control areas as well as the weather conditions during the case studies influence
the budgets of latent and sensible heat in the PBL. Particularly, the second objective
defined in the introduction is addressed. Therefore, in this chapter, control volumes
spanning above the respective control areas up to zi for each case are applied to
investigate the budgets of the PBL. In the beginning, a general overview about the
temporal development of the most important state variable in the PBL, namely the
humidity, the temperature, the vertical, and the horizontal wind velocity during the
case studies is given (Sec. 7.1). This is succeeded by a detailed discussion of the budgets
of sensible and latent heat in the PBL above each control area (Sec. 7.2). Furthermore,
the profiles of the first to the third moments of qv, θ and w as well as the turbulent
fluxes and the TKE in the respective control volumes are examined (Sec. 7.3). This is
attended by a discussion of the strength of the land-atmosphere coupling during the
cases (Sec. 7.4) as well as the spatial pattern of zi and the formation of clouds during
the case studies (Sec. 7.5).

7.1. The General State of the Planetary Boundary Layer

In advance of discussing the thermodynamic budgets and the turbulent exchange in the
PBL in detail, a short overview about the temporal development of the most important
atmospheric state variables is given. This is important for the interpretation of the
boundary layer budgets, as especially the evolution of the mean wind velocity had a
large impact on the boundary layer circulation. Furthermore, it is necessary to have an
overview about the absolute values of the most important state variables in the PBL.
In detail, the water vapor mixing ratio (qv), the potential temperature (θ), the vertical
wind (w) and the horizontal wind velocity (uh, uh =

√
u2 + v2) are discussed. Since the

general characteristic of the variables are similar between the respective control areas
for each case study, time series of a single location located in one of the control areas
are presented to summarize the findings, which are generally valid for both control
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areas during the case study.
Figure 7.1 presents the time-height cross section of qv, θ, w and uh during SABLE

at the location the field campaign took place. A strong decrease in moisture was
found in the morning up to 800mAGL until 0800UTC (Fig. 7.1 (a)). Here spinup
effects are visible. The model was initialized at 0600UTC and D03 showed relative
moist initial conditions, while from D02 drier air was advected into the area. The
exchange of the moist air in D03 with the air from D02 happened in the presented
area around 0800UTC. During daytime, entrained air from the free troposphere was
engulfed deep into the PBL, visible at the frequent stripes with lower moisture content.
After 1500UTC, the moisture content in the PBL further decreased. During this time,
drier air was advected into the area. The top of the PBL was located at around 1.2 km
to 1.6 kmAGL during the case, visible at the height with the largest decrease of qv.
For θ, a typical diurnal cycle with heating of the PBL during the course of the day
was found. The temperature inversion around zi decreased during the case study.
Significant convection in the PBL started at around 0800UTC, visible in the increase
of w and decreased again after 1700UTC. The horizontal wind velocity rose during
the day in the PBL. In the cross section of uh, for the hours until 1200UTC values
up to 7 ms−1 were found for uh. After 12UTC, uh increased to values up to 10 ms−1.
Interestingly, the largest variations in uh are found for the same time period, in which
the strongest entrainment was found in the qv field. The entrained air seemed to retain
its momentum in the PBL, what led to peaks of uh in the PBL.

In contrast to SABLE, for AMMER2015 an accumulation of moisture in the PBL
was found (Fig. 7.2). Compared to SABLE, zi showed higher values up to around
2.0 km. The exchange between the moist air in the PBL and the drier air in the free
troposphere was limited to the upper third of the PBL. The time-height cross section
of θ showed a diurnal cycle. The temperature increased until around 1600UTC and
decreased afterwards again. Around 1600UTC, the highest values of qv were also found.
The vertical wind velocity was within a range of −3 ms−1 and 3 ms−1, comparable
values were found during SABLE. However, longer periods with up- and downdrafts
are found compared to SABLE, what indicates that convective structures prevailed
longer over the location the time series was sampled. This corresponds to the lower
values of the horizontal wind velocity. Values lower than 2 ms−1 were found until
1500UTC in the PBL. The relative calm conditions were interrupted by a series of
strong gusts in the afternoon in the PBL. For the time between 1500 and 1700UTC,
an acceleration of the PBL flow in the direction of the southern boundary of the domain
was observed.
AMMER2016 showed decreasing humidity values in the PBL (Fig. 7.3). During the

morning transition, the PBL grew into a relatively moist residual layer. The drying of
the PBL was possibly caused by entrainment of dry air into the PBL. After 1200UTC
a series of dry tongues reaching down to the surface were visible in the moisture field.
Compared to the other case studies, during AMMER2016 the convection inside the
PBL was weaker, visible at the lower values of w. This was related to the lower values of
Sh found in the ACA during AMMER2016. Consequently, compared to AMMER2015,
lower values of zi were found with maximal values around 1.2 to 1.6 km AGL around
1400UTC. The horizontal wind velocity was constantly at a relatively high level in
the PBL. The values ranged from 3 ms−1 to around 8 ms−1. In the afternoon, uh was
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Figure 7.1.: Time-height cross section of the water vapor mixing ratio (qv), the lower
tropospheric potential temperature (θ), the vertical wind (w) and the hori-
zontal wind velocity (uh) during SABLE at the location the field campaign
took place. The temporal resolution of the time series is 10 s.
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Figure 7.2.: Same as Fig 7.1, but only for AMMER2015 at Entringen in the ACA.
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Figure 7.3.: Same as Fig. 7.2, but only for AMMER2016.
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synchronized with the flow in the free troposphere for the periods around 1500UTC
and around 1700UTC. During these time periods, changes in the larger scale wind
direction have been observed in the model. For 1500UTC the entrainment of dry air
into the PBL was found in the moisture field, what shows similar to SABLE, that the
entrained air changed the wind conditions in the PBL.
In summary, the highest values of qv and θ were found during AMMER2015. For

this case, also the lowest values of uh were found in the PBL. For all three case studies,
a typical diurnal cycle of θ was found, with increasing values until around 1500UTC
followed by a cooling of the atmosphere. During none of the three case studies, the
passage of a frontal system was observed in the area, what led to relatively constant
conditions in the PBL and simplifies the description of the thermodynamic budgets in
the PBL. In contrast to SABLE and AMMER2016, which both showed a decrease of
qv during the day, during AMMER2015 the humidity content in the PBL increased.
Entrainment of dry air could be an explanation for the drying of the PBL in both
AMMER2016 and SABLE. For SABLE and AMMER2016, the intrusion of tongues
of dry air from the free troposphere deep into the mixed layer was found. This was
not the case during AMMER2015. However, the advection of drier air into the region
could have also influenced the humidity fields, like it was visible in the morning hours
during SABLE.

7.2. The Thermodynamic Budgets in the Planetary Boundary
Layer

In this section, the atmospheric budgets of the latent heat (LH) and the sensible
heat (SH) in the PBL above the control areas during the different case studies are
investigated. By studying the atmospheric budgets in combination with the terrestrial
budgets, the complete circulation of water and energy fluxes in the control areas can be
estimated for non-precipitating cases. In order to study the atmospheric budgets, the
terms in the prognostic equations in the model describing the states of the variables
(Sec. 2.2) have been made accessible to the model output (see Sec. 3.2.1). A comparable
approach for studying atmospheric budgets was so far applied by Schmidli and Rotunno
(2010) to study the thermal heat exchange in valley circulations and by Panosetti et al.
(2016) for investigating moist convection in mountainous terrain. Both studies were
conducted with the COSMO model in a highly idealized framework and on a coarser
resolution than the grid increment of 100 m which was applied in this study. Langhans
et al. (2012) studied the heat budget and the moisture budget for the initiation of
deep convection in the Alps in a realistic environment, applying as well the modified
COSMO version of Schmidli and Rotunno (2010). However, Langhans et al. (2012)
operated their simulations on a grid increment of 500 m which falls within the grey-zone
of turbulence.
In the following, a short overview on the integrated form of the atmospheric budget

equations, as they have been applied here and the notation of the terms in the figures is
given. Particularly, the atmospheric latent and the sensible heat budget were analyzed.
With this set of equations, the thermodynamic budget of the PBL without precipitation
can be characterized. Theoretically, with the additionally implemented budget schemes
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in the model, a description of the vertical and the horizontal wind budget would have
been possible as well and with the budget equation for hydrometeors, precipitating
cases could have been described as well. However, such a complete description of the
boundary layer state is beyond the scope of this study.
Equation 7.1 shows the terms of the atmospheric water vapor budget as it has been

applied including the notation of the different terms in the figures:

A−1

˚
V

∂q̄v
∂t︸︷︷︸

STORAGE

+
∂(ūq̄v)

∂x
+
∂(v̄q̄v)

∂y
+
∂(w̄q̄v)

∂z︸ ︷︷ ︸
ADVECT

+
∂(u′q′v)

∂x
+
∂(v′q′v)

∂y︸ ︷︷ ︸
HORIZ_TURB

+
∂(w′q′v)

∂z︸ ︷︷ ︸
VERT_TURB

dV = A−1

˚
V

Sq
ρair︸︷︷︸

EVAPSUB

+ RES︸ ︷︷ ︸
RESIDUAL

dV.

(7.1)

For the surface evapotranspiration, no explicit term was necessary in the equation.
As was already mentioned in Sec. 3.2.1, the surface fluxes are already included in the
terms for the SGS vertical transport in the model, which are set by default to the value
prescribed by the LSM. Thus, the integrated values for the vertical SGS transport
reflect the difference of the SGS flux at the top of the control volume and the SGS
flux at the lowermost model level, which is equal to the flux the LSM prescribes. An
explanation of the physical processes described by the terms in Eq. 7.1 is found in
Sec. 2.2.
For the budget of the atmospheric potential temperature, the terms in the equation

were summarized in the following way:

A−1

˚
V

∂θ̄

∂t︸︷︷︸
STORAGE

+
∂(ūθ̄)

∂x
+
∂(v̄θ̄)

∂y
+
∂(w̄θ̄)

∂z︸ ︷︷ ︸
ADVECT

+
∂(u′θ′)

∂x
+
∂(v′θ′)

∂y︸ ︷︷ ︸
HORIZ_TURB

+
∂(w′θ′)

∂z︸ ︷︷ ︸
VERT_TURB

dV = A−1

˚
V

LvSq
ρair︸ ︷︷ ︸
DIAB

+
∇Q
ρaircp︸ ︷︷ ︸
RAD

+ RES︸ ︷︷ ︸
RESIDUAL

dV.

(7.2)

Here, similar to the atmospheric water vapor budget no explicit specification of the
surface heat flux is necessary, as Sh is included in the divergence of w′θ′. Both the
qv and the θ budget were expressed in energy units. Therefore, the terms in the qv
budget were multiplied with the density of air and the latent heat of vaporization Lv
and for the θ budget with the density of air and the heat capacity of air (cp) as well
as the depth of the model levels. Thus, the strength of the terms in the budgets of qv
and θ can be compared directly.
Since the turbulent flux is partly resolved in LES, the terms in the prognostic equa-

tions for the resolved flux divergence, as they were made accessible in the model output
by the online budget scheme, contained both the influence of the advection and the re-
solved turbulent flux. Thus, to distinguish between the turbulent transport and trans-
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port by larger scale motions, the resolved turbulent flux divergence (VERT_TURB
and HORIZ_TURB) was derived by the implemented online scheme for computing the
turbulent flux by the covariance of the wind fluctuations and the fluctuations of the
respective scalar (Sec. 3.2.2). Together with the terms for the SGS fluxes, which are
turbulent by definition, the complete turbulent flux was thus represented by the sum
of the resolved turbulent flux from the covariance scheme and the SGS flux. Exchange
by larger motions (ADVECT) was represented by the difference between the term of
the complete resolved flux divergence in the prognostic equations (Sec. 3.2.1) and the
corresponding resolved turbulent flux divergence. Sampling for the resolved turbulent
flux was performed for one hour with the covariance scheme, what is the usual time
period for sampling turbulent fluxes in the PBL. Comparisons of the variance of the
vertical wind with the vertical flux of vertical momentum derived from the vertical flux
divergence of the vertical momentum from the online budget method revealed, that
this time period was sufficient to represent the turbulent fluxes in the PBL. The rest
of the terms included in the atmospheric budgets were averaged for the same 1-hour
time period.
The budgets were averaged horizontally over the respective control areas for each

case study. For representing the budgets of the lower troposphere in form of a time
series, the different terms have been integrated over the number of lowermost model
levels corresponding to the mean altitude of zi in the control area in the specific
hour (〈zi〉); spatial averaging is denoted from here on by 〈〉). Since zi is a variable
which shows considerable spatiotemporal variations, the top of the control volume
did not necessarily coincide with the local values of zi over the full area covered by
the control volumes at each hour. Maximum variations of 500 m have been found
for zi above the control areas, which are not reflected by applying 〈zi〉 as top of the
control volume. However, as spatially varying values of the top of the control volume
would have come along with a series of complications for determining the advection
in the control volume, here it was decided to apply a control volume with a constant
spatial height at the different times. The mean PBL top over the control area 〈zi〉 was
defined as the height with the minimum values of the mean turbulent sensible heat
flux (ΦSHturb = cpρairw′θ′) over the control area.

Because horizontal averaging is a form of weighted integration, the Gauss-theorem
for differential geometry was applied to the flux divergence terms in the atmospheric
budgets1. Thus, by averaging the flux divergence terms horizontally and integrating
them vertically, the net flux as the difference of the flux out of and the flux into the
control volume was derived (see also Schmidli and Rotunno (2010) and De Roo and
Mauder (2018)).

The Atmospheric budgets during SABLE

During SABLE, growing values of 〈zi〉, and thus of the top of the control volumes,
have been found above both control areas (Fig. 7.4). Until local noon and the early
afternoon, only small differences between the two control areas are visible. After

1According to the Gauss-theorem, which is formulated as
˝

V
(∇ · F)dV =

‚
S
(F · n)dS, the flux of

a continuous differentiable vector field F through a closed surface S equals the integral over the
volume V encapsulated by S of the flux divergence of F.
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Figure 7.4.: Time series of the mean PBL depth 〈zi〉 averaged over the two control areas
during SABLE.

1500UTC, the differences rise, up to values of 200 m at the end of the case study.
The time series of the atmospheric budgets of LH and SH for SABLE, averaged over

the SCA and the NBFCA are visible in Fig. 7.5. For both the LH and the SH budgets
in the two control volumes (the SABLE control volume (SCV) and the Northern Black
Forest control volume (NBFCV)), the advection showed a significant influence on the
budgets. With the method applied for for separating the turbulent fluxes from the
advection, organized structures in the PBL, which were not included in the 1-hour
sampling of the turbulent fluxes by the covariance scheme, and the larger scale ad-
vection due to changes in the weather conditions are summarized in one term. Un-
fortunately, with the online method applied here, it was not possible to separate the
different contributions in the larger scale transport term. Although large scale organ-
ized motions are not clearly distinguishable from the smaller scale random turbulence,
here for the sake of simplicity the terms in the atmospheric budgets summarizing the
larger scale motions are described as advection, to distinguish them from the turbulent
motions sampled within 1-hour by the covariance scheme and the SGS fluxes, which are
represented in the turbulent transport terms. However, the advection term includes
thus not only the advection by the mean flow, but also organized circulations.
Both the vertical and the horizontal part of the advection were summarized in one

term. Since the control areas in this study were located over complex terrain, the
mean wind was not aligned with the coordinate system constructed by the numerical
grid in the model. Thus, the advection of SH and LH contributed both to the vertical
and the horizontal transport terms in the model grid. Furthermore, the flow over the
complex topography led to areas with continuous updrafts. Thus, the vertical part of
the advection around 〈zi〉 reflected largely the topographical gradients in the area, with
the highest values found in regions in which the flow is forced up-slope. In addition to
the topography, the synoptic conditions also has an influence on both the larger scale
horizontal and vertical transport. Although no passage of a front took place during the
period covered by the case studies, constant motions like the vertical advection of air
with a different moisture content or subsidence, superimposed on the boundary layer
thermals, can transport considerable amounts of heat or moisture (Lloyd et al., 2001).
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Thus, as both the vertical and the horizontal contribution of the advection depend on
the mean flow in relation to the applied numerical grid, characterizing the influence
of horizontal and the vertical advection in one term was performed as an appropriate
simplification of the atmospheric budgets.
In Fig. 7.5, the LH budget showed negative values of advection during most of the

day in both control volumes. This indicates a higher advective flux of LH into the area,
than out of the area. Only for the morning hours and for the time between 1500UTC
and 1600UTC, a loss of moisture from the control volume due to the advection was
found. For these times, a reduction of the moisture storage in the control volumes
happened. The loss of moisture around 0800UTC was related to the spinup effects
described in the previous section (see Fig. 7.1). Although the changes in the storage
of LH largely reflected the variability in the advection of LH, no significant increase of
LH in the control volume was found in the time between 0800 and 1500UTC. Thus,
as the advection increased the moisture content in both control volumes during the
day, and no considerable loss of LH due to the formation of clouds was occurring,
the entrainment of dry air must have counteracted the moistening influence of the
advection. Since the vertical turbulent flux divergence of LH (φVLH ) is the difference
of the transport of LH out of the control volume across 〈zi〉 and λET , which represents
the input of moisture at the bottom of the control volume, the entrainment flux, which
was set equal to the turbulent flux across 〈zi〉, was derived according to:

〈w′q′vρairLv〉z=〈zi〉 =

ˆ 〈zi〉
0
〈 ∂
∂z

(w′q′vρairLv)〉dz + 〈λET 〉, (7.3)

where
´ 〈zi〉

0 〈∂/∂z(w′q′vρairLv)〉dz is the integral of φVLH over the height of the control
volume. Using this method, the entrainment flux was found to exceed λET in both
control volumes during the morning to the early afternoon. This led to a drying
of the air in the control volume. The entrainment flux showed with values up to
250 Wm−2 only slightly lower values than the magnitude of the moisture advection
with absolute values of up to 300 Wm−2 after 0800UTC. Thus, the entrainment flux
largely compensated the increase of LH due to the advection in both control volumes.
The entrainment flux showed a diurnal variation, with increasing values in the morn-

ing and decreasing values in the evening. The exchange of air between the free tropo-
sphere and the PBL is partly forced by convection in the PBL. Thus, a dependence of
the entrainment on the irradiance and therefore on the time of the day is thoroughly
realistic, and was found already in previous LES studies incorporating a diurnal cycle
of the irradiance (Huang et al., 2011). This was also reflected in the profiles of the
turbulent fluxes of LH, which showed as well a diurnal variation of the entrainment
flux. During the afternoon, the entrainment of LH decreased. While for the hours
until noon, the profiles of the vertical turbulent flux of LH (ΦLHturb = Lvrhoairw′q′v)
decreased significantly for the hours after 1500UTC, what leads to lower rates of en-
trainment.
In both control volumes, the horizontal part of the turbulent flux divergence of LH

(φHLH ) exceeded φVLH . Positive values for φHLH indicate, that the control volumes
were loosing water laterally because of the turbulent motions. Thus, the horizontal
redistribution of LH due to turbulence was not a negligible term in the atmospheric
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Figure 7.5.: Time series of the atmospheric budgets for latent heat (LH; panels (a) and
(b)) and the sensible heat (SH; panels (c) and (d)) during SABLE. Panels
(a) and (c) show the budgets in the SCV, panels (b) and (d) in the NBFCV.
Negative values for ADVECT, HORIZ_TURB and VERT_TURB indicate
a net-flux into the control volume. Positive values indicate a net-flux out of
the control volume. All terms are averaged to the full hour.
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budget of LH in heterogeneous terrain, even for larger areas. This is assumed in most of
the PBL parameterizations developed for larger scale models. In both control volumes,
φHLH increased significantly at altitudes beneath 300 mAGL in the mean. At these
altitudes, the turbulent motions inside the PBL were redistributing the moisture along
gradients of λET .
The atmospheric budgets of SH (Fig. 7.5 (c) and (d)) showed a distinct diurnal cycle

of the heat storage in both control volumes. The strength of the vertical turbulent flux
divergence of SH (φVSH ) reflected the diurnal cycle of Sh at the land surface and showed
an upward transport of SH in the course of the day. The same approach as for LH was
applied to derive the entrainment flux for the atmospheric budget of SH (Eq. 7.3). In
contrast to the budget of LH, the entrainment flux was lower than Sh. Furthermore,
the absolute values of the entrainment of SH were lower than the entrainment of LH.
Although the entrained air was warmer than the PBL air, in combination with the loss
of LH due to the moisture flux across 〈zi〉 the energy storage in the control volume
was decreased by the entrainment flux.
Positive values for the advection of SH were found in both control volumes. Cooler

air was transported into the control volumes and warmer air was advected out of the
volumes. The advection shows signs for a diurnal variation. Except for the hours
around 1200UTC, generally higher values of SH advection were found during the
daytime. This could be a sign for larger scale circulation patterns in the PBL. As
the advection caused by the larger scale weather situation is relative insensitive to
the changes in a single diurnal cycle, the advection would not have shown a diurnal
variation, if an approaching weather system would have caused the increase of SH
in the control volume. Thus, it can be assumed, that organized circulations in the
PBL contributed in a significant manner to the advection. These circulation patterns
are influenced by differences in the buoyancy, what would explained by the diurnal
variation of the SH advection. However, the highest values of SH advection are found
at 1800UTC. Here, the decoupling of the flow in the residual layer to the land surface
could be visible. With the stop of the convection in the PBL during the evening
transition, stronger winds can form in the forming residual layer. These winds could
cause the strong increase of SH advection.

The Atmospheric Budgets during AMMER2015

During AMMER2015, the strongest growth of 〈zi〉 was observed during the hours from
0600 to 0900UTC. In the following hours, 〈zi〉 increased until the time of 1900UTC,
where the maximum values during the case were reached above both control areas.
During the hours before 0900UTC, 〈zi〉 was slightly increased above the GBCA, while
later on, the ACA showed slightly higher values for 〈zi〉. Because for the hours before
0600UTC no values for 〈zi〉 could be determined by the profiles of ΦSHturb, constant
values of 〈zi〉 with the first detectable value of 〈zi〉 were assumed for the nocturnal
PBL.
The time series of the integrated budgets of LH showed for AMMER2015 a net

transport of LH by advection into both control volumes, the ACV (Ammer control
volume; ACV) and the GBCV (Goldersbach control volume; GBCV) during most of
the case (Fig. 7.7 (a) and (b)) until 1800UTC. Although both the highest and the
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Figure 7.6.: Time series of the mean PBL depth 〈zi〉 averaged over the two control areas
during AMMER2015.

lowest values of the LH advection are found during the hours of 1600 to 2100UTC,
signs for a diurnal variation of the LH advection are found. Thus, it is likely that the
advection of LH in the control volumes was not caused by the larger scale transport
of air due to the synoptic situation alone. Additionally, the influence of organized
circulations in the PBL on the LH budget is also visible in the advection, which are
known to transport appreciable amounts of moisture (Mauder et al., 2007; Huang
and Margulis, 2013). These circulations are influenced by atmospheric convection,
what explains the diurnal variation of LH advection. Since the circulation patterns
in the PBL covered a wide range of spatial scales, their influence was also visible in
spatial means, covering the control volumes applied in this study. Unfortunately, it
was not possible to distinguish advection by the secondary circulations in the PBL
and that caused by the larger scale weather situation. Nevertheless, as it was already
outlined above, the synoptic situation is relative insensitive to the changes in a single
diurnal cycle. Therefore, a more continuous influence of the advection would have been
likely, which was not necessarily synchronized with the diurnal cycle, if an approaching
weather system would have caused the increase of LH in the control volume. Thus,
it can be assumed, that organized circulations in the PBL contributed in a significant
manner to the advection.
For the time at 1600UTC, a strong decrease of the advection is found in the LH

budget. This is followed by a significant transport of LH out of the area, visible at
the positive peak of the advection at 1900UTC and 2000UTC. During these hours,
an increase of the mean wind velocity was found in the PBL (Fig. 7.2). This led to an
reformation of the convective cells in the PBL and increased the moisture transport,
visible at the strong negative values of the LH advection. Furthermore, during the
hours after 1800UTC, drier air was advected into the area. For these hours, the control
volumes showed the highest depth. In addition, during the evening transition of the
PBL, the developing residual layer decouples from the land surface and is stronger
influenced by the conditions in the free troposphere. Consequently, the advection of
LH could show a stronger impact on the LH budget in the PBL.
In both control volumes, a net loss of LH due to the horizontal turbulent flux di-
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Figure 7.7.: Time series of the atmospheric budgets for AMMER2015. The LH budget
in the ACV is visible in panel (a), the in the GBCV in panel (b). Panels (c)
and (d) show the SH budget in the ACV and the GBCV, respectively. All
terms are averaged to the full hour.
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vergence was found, visible in the positive values of φHLH . Like during SABLE, φHLH

showed the largest values in the altitudes up to 300m AGL. For the integrated values
of φVLH , negative values are found in both control volumes. Thus, the LH content in
the control volume grew due to the vertical redistribution of the water vapor sourced
in λET . Consequently, the entrainment of LH at the top of the control volume was
also lower than the values of λET . Thus, the PBL accumulated the moisture, which
evaporated from the ground. In combination with the moistening influence of the
advection, this led to an increase of moisture in the PBL during the case study.
Compared to the LH budget, in the SH budget, the advection showed only a minor

effect in the mean. Here, the circulation patterns in the PBL could play a role. For
the spatial averages presented here, the SH advection was balanced, what leads to
small values of net advection of SH in the control volumes. Nevertheless, for the time
between 1600UTC and 1700UTC, an increase of the advection of SH was found. Here,
like in the LH budget, a relation to the mean horizontal wind velocity is visible, which
showed higher values for these times (Fig. 7.2). While transport of cooler air into the
control volumes could have been responsible for the growing advection, a change in the
pattern and the strength of the secondary circulations could also cause the increase
in SH advection. The mean horizontal wind has an influence on size and structure
of secondary circulations inside the PBL. The organized motions are elongating in
the direction of the mean wind at higher wind velocities. Thus, an increase in wind
velocity makes it more unlikely that organized motions balanced each other in the
control volumes, what can led to a net transport of SH in the control volumes.
In both control volumes, a diurnal cycle in the storage of SH is visible. The heat

content in the control volume is increasing during the case study. It is reflecting the
heating by Sh, by the entrainment flux at the top of the control volume and the
radiation. Similar to SABLE, φVSH is largely determined by Sh and showed a net
transport of SH away from the surface. However, like during SABLE, the entrainment
flux showed a larger influence in the LH budget compared to the budget of SH. Thus,
for AMMER2015, the gain of energy in the control volume by entrainment of SH was
smaller than the loss of LH due to the transport of moisture across 〈zi〉.
The terrestrial energy budget showed a decrease in Sh in the morning due to the

formation of clouds above the area (see Sec. 6.1). This change of Sh influenced also the
budget of SH in the GBCV (Fig. 7.7 (d)). The storage of SH as well as φVSH in the
control volume decreased around 1000UTC. This illustrates, how strong the coupling
between the land surface and the atmosphere in the model was, as small differences in
the surface heating showed an impact throughout the whole PBL. Furthermore, the
influence of the cloud shading was found to be much stronger in the lower troposphere
compared to the diabatic heating of the atmosphere by the condensation of water vapor
to cloud droplets on the budget of SH in the control volume.

The Atmospheric Budgets during AMMER2016

During AMMER2016 the PBL grew during the hours from 0500 to 1300UTC. Later,
in the hours until 1800UTC, 〈zi〉 was relatively constant with values around 1200 m.
After 1800UTC, 〈zi〉 decreased again. Only small differences between the two control
areas area found. Similar to AMMER2015, for the hours before 0500UTC, 〈zi〉 was
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Figure 7.8.: Time series of the mean PBL depth 〈zi〉 averaged over the two control areas
during AMMER2016.

assumed to be located at the same height it could be determined definitely for the first
time during the morning transition.
The time series of the integrated atmospheric budgets during AMMER2016 is presen-

ted in Fig. 7.9. For the atmospheric budget of LH, a gain of LH was found due to the
advection of moisture in both control volumes for most of the case until 1500UTC
(Fig. 7.9 (a) and (b)). Later on, the advection showed larger variations with moisten-
ing and drying periods. Similar to the other cases, this is an effect of the growth of
the PBL and thus of the control volumes and the decreasing coupling strength of the
developing residual layer during the evening transition.
Similar to AMMER2015, negative values were found for φVLH . During most of the

case, the absolute value of φVLH was smaller than λET in both control areas. Con-
sequently, λET exceeded the entrainment flux across 〈zi〉 and the moisture content in
the PBL increased due to the vertical turbulent redistribution of moisture. Only for
the hours between 1200 and 1400UTC, comparable values for λET and the entrain-
ment flux of LH are found. Like during the other two case studies, positive values for
φHLH were observed in both control volumes. Thus, φHLH led to a net transport of LH
out of the control volume, counteracting the gain of moisture by the vertical turbulent
fluxes of LH.
In the SH budget, an increase of the SH storage in both control volumes during

daytime is visible (Fig. 7.9 (c) and (d)). The advection of SH indicated a net transport
of SH out of the control volume both in the SCV and in the GBCV. In the GBCV,
a larger transport of SH due to the advection out of the control volume than in the
ACV was found. Similar to SABLE, the advection of SH showed a diurnal variation
in both control volumes. This indicates, like it was already found for the SH budget
during SABLE and the LH budget during AMMER2015, that secondary circulations
contributed significantly to the SH budget during AMMER2016 in the PBL.
Furthermore, φVSH was also larger in the GBCV than in the ACV. In the GBCA, Sh

was significantly increased compared to the ACA. Thus, the atmosphere was stronger
heated, what led to higher values of φVSH compared to the ACV. Furthermore, the
entrainment of SH was stronger in the GBCV compared to the ACV, what could have
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Figure 7.9.: Same as Fig. 7.9, but for AMMER2016.
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been related to the higher buoyancy in the PBL over the GBCA. Nevertheless, as it
was visible in the similar amounts of storage of SH in the ACV and the GBCV, the
additional heat available by higher Sh and entrainment in the GBCV was transported
out of the control volume by the advection.

Comparison of the Atmospheric Budgets

For all case studies, in both the budgets of LH and SH, changes in the advection
evoked a direct response in the corresponding storage term. If the changes in storage
are compared with the surface fluxes (Sh and λET ), no considerable influence was
found. However, changes in the moisture content or the temperature in the control
volumes should influence λET and Sh, as they depend on the gradient of moisture and
temperature between the land surface and the lowest model level in the atmosphere.
Here, the influence of the relative coarse grid increment of 100 m for an LES experiment
is visible. The lowest model levels were largely influenced by the SGS fluxes. Since
the SGS fluxes were largely determined by λET for the case of LH and Sh for the case
of SH, both the moisture content and the temperature in the lowest model levels were
mainly defined by the surface fluxes. Therefore, the advection showed only a damped
influence on the gradients of θ and the moisture driving λET and Sh. Furthermore,
especially the gradient of the water potential showed only a minor influence on λET and
also the temperature gradient was only one factor among several others determining
the surface fluxes (see Sec. 6.3). Thus, other factors showed a stronger influence on Sh
and λET , what further decreased the influence of the advection of SH and LH on Sh
and λET .
The overall influence of the different terms in the budget equations is summarized

in Tab. 7.1 for the budgets of LH and in Tab. 7.2 for the budget of SH. The horizontal
turbulent flux divergence showed larger values in the LH budget for all cases compared
to value found in the budgets of SH. Therefore, it can be concluded, that in contrast to
the atmospheric budget of SH, in the budget of LH, the turbulent motions contribute
significantly to the lateral transport of LH, even for larger spatial averages. Further-
more, for all cases , the absolute values of the entrainment fluxes of LH were larger
than the entrainment of SH. Thus, the transport of LH across zi is higher than that
of SH and PBL is loosing heat to the free troposphere. A stronger influence of the
entrainment flux on the budget of LH was found during SABLE and AMMER2016
compared to AMMER2015. Here, the higher mean wind velocity in the PBL during
SABLE and AMMER2016 could have played a role. They could have enhanced the
mixing across 〈zi〉. A dependence of the dominant turbulent structures in the PBL on
the entrainment might be visible. These structures change their circulation pattern
with the strength of the mean wind and they were found to influence the entrainment
fluxes (Sullivan et al., 1998; Weckwerth et al., 1996). Especially the wind shear in the
PBL, which depends on the strength of the mean wind, shows a strong impact on the
strength of the entrainment (Conzemius and Fedorovich, 2006). Higher wind shear
in the PBL could also explain the larger values of entrainment in the budgets of LH
in the GBCV compared to the ACV during AMMER2015 and AMMER2016. The
underlying control area, the GBCA showed a higher surface roughness compared to
the ACA due to the higher share of forest, that could have led to stronger wind shear
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in the PBL.

Table 7.1.: Summary of the accumulated boundary layer budgets of latent heat during
the three case studies between 6 and 18UTC, averaged over the different
control volumes. All values are given in MJ m−2.

Case Study SABLE AMMER2015 AMMER2016

Control Volume SCV NBFCV ACV GBCV ACV GBCV

STORAGE −2.94 −2.89 4.59 4.62 −3.03 −5.45
ADVECT −1.99 −1.96 −5.65 −5.37 4.06 3.08
HORIZ_TURB 4.87 4.59 6.17 6.14 6.23 6.15
VERT_TURB 0.55 0.74 −4.52 −4.82 −6.22 −2.89
LHF 5.44 5.29 6.46 7.26 11.35 9.54
ENTRAIN 5.99 6.03 1.94 2.44 5.14 6.65
PHASE_CHANGE 0.00 −0.01 0.00 0.00 0.00 0.00
RESIDUAL 0.49 0.49 0.59 0.57 1.04 0.89

In contrast to the atmospheric budgets of LH, stronger differences among the control
volumes were found for the budgets of SH. For SABLE, larger values of φVSH were
found in the NBFCV than in the SCV. Moreover, the entrainment flux was also larger
in the NBFCV compared to the SCV. The same results were visible for the GBCV
compared to the ACV for AMMER2015 and AMMER2016. Both the NBFCA and the
GBCA showed higher values of Sh at the land surface, what increased the generation of
updrafts in the model. Furthermore, these control areas are mainly covered by forests.
Thus, the surface roughness is increased compared to the SCA, respective ACA, what
further enhanced the mixing in the PBL. Due to stronger thermals, the mixing at the
top of the control volume is also larger, what increased the entrainment of air at the
top of the control volume. This represented an additional source for SH in the control
volumes.
Several studies have found influences of the land surface up to the interfacial layer

around zi, like it is presented here in the atmospheric budgets of SH. Kang et al.
(2007) found higher value of zi in aircraft studies over areas with higher Sh for a
buoyancy driven PBL. In an LES study with a striped pattern of Sh, van Heerwaarden
and de Arellano (2008) found higher values of entrainment over stronger heated areas.
Sühring et al. (2014) compared different sizes of surface heterogeneities and found for
areas with increased surface heat fluxes higher values of entrainment. However, larger
wind velocities at the surface reduced the influence of the surface on the PBL. Both
studies showed, that secondary circulations in the PBL, forced by the different heat
flux patterns enhanced the entrainment of air above the stronger heated patches. Since
these organized circulations are not captured by the 1-hour sampling of the covariance
scheme, they are included in the advection term.
Indeed, higher values of SH advection were found in the NBFCV and the GBCV

compared to the SCV and the ACV. Increased advection of thermal heat induced
by stronger surface heating have already been reported by other studies. Eder et al.
(2015a) studied the heat budget for an isolated forest surrounded by shrublands. They
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Table 7.2.: Summary of the accumulated boundary layer budgets of sensible heat during
the three case studies between 6 and 18UTC, averaged over the different
control volumes. All values are given in MJ m−2.

Case Study SABLE AMMER2015 AMMER2016

Control Volume SCV NBFCV ACV GBCV ACV GBCV

STORAGE 4.00 2.99 7.81 7.28 3.66 3.89
ADVECT 5.25 5.99 1.57 3.44 2.13 6.58
HORIZ_TURB 0.00 −0.01 −0.02 0.00 −0.01 0.00
VERT_TURB −7.68 −8.62 −7.90 −9.69 −5.83 −9.52
SHF 6.72 7.59 6.92 8.17 4.74 8.13
ENTRAIN −0.96 −1.03 −0.98 −1.51 −1.09 −1.39
DIAB 0.02 0.08 0.17 0.25 0.01 0.01
RAD 0.67 0.57 1.29 0.84 0.70 0.60
RESIDUAL 0.88 −0.30 0.00 −0.06 −0.76 0.34

found higher values for the heat advection above the forest, and concluded that second-
ary circulations induced by different surface heating were responsible for the advection
of heat. Kang and Davis (2008) found in their LES study of heterogeneity induced
circulation patterns higher values for the advection of warm air from patches with
a higher heat flux compared to cooler patches. The warmer air stabilized the up-
per PBL over the cooler patches, what decreased the entrainment fluxes over cooler
patches. However, although the length scale of the surface heterogeneities in Kang and
Davis (2008) is with 16 km and 32 km comparable to the size of the control volumes
applied here, further effects have to be considered when studying the entrainment in
a realistic mesoscale environment. The physical properties of the land cover were not
uniform in the control areas. Furthermore, the mean wind velocity and the shear in
the PBL were influencing the entrainment as well and blended the influence of the
land surface. However, advection could have played a role in determining the lapse
rate in the PBL and influenced the entrainment thereby, resulting in lower values of
entrainment in the neighboring control volumes (ACV) with lower values of Sh at the
land surface than in the volume with higher Sh (GBCV).
Most parameterizations of the entrainment flux apply a constant ratio compared to

the surface heat flux to derive the entrainment flux. A value of 0.2 is generally applied,
as it is in good agreement with the zero-order jump model (ZOM; Lilly (1968), and
water tank experiments (Deardorff, 1980). The ZOM relates entrainment flux to the
gradient of the scalar around zi and the entrainment velocity we, which is the temporal
change of zi (Fedorovich et al., 2004). The ratios found here for the absolute values
of the entrainment flux of SH compared to Sh accumulated during the daytime are
in the same range. For SABLE, values of 0.14 for the SCV and the NBFCV were
found. For AMMER2015, values of 0.14 and 0.18 were found for the ACV and the
GBCV, and for AMMER2016 values of 0.23 for the ACV and 0.17 for the GBCV
were found. However, the ratio of the entrainment flux to Sh showed considerable
variations in the diurnal cycle. During local noon and in the afternoon, the highest
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ratios of entrainment fluxes in the SH budgets were found, while during the morning
transition, the ratios were lower. While during SABLE, relative constant values of up
to 0.16 in the SCV and of up to 0.15 in the NBFCV for the ratio of the entrainment
flux to Sh during the afternoon were found, AMMER2015 and AMMER2016 showed
larger variations. Maximum values of 0.25 in the ACV and 0.31 in the GBCV were
found in the afternoon during AMMER2015. During AMMER2016, values of up to
0.27 were found in the ACV and of up to 0.26 in the GBCV for the same time. Thus,
during limited time intervals, the ratio of the entrainment flux to Sh can exceed the
assumed ratio of 0.2 in the ZOM significantly.
Besides the temporal evolution of the entrainment flux, the ZOM neglects further

important influences on the entrainment. For example, Sorbjan (1996) found a depend-
ence of the entrainment on the lapse rate above zi in their LES study. They observed
a ratio of around 0.3 between Sh and the entrainment of SH. Furthermore, an increase
with the mean wind velocity (Pino et al., 2003) and a strong dependence on the wind
shear in the PBL on the strength of the entrainment flux (Conzemius and Fedorovich,
2006) was observed in previous studies. Since all of these factors occurred in different
combinations in this study, variations in the entrainment fluxes are expectable and
further studies are necessary to isolate the exact effects of the different factors on the
entrainment fluxes.

7.3. Turbulent Characteristics of the Planetary Boundary
Layer

In this section, a detailed analysis of the turbulent exchanges of moisture and poten-
tial temperature is given for the different control areas. This is necessary, as turbulent
fluxes are an important contribution to the budgets. A better understanding of tur-
bulent exchange helps to interpret the budgets of LH and SH in the PBL and to asses
the influence the local conditions at the land surface show in the budgets. Further-
more, differences in the turbulent exchange of qv and θ in the control volumes can
be examined. In particular, the statistical moments up to the third moment of w,
θ and qv spatially averaged over the two control areas for the respective case studies
are discussed (Fig. 7.10 – Fig. 7.12). While the second moments are a measure of the
magnitude of the turbulent fluctuations, in the third moments the skewness of the
distribution of the fluctuations is visible. The analysis of atmospheric budgets in the
control volumes revealed a strong influence of the entrainment flux. Since entrainment
of air skews the statistic of qv and θ, it is visible in the profile of the third moment,
until which altitude in the PBL the entrained air was still detectable in the mean. All
profiles were valid for the hour from 1300–1400UTC. This time period was applied,
because the profiles were representative for the daytime convective boundary layer.
The discussion of the moments is followed by the analysis of the vertical turbulent

fluxes of SH and LH (Fig. 7.13 – Fig. 7.15) and the profile of the turbulent kinetic
energy TKE (Fig. 7.16 – Fig. 7.18), averaged over the control areas for selected hours
during the case studies. The statistics presented here were derived temporally, what
is indicated by an overbar ξ, and afterwards averaged spatially over the respective
control area, what is denoted by 〈ξ〉, where ξ represents the particular quantity, which
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was averaged.

Profiles of the First Three Moments during SABLE

Figure 7.10 presents profiles of the averaged horizontal wind (uh) and its two compon-
ents u and v, the second and the third moments of w, and the first three moments of
θ and qv for SABLE, averaged over the SCA and the NBFCA. For uh, relatively high
values of up to 9 ms−1 were found in the PBL already above 100 mAGL. The mean
wind was slightly lower below 1 km AGL in the NBFCA compared to the SCA. In the
NBFCA, the higher surface roughness led to more friction, reducing uh in the PBL.
Above 1 kmAGL, uh increased further. At these heights, a shift of the wind vector
towards the north is found, visible at the increasing values of v. The turn of the wind
direction is larger in the NBFCA than in the SCA. The more complex topography in
combination with the higher surface roughness led to a stronger rotation of the wind
vector in the PBL above the NBFCA.
The second and third moments of w showed their maximum values in the middle of

the convective mixed layer. The PBL top was located for this period between 1.6 and
1.8 km AGL in both regions. Small differences were visible between the second and
the third moment of w between the control areas. Slightly higher values for w′2 were
found over the NBFCA compared to the SCA area, what indicated a stronger vertical
exchange over the NBFCA compared to the SCA. Throughout the PBL, positive values
of w′3 were found. Thus, the vertical exchange inside the PBL was characterized by
more frequent, less vigorous downdrafts, interrupted by less frequent, but stronger
updrafts. This behavior was enhanced above the ACA compared to the GBCA, visible
at the slightly higher values of w′3 over the ACA. Positive values of w′3 are typical for
the convective PBL (CBL) and have already been reported in the literature for both
observational and modeling studies (Lenschow et al., 2012; Berg et al., 2017).
In the profile of θ, zi is determinable by the altitude with the strongest increase of

θ. According to this definition, zi was located at an altitude of around 2.6 km AGL. A
similar value of zi is indicated in the profile of qv. In the profile of qv, the altitude with
the minimum vertical gradient is corresponding to zi, which would be determined here
as well between 2.4 and 2.6 km AGL above both control areas. Both profiles of the
variance and the third moment of qv and θ (q′2v and q′3v as well as θ′2 and θ′3) showed
their maximum, respective minimum values at the same altitudes. However, the time-
height cross section of qv at the location of the SABLE field experiment indicated values
of around 1.2 to 1.6 km AGL for zi for the time between 1300 to 1400UTC (Fig. 7.1).
Furthermore, the profiles of the turbulent sensible heat flux (ΦSHturb) showed clear
signs for zi in the height range of 1.2 km to 1.6 kmAGL (Fig. 7.13 (a) and Fig. 7.4).
Considering the values found for Sh during SABLE, a PBL depth in the range of
1.2 km to 1.6 kmAGL is more realistic. Therefore, the largest variations in the θ and
qv fluctuations were found above zi. In contrast to these findings, observational studies
suggest for the peaks of both the variance and the third moment of qv and θ to be
located around zi due to the transport of thermal heat and moisture across the altitudes
with the largest changes of qv and θ with height (Behrendt et al., 2015; Muppa et al.,
2016; Osman et al., 2018). On the other hand, as the mean gradients of θ and qv have
a strong influence on θ′2 and q′2v (Sorbjan, 2005; Turner et al., 2014), elevated peaks
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above zi for the variance and the third moments are expected for this case due to the
elevated altitudes of the largest changes of qv and θ with height.
The peaks in the second and third moments of θ and qv indicate significant vertical

exchange happened in the altitudes above zi. In the altitude range directly above the
PBL, strong exchange due to waves was found in the temperature and the humidity
field during SABLE. Trapped waves above the interfacial layer have been proposed to
cause peaks in the variance profiles already in several studies (Deardorff, 1974; Moeng
and Wyngaard, 1984). In complex terrain, waves in the atmosphere are frequently
observed above zi due to the breaking of mountain lee-waves because of wind shear
(Jiang et al., 2010). Since the waves transport the air along the height interval, in which
the strongest gradients of θ and qv were found, in this altitude range consequently the
highest, respective lowest values in the profiles of the second and third moments of qv
and θ were found.
Around zi, the third moments indicate a skewness of the distributions of the qv

and θ fluctuations. Negative values of q′3v represent few very dry fluctuations which
are outnumbered by weakly moist fluctuations. For positive values of q′3v , the moist
fluctuations are stronger but less frequent, while the dry fluctuations happen more
often, but are less strong. For θ, negative values of the third order moment represent
few fluctuations with a strong decrease in θ and many fluctuations, which lead to a
small increase in θ. For positive values of θ′3, few fluctuations increasing θ are strongly
outnumber by fluctuations, which decrease θ slightly. Since the interfacial layer around
zi usually shows a stable stratification, entrained air shows higher values of θ, while
the air transported from the PBL into higher regions shows lower values of θ compared
to the surrounding air. For the humidity, the opposite is the case, as the humidity
content of the air decreases generally around zi with height. Thus air from the PBL has
a larger water vapor concentration than air from above the PBL. Therefore, negative
values for the third moment of qv indicate less frequent entrainment of dry air into
the PBL, but the few events of entrainment are stronger than the more frequently
updrafts of moist air from the lower PBL. Positive values of q′3v represent the opposite,
entrainment of dry air from the free troposphere occurs more frequently, whereas the
transport of moist PBL air into the free troposphere is less likely, but more vigorous.
The profiles of θ′3 show the contrary behavior for entrainment due to the opposite
sign of the θ gradient around zi. Thus, negative values of θ′3 indicate more frequent,
but less strong entrainment, and positive values of θ′3 representing less frequent, but
stronger entrainment processes.
Inside the PBL, the profile of θ′3 showed values close to zero, while for q′3v negative

values were found. Thus, the turbulent fluctuations in the temperature field inside the
PBL are close to Gaussian, whereas for the humidity fluctuations, the distribution is
negatively skewed. Hence, strong entrainment processes were visible in the moisture
field of the PBL down to the surface for both control areas. This is further underlined
by the time-height cross section of water vapor (Fig. 7.1 (a)), which shows dry tongues
of air reaching down to the surface. Inside the PBL, almost no vertical gradient of θ
was observed, while a significant change of qv is found with height. Vertical motions
like entrainment transported therefore moisture along a gradient, whereas this was not
the case for θ. Thus, the entrainment was stronger visible in the distribution of qv
fluctuations compared to the θ fluctuations.

161



Chapter 7. The Boundary Layer Budgets

Figure 7.10.: Profiles of the spatially and temporal mean horizontal wind (solid line) the
u wind competent (long dashed) and the v wind competent (short dashed)
in panel (a), and the second and the third moments of the vertical wind
fluctuations in panels (b) and (c). The profiles of the first three moments
of θ are presented in panels (d) to (e) and the profiles of the first three
moments of qv in panels (f) to (h) for SABLE. All profiles are spatially
averaged over the SCA and the NBFCA. The sampling time was for 1300–
1400UTC.
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The comparison of the q′2v profile during SABLE with lidar observations of the mois-
ture fluctuations revealed an overestimation of q′2v in the model in the upper part of the
PBL. This was related to higher rates of entrainment in the model in this altitude re-
gion (Sec. 5.5). The relative coarse grid increment of 100 m in the LES was potentially
responsible for the stronger entrainment. Thus, the engulfment of air into the PBL in
the model down to the surface might have been artificially caused by the attenuation
of the energy at coarser eddies in the model. However, for SABLE, a simulation at a
grid increment of 20 m, which is a typical grid increment for LES, was conducted as
well. The simulation at 20 m showed, like the one presented here at 100 m, negative
values of q′3v inside the PBL. Therefore, the relatively coarse grid increment can be
excluded to cause the negative values of q′3v inside the PBL.

Profiles of the First Three Moments during AMMER2015

For AMMER2015, the PBL top zi was located at around 1.8 kmAGL, visible at the
strongest increase in the mean profile of θ for both areas (Fig. 7.11 (d)). The mean
horizontal wind velocity did not exceed 2 ms−1 beneath 1 km AGL in both control areas
(Fig. 7.11 (a)). Above 1 km AGL, it increased rapidly to 10 ms−1 at 2 kmAGL. A turn
of the mean wind direction of almost 180°was found from the surface to altitudes of
2 kmAGL, visible at the change in the u and v components with height.
The largest values of both w′2 and w′3 were found in the lower half of the PBL

(Fig. 7.11 (b) and (c)). The profile averaged over the GBCA showed higher values of
w′2 compared to the profile averaged over the ACA. Thus, the vertical wind fluctu-
ations and therefore the vertical exchange in the PBL were stronger above the GBCA,
compared to the ACA. For w′3, again positive values were found. Stronger, but less
frequent updrafts, were balanced by more often occurring, but weaker downdrafts. A
second peak for w′2 was found around zi. It was related to the up- and downdrafts
in the shallow cumulus convection found around zi during AMMER2015 (Siebesma
et al., 2003; Heinze et al., 2015).
In the profile of qv, zi was not as pronounced as in the profile of θ. Usually, around

zi the strongest decrease of qv with height is found. The discrepancies in the vertical
gradients of θ and qv were reflected in the profiles of the second and third moments of
θ and qv. While θ′2 and θ′3 showed their maximum and minimum values around zi,
the profiles of q′2v and q′3v showed both the strongest peaks at elevated altitudes above
zi, corresponding to the height region the strongest change of qv was observed. Similar
to SABLE, wave structures have been observed above the PBL in the moisture field,
what led to increased mixing in the humidity field above zi across the height range
with the largest change of qv.

However, q′2v showed for heights corresponding to zi a small peak in the profile
averaged over the GBCA and increasing values in the profile averaged over the ACA
in the same altitude range. Around zi, the profile of q′3v averaged over the GBCA also
showed local minimum and maximum values, due to the exchange of air between the
free troposphere and the PBL. For both control areas, the profiles of q′3v and θ′3 show
a skewness of the distribution of the fluctuations of θ and qv down to an altitude of
around 1.2 kmAGL. Thus, in the statistical mean, entrainment of air from the free
troposphere into the PBL was visible down to this altitude. At lower altitudes, in
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Figure 7.11.: Profiles of the spatially and temporally averaged horizontal wind (solid
line) the u wind competent (long dashed) and the v wind competent (short
dashed) in panel (a), and the second and the third moments of the vertical
wind fluctuations in panels (b) and (c). The profiles of the first three
moments of θ are presented in panels (d) to (e) and the profiles of the first
three moments of qv in panels (f) to (h) for AMMER2015. The profiles
are spatially averaged over the ACA and the GBCA. The sampling time
was for 1300–1400UTC.
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the mixed layer, values close to zero for both θ′3 and q′3v are observed, indicating a
Gaussian distribution of the humidity and temperature fluctuations. In contrast to
SABLE, were a negative skewness was found in the humidity fluctuations down to the
surface, AMMER2015 did not show any signs for tongues of entrained air reaching way
down into the mixed layer. Furthermore, unlike during SABLE, the moisture content
was relatively constant throughout the PBL, what could have been related to the lower
entrainment rates during AMMER2015.
Since AMMER2015 was very calm for most of the day (see Fig. 7.2), an influence

of land cover differences was visible in the second and third moment profiles of w and
θ. Larger values of the second and the third moment of w and θ were found above the
GBCA. The larger values for w′2 and w′3 were probably caused by the higher surface
roughness and by the larger values of Sh in the GBCA compared to the ACA (see
Tab. 6.1 on page 110). This led to stronger forcing of convection in the PBL. Since
the vertical exchange was more vigorous above the GBCA, the exchange of air in the
interfacial layer was also stronger above the GBCA, illustrated by the larger values of
θ′2 and θ′3. These findings correspond to the values that were found for the entrainment
flux in the atmospheric budgets of SH. There, higher values of the entrainment flux
were visible in the GBCV than in the ACV.

Profiles of the First Three Moments during AMMER2016

During AMMER2016, uh was relatively constant throughout the PBL and the free
troposphere with values around 6 ms−1 (Fig. 7.12). Similar to AMMER2015, slightly
higher values of w′2 and w′3 were observed over the GBCA than over the ACA. Ac-
cording the profiles of θ and qv, zi was located over the GBCA at around 1.2 km to
1.3 kmAGL and over the ACA with 1.4 kmAGL at slightly higher altitudes. Since the
profiles of θ and qv showed their largest changes in the interfacial layer, the maximums
of θ′2 and q′2v were found around zi. Consequently, in the profiles of θ′3 and q′3v at
the same altitude the minimum value of θ′3 and maximum value of q′3v were found. In
the upper region of the interfacial layer, more frequent but weaker entrainment was
visible with negative values of θ′3 and positive peaks in the profiles of q′3v . At lower
altitudes, positive values of θ′3 and negative values of q′3v were observed, what indicates
less frequent, but stronger entrainment processes. For both catchments, the profiles
of θ′3 and q′3v are deviating slightly from zero in the mixed layer. This indicates, that
entrained air is transported deep into the PBL. This was also visible in the time-height
cross section of qv for Entringen during AMMER2016 (Fig. 7.3) with a series of dry
intrusions reaching down to the land surface. Similar to SABLE, a vertical gradient of
qv was found in the PBL.

Both AMMER2016 and SABLE showed signs for deeper engulfment of entrained air,
visible in the negative skewness in the profiles of q′3v . In contrast, during AMMER2015,
in most of the mixed layer the profile of q′3v indicated the humidity fluctuations to
behave Gaussian. Couvreux et al. (2007) found deep entrainment in the humidity field
in the growing phase of the PBL and concluded, that air form the free troposphere is
incorporated too quickly for a full homogenization between the entrained air and the
ambient PBL air. However, although the fully developed CBL is studied here, too weak
mixing could explain the negative skewness of the qv fluctuations. Both SABLE and
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AMMER2016 showed higher values for uh in the PBL, compared to AMMER2015. At
higher wind velocities, the convection in the PBL tends to organize in rolls (LeMone,
1976; Christian and Wakimoto, 1989). Since in these rolls, updrafts and downdrafts
are stronger separated than in open cell convection, dry downdrafts persist longer in
the PBL. Such an effect was already observed in field experiments. Weckwerth et al.
(1996) studied the humidity fluctuations in a PBL with convective rolls and found a
negative skewness of the fluctuations in the mixed layer down to 0.15zi. They found
significantly decreased values of humidity in downdraft regions reaching the altitude
of 0.15zi as well. Furthermore, SABLE and AMMER2016 showed stronger gradients
of qv inside the PBL compared to AMMER2015, what could have been related to the
stronger entrainment of drier air during SABLE and AMMER2016 in the PBL.
Contrary to SABLE and AMMER2015, no peaks in the profiles of the higher mo-

ments of θ and qv are found above zi for AMMER2016. The mean wind direction in
AMMER2016 was from the north, thus the flow was not exposed to larger geograph-
ical obstacles, like in the other case studies, during which the air was advected over
the Back Forest and the Vosges before reaching the control areas. Therefore, no wave
like structures have been generated above zi through a perturbation of the flow by
geographical obstacles, which altered the higher moments of qv and θ as well as the
mean values of qv and θ in this altitude range.
In contrast to the profiles of w′2 and w′3, which showed higher over the GBCA,

no consistent influence of the land surface on the higher moments of θ and qv was
visible during AMMER2016. Large variations between the different times and the two
catchments have been observed. Due to the higher wind velocity in the PBL, advection
of the variance played a larger role and made it harder to trace back differences in the
turbulence statistics to changes at the land surface. Nonetheless, higher values of q′2v in
the ACA compared to the GBCA could have been caused by the larger values of latent
heat flux at the land surface, which were found for the ACA (Fig. 6.5 on page 110).
Osman et al. (2018) investigated median turbulent humidity profiles for different cases
during the dry and the wet season in Northern Australia and found for the wet season
increased values of q′2v . They concluded, that the enhanced variance was caused by
larger surface latent heat fluxes in combination with lower values of zi. However, as
they compared a statistic over several cases during a season, it was possible for them to
neglect the influence of advection of q′2v . Since higher values for q′2v were found in later
times during AMMER2016 over the GBCA than over the ACA, the redistribution of
q′2v by advection played potentially a larger role during AMMER2016 than variations
of λET at the land surface.
The strength of the gradient of θ and qv across zi influences the magnitude of q′2v

and θ′2. The production term in the budget equations of q′2v and θ′2 depends on the
gradients of θ and qv. Consequently, the highest values of θ′2 around zi have been
observed for AMMER2015, whereas for SABLE, the lowest values of θ′2 around zi are
found in accordance to the smallest gradient of θ. In contrast, for q′2v , the results were
not as clear. For AMMER2016, the case with the largest decrease of qv around zi, the
highest values of q′2v were found around zi. In contrast, for AMMER2015, q′2v was lower
compared the values of q′2v around zi during SABLE, although for AMMER2015, the
gradient of qv across zi was stronger than during SABLE. However, other terms in the
budget equations of the variance besides the production term including the turbulent
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Figure 7.12.: Same as Fig. 7.11, but for AMMER2016.
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fluxes, can also influence the variance significantly. For example, Mellado et al. (2017)
observed, that a decrease in dissipation enhanced the peak of q′2v and θ′2 around zi.
Thus, to completely disentangle the different effects on the variance of qv and θ, further
studies dealing with the budget equations of q′2v and θ′2 are necessary.

The Turbulent Fluxes in the PBL

To compare the turbulent vertical exchange in the control volumes, profiles of vertical
turbulent sensible heat flux (ΦSHturb = cpρairw′θ′) and the vertical turbulent latent
heat flux (ΦLHturb = Lvρairw′q′v) averaged over the different control areas are presented
in this section. Figure 7.13 shows the flux profiles for selected five hours during the
SABLE case.
The PBL depth zi is visible in the profiles of ΦSHturb at the altitude of the minimum

value. The values were comparable between the two control areas for most of the
hours. Only in the profile valid for the hour of 1300–1400UTC, zi was located at
slightly higher altitudes over the SCA. Except for the morning and the evening hours,
higher values of Sh were found above the GBCA, visible at the higher values of ΦSHturb

at the land surface. Thus, in combination with the comparable values of zi in the two
control areas, the turbulent flux divergence (φVSH ) was higher above the GBCA, like
it was found in the atmospheric budgets of SH (Fig. 7.5). The entrainment flux was
increased in the NBFCA compared to the SCA in the budgets of SH. In the profiles
of ΦSHturb , the area with negative heat flux in combination with the magnitude of the
minimum of ΦSHturb provides a measure of entrainment (vanZanten et al., 1999; van
Heerwaarden and de Arellano, 2008). According to these assumptions, a small increase
of the entrainment in the profiles of ΦSHturb averaged over the NBFCA were found for
the profiles at 1200 and 1400UTC.
The profiles ΦLHturb indicated a redistribution of moisture in the lower PBL to higher

altitudes (Fig. 7.5 (c) and (d)). The flux increased with height in the lower PBL and
peaked in the upper half of the PBL in both areas for the hours at 1000, 1200 and
1400UTC. The entrainment flux was thus stronger than λET in both control areas.
These results were in accordance with the findings made for the atmospheric budgets
of LH. There, larger values of the entrainment flux have also been found for SABLE
compared to the values of λET (Tab. 7.1). Furthermore, the SABLE case showed in
the profiles of qv and q′3v sings for stronger entrainment of moisture. At 1200 and at
1400UTC, higher values of ΦLHturb are found in the upper half of the PBL above the
NFBCA compared to the SCA. This is in accordance to the higher values of w′2 over
the NBFCA (Fig. 7.10 (b)). With the stronger mixing in the PBL above the NBFCA,
the turbulent fluxes also increase.
During AMMER2015, slightly lower values of zi are found in the profiles of ΦSHturb

over the GBCA compared to the SCA in the afternoon. Maximum values of 1.3 to
1.4 kmAGL are found above the GBCA compared to values of 1.5 kmAGL above the
ACA at 1400UTC. In combination with the higher values of Sh in the GBCA, this
leads to higher values of phiVSH in the GBCA. Above the GBCA, higher rates of
entrainment were found in the profiles of ΦSHturb . Similar to the SABLE case, here
above the control area with the higher share of forest, higher entrainment fluxes were
observed. The profiles of ΦLHturb decrease with height above both control areas. Thus,
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Figure 7.13.: Spatially averaged profiles of the turbulent sensible heat flux, visible in the
panels in the top row and the turbulent latent heat flux in the panels of
the bottom row of panels during SABLE. The left panels show the profiles
averaged over the SCA, the right panel averaged over the NFBCA. Each
profile was sampled temporally for the hour before the listed time. The
sum of the SGS and the resolved turbulent flux is presented.
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Figure 7.14.: Spatially averaged profiles of the turbulent sensible heat flux, visible in the
panels in the top row and the turbulent latent heat flux in the panels of
the bottom row of panels during AMMER2015. The left panels show the
profiles averaged over the ACA, the right panel averaged over the GBCA.
Each profile was sampled temporally for the hour before the listed time.
The sum of the SGS and the resolved turbulent flux is presented.

170



7.3. Turbulent Characteristics of the Planetary Boundary Layer

Figure 7.15.: Same as Fig. 7.14, but for AMMER2016.

the PBL accumulated moisture due to the turbulent convection. Higher values of
ΦLHturb were found above the GBCA. This was related to the stronger convection
above the GBCA (see Fig. 7.11 (b)) and the higher ET in the mean in the GBCA.
For AMMER2016, the largest differences in the surface energy balance among the

catchments have been found (Fig. 6.5 on page 110). Consequentially, the largest dif-
ferences for the turbulent flux profiles are also visible. For all presented times, the
values of ΦSHturb were higher above the GBCA than in the ACA. Furthermore, higher
entrainment fluxes are visible above the GBCA. At the land surface, λET was larger
in the ACA compared to the GBCA. However, due to the stronger convective motions
above the GBCA, in the upper half of the PBL, comparable values of ΦLHturb were
found in the GBCA and in the ACA. In the PBL budget of LH, higher rates of en-
trainment were found in the GBCV compared to the ACV for the hour after 12UTC.
These values are reflected in the profiles of ΦLHturb. For instance, the profiles for the
GBCA shows at 12UTC higher values at the altitude of zi, located at the minimum
value of ΦSHturb than the profile for the ACA at the same time.
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The Turbulent Kinetic Energy

Besides the effects of buoyancy, which describes the influence of ΦLHturb and ΦSHturb on
the vertical exchange in the PBL, wind shear is also an important driver for generating
turbulence. Furthermore, the turbulent kinetic energy TKE as a measure for the
overall strength of the turbulent exchange inside the PBL is an important variable for
characterizing the turbulent flow inside the PBL.
The profiles of TKE averaged over the respective control areas are presented together

with the buoyancy flux and the wind shear production of TKE in Fig 7.16 for SABLE,
in Fig. 7.17 and in Fig. 7.18 for AMMER2016. For SABLE, TKE decreased with
height in both control regions. This indicates, that the generation of wind variance
and TKE was largely controlled by wind shear in the lower PBL (Moeng and Sullivan,
1994), since there the highest amounts of shear are generally found. Higher values
of TKE were found over the NBFCA than over the SCA. While the buoyancy flux
was comparable above both areas, higher values for the shear generation of TKE
were visible below 400 mAGL in the NBFCA. The higher surface roughness in the
NBFCA led to a stronger generation of wind shear, what produced higher momentum
fluctuations, reflected by higher values of TKE in the NBFCA. This is in accordance
to the slightly lower values found for the mean wind velocity found over the NBFCA
(Fig. 7.10 (a)). Because of the stronger mixing of momentum, the surface drag was
transported to higher altitudes in the NBFCA compared to the SCA, what reduced
the wind velocity there.
The TKE profiles for AMMER2015 showed a significantly different behavior than

during SABLE. Higher values of TKE were found above the GBCA than over the
ACA. While for the buoyancy flux, only minor differences were observed, higher values
of the wind shear production of TKE were found for the GBCA compared to the ACA
throughout the whole PBL. Especially in the lowermost model levels, the higher surface
roughness above the GBCA was visible in increased wind shear. A second peak of the
shear related production of TKE was visible around zi for both catchments, related
to the strong turn in the wind direction in the interfacial layer (see Fig. 7.11 (a)).
Nevertheless, compared to the other case studies, the values for shear found during
AMMER2015 were considerable lower in the lowermost PBL. This was caused by lower
mean wind values in the PBL.
During AMMER2016, the highest values of TKE were found close to the surface,

where also the largest values of wind shear were found (Fig. 7.18 (g) and (i)). While
TKE was higher in the lower half of the PBL for all presented hours above the GBCA,
in the upper half of the PBL, slightly larger values of TKE were visible over the ACA
compared to the GBCA. In contrast, for both the buoyancy flux and the shear related
production of TKE , larger values were found over the GBCA than over the ACA.
Thus the production of TKE was stronger over the GBCA than over the ACA. The
AMMER2016 case study showed relatively high values for the mean wind velocity
from the north (see Fig. 7.3). Similar to the higher moments of qv and θ, the TKE was
also potentially advected from the GBCA to the ACA.
During AMMER2015 and AMMER2016, TKE decreased rapidly around zi. This

behavior was not found for SABLE. Here, the profile of TKE showed only a slight
decrease around zi. For AMMER2015 and AMMER2016, around zi more stable
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Figure 7.16.: Spatially averaged profiles of the TKE , visible in the panels in the top row,
the buoyancy flux ( g

θv
(w′θ′v)) in the panels of the middle row and the shear

production of TKE (u′iu′j
∂ui

∂xj
) in the bottom row of panels during SABLE.

The left panels show the profiles averaged over the SCA, the right panel
averaged over the NFBCA. Each profile was sampled temporally for the
hour before the listed time. The sum of the SGS and the resolved part of
the quantities is presented.
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Figure 7.17.: Same as Fig. 7.16, but for AMMER2015. The left panels show the profiles
averaged over the ACA, the right panel averaged over the GBCA.
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Figure 7.18.: Same as Fig. 7.17, but for AMMER2016.
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conditions have been found as for SABLE (Fig. 7.11 (d), Fig. 7.12 (d) and Fig. 7.10
(d)), which limited the vertical exchange. Thus, updrafts were deflected to the sides,
what led to higher values of TKE (Heinze et al., 2015). For SABLE, stronger vertical
exchange of turbulent momentum fluctuations happened across zi and led to a smaller
decrease of TKE around zi.
Higher values of wind shear have been found for SABLE and AMMER2016 in the

lower PBL compared to AMMER2015. Higher amounts of shear have been connected
to higher amounts of entrainment (Conzemius and Fedorovich, 2006). In contrast to
buoyancy driven TKE , were about 20% is estimated to be available for entrainment
processes (Fedorovich et al., 2004), around 70-50% of shear produced TKE are assumed
to interact with entrainment processes (Pino et al., 2003; Conzemius and Fedorovich,
2006). Although these ratios are only estimated, they indicate that shear can enhance
the entrainment of air into the PBL. In the accumulated values of the budget terms
in the SH budget and the LH budget, larger values for the entrainment flux have been
found over the GBCA (see Tab. 7.2). Here, it could be possible that higher values of
shear could have enhanced the entrainment of air into the PBL.
However, although for SABLE the highest values of shear have been found in the

surface layer, smaller values of entrainment are found in the budget of SH compared to
the AMMER2016 case and compared to the GBCA in AMMER2015. In contrast to
the other two cases, the gradient of θ was the weakest across zi during SABLE. Thus,
as the strength of the entrainment depends also on the lapse rate and the moisture
gradient in the interfacial layer (Sorbjan, 2005), the entrainment rates of were lower in
SABLE. Furthermore, to clearly identify the influence of the bouyancy, the shear and
the wind variances on the entrainment fluxes of sensible and latent heat, simulations
including the full budget equations of ΦSHturb and ΦLHturb are necessary covering more
different strengths of shear and buoyancy than were presented during this study.

7.4. The Strength of the Land –Atmosphere Coupling

According to the findings of Sec. 7.2, differences in the forcing of the PBL by the land
surface propagated up to the interfacial layer. For both the budgets of SH, larger values
were found for the turbulent flux divergence, the entrainment flux and the advection
of thermal energy in the areas with higher values of Sh. Furthermore, higher values
of entrainment were found in the budgets of LH in the GBCV compared to the ACV
during AMMER2015 and AMMER2016 as well as in the NBFCV compared to the
SCV during SABLE. Thus, it is an interesting question, up to which altitude on average
an influence of λET and Sh on the turbulent fluxes of heat and moisture in the PBL
is still detectable.
For determining the strength of the land-atmosphere coupling, the lagged cross-

correlation between the surface fluxes Φs and the vertical turbulent fluxes in the atmo-
sphere Φ was calculated according to Eq. 7.4, with ρΦs,Φ representing the correlation
coefficient between Φ and Φs, δx as the lags (grid points) in x-direction (west-east),
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δy as the lags in y-direction (south-north), and z as the height AGL:

ρΦs,Φ(δx, δy, z) =

˜ (
Φs(x, y)− 〈Φs〉

)(
Φ(x+ δx, y + δy, z)− 〈Φ(z)〉

)
dxdy√˜ (

Φs(x, y)− 〈Φs〉
)2
dxdy

˜ (
Φ(x, y, z)− 〈Φ(z)〉

)2
dxdy

. (7.4)

Like in Sec. 7.3, spatial averaging is denoted with 〈x〉, where x represents the respective
variable. For this study, ρΦs,Φ was calculated over 50 lags in each horizontal direction
over an area of 420× 420 grid cells in the center of the domain covering both control
areas. The lagged correlation of Sh and λET and the corresponding turbulent fluxes in
the atmosphere (ΦSHturb and ΦLHturb), as well as the lagged cross-correlation between
Sh and ΦLHturb was calculated.
Figure 7.19 presents the results of the lagged correlation analysis for SABLE. All cal-

culated combinations of correlations indicate a weak coupling between the land surface
and the turbulent fluxes inside the PBL. Values for the correlation varying between
0.1 and −0.1 have been excluded from the analysis, to prevent spurious correlations
from altering the result. The correlation of λET and ΦLHturb (Fig. 7.19 (a) and (d))
indicates, that λET was only traceable up to altitudes of 150m. In this height range,
positive correlation were caused by the SGS flux, which was coupled by default to
λET .
The correlation between Sh and ΦSHturb (Fig. 7.19 (b) and (e)) indicates a stronger

coupling, visible at the higher altitudes positive values are found. Positive values for
the correlation were observed up to height ranges of around 500 mAGL. Increased
values were found at positive x-lags. During SABLE, the mean wind direction inside
the PBL was from the west. Therefore, thermals influenced by a specific area at the
land surface were advected in x-direction (to the east) in the domain. Values of zi
in the range of 1.2 km to 1.5 kmAGL were observed during SABLE. Thus, positive
correlations between Sh and ΦSHturb have been found up to the lowest third of the
PBL. This indicates, that the mixing in the lower PBL was already strong enough to
blend the influence of the land surface at much lower altitudes, what leads to a relative
homogeneous forcing of the thermals in the PBL.
The cross-correlation between Sh and ΦLHturb in the atmosphere showed weakly

positive values at positive x-lags up to an altitude of about 1.4 kmAGL, what compares
to zi during SABLE. Therefore, in the vicinity of land surface patches with higher Sh,
higher values of ΦLHturb were found in the statistical mean. Due to the stronger
surface heating in regions with higher values for Sh, stronger updrafts are forming,
which enhance ΦLHturb in the atmosphere (Sühring and Raasch, 2013).
In contrast to SABLE, in AMMER2015 the fluxes at the land surface were traceable

to much higher altitudes (Fig. 7.20). The correlation between λET and ΦLHturb was
visible up to an altitude of 600 mAGL, what corresponded to the half of the depth of
the mixed layer for the period during AMMER2015. In the interfacial layer, negative
correlations for the entrainment fluxes were observed. Thus, the entrainment fluxes of
moisture was over patches with higher values of λET weaker on average.
Between Sh and ΦSHturb , positive correlations up to an altitude of 1000 mAGL were

found, what corresponded to the top of the mixed layer for the specific time. Thus, the
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Figure 7.19.: Cross sections of the lagged correlation of the surface fluxes with the tur-
bulent fluxes in the boundary layer. Both the fluxes in the PBL and at
the land surface were sampled for 1300–1400UTC. The statistic was cal-
culated for an area of 420× 420 grid cells in the center of the domain,
covering both control areas. The upper row of panels show a cross section
in x-direction (longitudinal direction), the lower one in y-direction (latitud-
inal direction). From the left to the right, panel (a) shows the correlation
of λET with ΦLHturb , panel (b) the same for the sensible heat flux and
panel (c) the cross-correlation between Sh and ΦLHturb . All fluxes in the
boundary layer include both the resolved turbulent and the SGS flux.

blending of the land surface forcing in the PBL was much weaker than during SABLE.
Again, just like for the latent heat flux, slightly negative values were found for the
correlation between Sh and ΦSHturb in the interfacial layer. In contrast to the latent
heat flux, for the sensible heat flux negative correlations around zi indicate higher
values for the entrainment over areas with higher Sh. Since the gradients of qv and
θ have an opposite sign in the interfacial layer, entrainment of SH corresponds to a
negative flux, whereas for LH, the entrainment is characterized by a positive flux.
For the cross-correlation between Sh and ΦLHturb , negative values in the lowermost

300 mAGL were found. In the interfacial layer, higher values of moisture entrainment
flux are visible in the statistical mean over areas with higher Sh. Thus, similar than
for the entrainment of SH also for LH higher values of entrainment were found above
areas with higher values of Sh.

For AMMER2016, only a weak coupling is visible between λET and ΦLHturb (Fig. 7.21).
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Figure 7.20.: The same as Fig. 7.19, but for AMMER2015.

The positive correlations are mainly caused by the SGS fluxes, which controlled the
vertical exchange in the height region beneath 150m AGL. In contrast, for the cor-
relation of Sh and ΦSHturb , significant positive values were found up to an altitude of
around 800m AGL, which corresponded almost to the top of the mixed layer for the
time period. At higher altitudes, in the interfacial layer, negative values for the correl-
ation between Sh and ΦSHturb were visible. Thus, as it was found for AMMER2015,
over areas with higher values of Sh, stronger entrainment was observed in the statistical
mean. The mean flow direction in the PBL during AMMER2016 was from the north.
Therefore, the strongest correlations between Sh and ΦSHturb were found at negative
y-lags (y-lags are in the south-north direction). Similar to SABLE, larger values of
ΦLHturb were found inside the PBL around patches with higher Sh. This illustrates,
that Sh had an enhancing influence on ΦLHturb in the mixed layer and in the interfacial
layer.
For two of the three case studies, AMMER2015 and AMMER2016, higher values

of entrainment of SH were found over patches with higher Sh in the lagged correlation
analysis. These findings are in accordance with the atmospheric budget analysis of
SH, where higher entrainment was found in the budgets of SH in the control volumes
with higher values of Sh. However, for SABLE, the influence of the fluxes at the land
surface were only traceable to much lower altitudes, whereas a higher values of φV SH
and a slightly stronger entrainment flux was visible in the budgets of SH and LH in
the NBFCV compared to the SCV. Especially for the SCA, a heterogeneous landscape
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Figure 7.21.: The same as Fig. 7.19, but for AMMER2016.

was found. Thus, while the influence of the single patches were not detectable at
higher altitudes in the PBL any more, the mean influence of patches with similar
properties might still influence the flow in the PBL at higher altitudes. To estimate
the diameter distinct patches at the land surface need to have for a significant influence
on the organization of the PBL flow, the method of Raupach and Finnigan (1995) was
applied. The diameter of disparate surface patches have to be larger than the eddies
traveling with the mean flow during the time t∗ to show a significant influence on the
PBL organization by causing a substantial pressure gradient, what is estimated by the
distance Lrau:

Lrau = Crau

´ zi
0 uwind(z)dz

w∗
. (7.5)

In Eq. 7.5,
´ zi

0 uwind(z)dz is the temporally averaged and vertically integrated mean
wind velocity inside the PBL, and Crau is a non-dimensional constant and is generally
set to 0.8 (Mahrt, 2000).
For the period between 1300–1400UTC, AMMER2015 showed values between 500 m

and 1.5 km for Lrau. For AMMER2016, Lrau varied between 2 km and 3 km. The
highest values were found for SABLE, with values ranging between 2 km and 5 km.
Thus, for SABLE, the surface patches needed to have the largest diameter, what
resulted in a weaker coupling of the PBL to the land surface, like it was found in
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the correlation analysis. For AMMER2015 the strongest coupling was observed in the
correlation analysis, what is in accordance to the lowest values found for Lrau. In terms
of coupling strength and Lrau, AMMER2016 was in between the two other cases.
Unfortunately, it was not possible to distinguish between the control areas in the

lagged correlation analysis, as the areas were not large enough to allow for a stable
statistic. The NBFCA showed a relatively homogeneous land use with a large share of
forest. Furthermore, as it was located in the Northern Black Forest, it was embedded
in a larger region with a relatively homogeneous land use. In contrast, in the SCA and
in the surrounding areas, the land use was more diverse and characterized by smaller
patches. Considering the values found for Lrau for SABLE, these smaller patches did
not show a strong influence of the organization of the PBL flow, whereas in the NBFCA
the land use was homogeneous enough to show a larger influence on the PBL. Thus,
locally the land-atmosphere coupling could have been stronger than indicated by the
correlation analysis for SABLE. In addition, lower values have been observed for Lrau
over the NBFCA than over the SCA, due to the lower values of the mean wind velocity
found in the NBFCA (see Fig. 7.10 (a)).
For AMMER2015 and AMMER2016, positive correlations between ΦSHturb and

Sh have been observed throughout the mixed layer reaching the lower part of the
interfacial layer. In contrast, significant correlations of ΦLHturb and λET were found
up to an altitude corresponding maximally to half of the mixed layer. The sensible
heat flux is the main driver for the buoyancy in the PBL and is thus crucial for the
generation of thermals. Thus, a stronger influence on the fluxes inside the PBL by
patches with a higher Sh is expectable. Furthermore, for the cross-correlation between
ΦLHturb and Sh, positive correlations also have been found in the upper part of the
PBL. Thus, ΦLHturb was also enhanced in the upper PBL over areas with higher Sh
due to the stronger generation of thermals. The findings are in contradiction to the
concept of a "blending height" for the conditions found during AMMER2015 and
AMMER,2016. The "blending height" concepts assumes, that the influence of a single
land surface patches is not detectable any more in a certain altitude inside the PBL
(Mahrt, 2000). Signs for an influence of the surface patches throughout the whole PBL
have been found already in previous studies dealing with the influence of heterogeneous
surfaces on the PBL (Brunsell et al., 2011; Sühring and Raasch, 2013). However, under
stronger background wind conditions and weaker forcing at the land surface, as found
for the SABLE case study, Sh was not traceable until the top of the mixed layer in the
statistical mean. Nevertheless, it can be expected, that the coupling of the PBL to the
land surface was stronger in some areas like it is predicted by the lagged correlation
analysis during SABLE.

7.5. The Formation of Clouds

Both, the terrestrial budgets of energy and water vapor and the atmospheric budgets of
LH and SH during AMMER2015 showed recognizable influences by clouds. Consider-
ing these results, in this section, the spatial pattern of the cloud cover in the simulations
is investigated. Furthermore, if a direct influence of boundary layer thermals on the
cloud pattern is visible, the feedback of the land surface on the development of the
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clouds is studied.
To determine, whether clouds are caused by boundary layer thermals, and thus by

a direct influence of the energy balance, zi is compared to the lifted condensation level
(LCL; Fig. 7.22). The boundary layer depth was computed with the bulk Richardson
number, for which a threshold value of 0.25 was applied. The time period of 1300–
1400UTC showed the closest values of zi to LCL for all cases. Thus, it was applied
to investigate the fields of zi and LCL in detail, as the development of clouds due to
boundary layer thermals was most likely during this hour.
For SABLE, throughout the whole area presented in Fig. 7.22, LCL is found to be

located at lower altitudes than zi. Thus, the formation of clouds due to rising thermals
in the PBL is possible in the whole area. Except for the morning hours during SABLE,
were a strong increase of both CLF and LWP was found due to spinup effects, above
both control areas sporadic clouds were detected in the time series of CLF and LWP
(see Fig. 4.14 in page 58). However, during SABLE, zi was not accurately determinable,
and different methods indicated different depths for the PBL (e.g. when the θ profile in
Fig. 7.10 (d) is compared with the profile of w′θ′ in Fig. 7.13 (a) and Fig. 7.4). Since the
bulk Richardson number determines zi with the bulk difference of the virtual potential
temperature in relation to the bulk change in wind velocity, higher values of zi were
found during SABLE by the bulk Richardson number method. These altitudes were
not necessarily reached by the boundary layer thermals. Thus, although according
to the threshold bulk Richardson number, zi was higher than the LCL, it is unclear
whether the clouds were interacting with the thermals in the PBL directly and thermals
from the PBL were able to reach the altitude of the LCL.
For AMMER2015, the largest values of zi have been found in the center of the ACA.

In this area, λET was reduced due to the low amount of available moisture for Tr (see
Fig. 6.10 on page 120 and Fig. 6.13 on page 128). Significantly higher values of Sh were
found in this area (see Fig. 6.2 on page 105). Besides of the influence of changes in the
soil moisture availability due to the soil texture, an influence of the land cover was also
visible on zi. Over areas with forest, zi was higher, caused by higher buoyancy due to
higher Sh (see also Fig. 6.2 on page 105 and Fig. 4.12 on page 55).
Comparable values of zi and LCL were found in the eastern part of the ACA and

above the GBCA. There, the formation of clouds due to rising thermals from the
PBL could have been possible. This illustrates, that for this case a direct connection
between the surface energy balance, the land cover, and the formation of clouds is
possible. Furthermore, in the time series of CLF and LWP (see Fig. 4.18 in page 63),
the highest values of were observed around local noon and the early afternoon and a
high spatial variability of the clouds was visible above both control areas, indicating a
generation of the clouds due to thermals rising from the PBL.
In contrast to AMMER2015, during AMMER2016 the lowest values of zi were found

in the center of the ACA and the GBCA. Higher values were visible in the western
and the eastern part of the ACA (Fig. 7.22 (e)). During the time period presented
in Fig. 7.22, a cloud layer was located over the center of the ACA, which influenced
zi through a decreased generation of thermals. In comparison to the values of LCL
(Fig. 7.22 (f)), in some regions to the south-eastern part of the presented area, the
formation of clouds due to boundary layer thermals was possible. However, over the
ACA and the GBCA, LCL was located at significantly higher altitudes than zi. Thus,
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Figure 7.22.: Panels (a), (c) and (e) show the boundary layer height zi for SABLE,
AMMER2015 and AMMER2016, respectively. Panels (b), (d) and (f)
show the lifted condensation level for the same cases as for zi. Both fields
were averaged for 1300–1400UTC. This time period was representative for
the daytime fields of zi and LCL.
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for the time between 1300–1400UTC, the clouds covering the area were not coupled
to the processes in the PBL. Moreover, a closed cloud cover was visible during most of
the case above both control areas (see Fig. 4.21 on page 66). If the clouds were formed
by the convection generated in the PBL, a larger spatial variability would have been
expectable.
No direct influence of the surface energy balance on zi is found for SABLE and

AMMER2016. These results were in accordance to the strength of the land-atmosphere
coupling studied in Sec. 7.4. For AMMER2015, relatively calm conditions prevailed in
the PBL, what made a direct influence of the conditions at the land surface on the local
values of zi more likely. During AMMER2016 and SABLE, stronger background winds
were observed, thus advection played a larger role in the redistribution of the thermals.
Therefore, the influence of the land surface on zi was weaker. Increased values of zi
over surface patches with higher Sh, as visible for AMMER2015, have already been
found in other modeling (van Heerwaarden and de Arellano, 2008; Fesquet et al.,
2009) and observational studies (Kang et al., 2007; Brugger et al., 2018). Brugger
et al. (2018) compared zi over an isolated forest of a size in the meso-γ scale with
surrounding shrublands in a semi-arid region. Depending on the lapse rate in the
lower free troposphere and the mean wind speed, they found elevated values of zi
above the forest. For mean wind velocities lower than 6ms-1, zi was increased above
the forest by more than 100m. Kang et al. (2007) found increased values of zi above
patches with higher Tskin for days with a buoyancy driven PBL. The Obukhov length
(see Eq. 2.14) can be interpreted as a measure of the ratio of the buoyancy to the
wind shear in the surface layer. As was already visible in Fig. 7.16, Fig. 7.17 and
Fig. 7.18, AMMER2016 and SABLE showed significantly higher values of shear in the
lower PBL. Consequently, during AMMER2015, the absolute value of the Obukhov
length was with around 5 m between 1300 and 1400UTC by far smaller as in the other
two cases, with around 100 m during AMMER2016 and 50 m during SABLE around
noon. This suggests, that the mixing due to shear was too large for AMMER2016 and
SABLE, to allow a direct influence of the land surface on zi.

In Fig. 7.23 the spatial distribution of the temporally averaged cloud fraction CLF
and the integrated liquid water path LWP is presented. For SABLE, in the southern
part of the presented area, the highest values of CLF and LWP were found. A stronger
cloud cover over the Northern Black Forest is explainable by orographic lifting. For
the rest of the area, no larger clusters of clouds were found. This is in accordance to
the relatively homogeneous fields of zi and LCL.
For AMMER2015, the areas with the highest values of CLF and LWP were all

located over or in the vicinity of forested areas. In the western part of the presented
area, over the foothills of the Black Forest, orographic lifting may have played a role in
the development of clouds, as the area is on higher altitudes (see Fig. 4.12 on page 55).
For the GBCA and the center of the ACA, higher values of CLF and LWP were found
as well. Here, a formation caused by increased updrafts due to higher values of Sh
is more likely. Although the GBCA is located on elevated terrain compared to the
surroundings, the changes in altitude are smaller than along the foothills of the Black
Forest to the west of the presented area. Additionally, higher values of zi have also been
observed in the center of the ACA and in the GBCA. Thus, boundary layer thermals
are able to reach higher altitudes and could led to the formation of clouds.
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7.5. The Formation of Clouds

Figure 7.23.: Temporally averaged fields of the cloud fraction and the liquid water path.
Panel (a) shows the cloud fraction for SABLE, panel (b) the liquid wa-
ter path as well for SABLE. Panels (c) and (d) show the same for AM-
MER2015 and panels (e) and (f) for AMMER2016. Daytime was defined
as 0600–1800UTC.
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Even though a simulation extending over a single diurnal cycle cannot provide
enough data for a significant statement of the influence of the land cover on the de-
velopment of clouds, the results were in accordance with observational studies, which
found an increase of cloud cover over temperate forests in Europe (Teuling et al., 2017).
Besides the effect of the lower albedo and the stomatal resistance on the formation of
clouds over forests, the increased surface roughness can also lead to enhanced turbulent
exchange above forests, as increasing frictional convergence can enhance the formation
of clouds over forests (Rieck et al., 2014).
In the center of the ACA, high values of rs and a strong control of the available

moisture over rs were found (see Fig. 6.13 on page 128). As was discussed in Sec. 6.3,
here the hydraulic properties of clay, as they are represented in NOAHMP, restricted
the moisture supply of the vegetation, what led to increased values of Sh. Through
the generation of updrafts, the influence of the soil on the surface energy balance was
transported through the PBL and led to a stronger formation of clouds above the area.
These results are in accordance to the findings of De Arellano et al. (2014) and Combe
et al. (2016), who found as well in their modeling studies a strong dependence of the
cloud formation on the model of rs and the parameterization of the η control over rs.
During AMMER2016, both the CLF and the LWP were dominated by a closed

cloud layer in the free troposphere. The clouds were advected from the western part
of the domain to the eastern part during the day. This caused the gradient visible in
the CLF and the high values of LWP in the south-eastern part of the presented area
in panels (e) and (f). Although sporadic boundary layer clouds were observed around
zi, they were superimposed by the closed cloud cover at higher altitudes. Nevertheless,
as a direct influence of the land surface on zi was not detectable, a clear influence of
the land surface on the boundary layer clouds is unlikely.

7.6. Summary

In this section, the budgets of the sensible and the latent heat (SH and LH) in the
PBL have been studied. For each case study, two separate control volumes above the
control areas applied in the previous chapter have been applied. Particularly for the
budget of SH, the following findings were made:

• Higher advection and entrainment of SH was found in the control volumes with
the higher fraction of forest.

• In these control volumes, higher amount of buoyancy and wind shear have been
found due to higher surface roughness and higher values of Sh.

In addition, the entrainment flux showed a characteristic behavior during all cases:

• On average, higher entrainment fluxes for both LH and SH have been found over
areas with higher Sh and higher surface roughness.

• Lee waves above zi decreased the gradients of temperature and moisture around
zi and reduced the entrainment fluxes during SABLE.
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7.6. Summary

The simulations presented in this study were conducted under realistic conditions.
Therefore, certain land cover types, like the different types of forest, which show higher
values for Sh have also a higher surface roughness. The shear showed during all cases
larger differences between the control areas than the buoyancy, what could be a sign for
a stronger influence of the shear on the strength of the entrainment. Nonetheless, to
clearly differentiate between both influences, further studies are necessary with more
combinations of buoyancy and shear generated wind variances, potentially including
the full budgets of ΦSHturb and ΦLHturb to test the influence of the wind variances on
ΦSHturb and ΦLHturb .
The budgets of LH showed smaller differences in between the control areas than the

budgets of SH. However, larger differences were found for the LH budges between the
case studies than between the control areas. Thus, the LH budget depended stronger
on the weather situation during the cases than on the local conditions in the control
areas. Particularly, the following findings were made:

• The entrainment flux of LH was higher during the cases with higher mean wind
in the PBL.

• For theses cases, the entrained air was engulfed deeper into the PBL.

Finally, the influence of the surface conditions on zi and the cloud cover during the
cases was investigated. Here, the following findings were made:

• During AMMER2015, higher values of zi and the cloud cover were found over
areas with larger value of Sh.

• For SABLE and AMMER2016, the wind shear and the advection were stronger.
Thus, the cloud cover and zi were not influenced directly by the fluxes at the
land surface.

The stronger influence of entrainment in the PBL budgets during the cases with
higher mean winds indicate an influence of the organization of the PBL flow on the
budgets of LH in the PBL. Furthermore, signs for mesoscale circulations in the PBL
budgets of LH during AMMER2015 and the SH budgets during SABLE and AM-
MER2016 were found. Moreover, different values of shear were found during the cases,
what showed in previous studies an influence on the organization of the convection in
the PBL. Thus, the pattern of the convection will be investigated in the next chapter.
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CHAPTER 8

The Organization of the Boundary Layer
Flow – Coherent Structures, Mesoscale

Circulations and the Energy Balance
Closure

The examination of the atmospheric budgets has revealed, that a considerable part
of the transport of LH and SH was caused by advection. Advection in the PBL
consists out of changes in the synoptic situation, larger scale subsidence, mesoscale
circulations and coherent structures. For some of the cases, a diurnal variation was
visible in the advection, what indicated, that organized circulations in the PBL were
responsible for a significant part of the advective transport (see Sec. 7.2). Furthermore,
the third moment of qv fluctuations showed sings for the engulfment of air from the
free troposphere during SABLE and AMMER2015. During both cases, relatively high
values of uh were prevailing in the PBL. For such conditions, the convection in the PBL
is often organized in rolls, what was associated with stronger entrainment in previous
studies (Weckwerth et al., 1996). To address these hypotheses, in this chapter, it is
investigated, how the convection was organized in the PBL during the different case
studies.
Organized motions in the PBL can be divided into coherent structures and mesoscale

circulations. Coherent structures are persistent motions in turbulent flows. They are
often characterized by a turnover time longer than the typical sampling period of
0.5 hours to 1 hours for turbulent fluxes in the PBL (Finnigan et al., 2003). Mesoscale
circulations are caused by differences in the forcing of the atmosphere by the land
surface. In contrast to coherent structures, which are advected with the mean wind,
mesoscale circulations are local and do not significantly move with the mean wind
(Mahrt, 1998). In the following, the influence of coherent structures and mesoscale
circulations in the simulations is discussed. Especially their location and shape is
studied. Furthermore, their influence on the energy balance closure (EBC) in the
simulations is investigated as mesoscale circulations and other larger scale organized
structures inside the PBL are suspected to cause the energy balance closure gap in
Eddy-Covariance measurements (e.g. Foken (2008)).
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8.1. Coherent Flow Structures in the Lower Atmospheric
Boundary Layer

Several observational studies (LeMone, 1976; Christian and Wakimoto, 1989; Weck-
werth et al., 1997, 1999) and numerical simulations (Schmidt and Schumann, 1989;
Moeng and Sullivan, 1994; Khanna and Brasseur, 1998; Salesky et al., 2017) showed
that the structure of the large scale organization of shallow convection in the PBL is
determined by the ratio of buoyancy and wind shear. With stronger shear, like it was
found during SABLE and AMMER2016, the convective updrafts tend to organize in
roll vortices (Atkinson and Zhang, 1996; Young et al., 2002; Adrian, 2007). Under more
buoyant conditions with less wind shear, like they were visible during AMMER2015,
open cell convection, similar to Rayleigh-Bénard convection, starts to dominate the
vertical exchange in the PBL (Atkinson and Zhang, 1996; Träumner et al., 2015).
Since the Obukhov length L is the ratio of shear and buoyancy (see Sec. 2.3), the

dimensionless parameter (−zi/L) is generally applied to distinguish different flow re-
gimes inside the PBL. Figure 8.1 presents the temporal evolution of (−zi/L) averaged
over the control areas. AMMER2015 showed by far the largest values of (−zi/L). For
this study, the smallest amounts of shear were observed (see Fig. 7.17 on page 174).
Lower values for (−zi/L) are found over the GBCA, caused by the larger surface
roughness in this area. AMMER2016 showed the smallest values for (−zi/L). Here,
the values averaged over the GBCA are larger compared to the ones averaged over the
ACA, related to higher values of buoyancy in the GBCA during this case study around
local noon. For SABLE, the values of (−zi/L) resided in between the ones found for
AMMER2015 and AMMER2016.
Various values of (−zi/L) have been proposed in the literature for the transition

of convective rolls to open cell convection. Most of the studies present values in the
range of 10 to 25 (Khanna and Brasseur, 1998; Grossman, 1982; Weckwerth et al.,
1999; Salesky et al., 2017). Based on these results, AMMER2016 should have showed
the existence of roll like convection inside the PBL during the full case, while SABLE
shows temporally higher values than the threshold values of (−zi/L) given in the
literature. However, usually for the given range a transition state between pure roll
like convection and open cell convection is observed. Furthermore, several additional
factors were identified to show an influence in the organization of the PBL convection
as well, including the structure of the interfacial layer (van de Boer et al., 2014; Mellado
et al., 2016) and the baroclinicity in the atmosphere (Lenschow et al., 1980).
In the following, the organization of convection in the PBL will be investigated for the

two case studies with stronger background wind, SABLE and AMMER2016. This is
succeeded by a discussion of the pattern then convection showed during AMMER2015,
the case which showed lower weaker background winds. Subsequently, the impact of
the coherent structures on the 2-m field of moisture in the model and on selected
exchange coefficients in the land surface model is examined.
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8.1. Coherent Flow Structures in the Lower Atmospheric Boundary Layer

Figure 8.1.: Temporal development of the Obukhov stability parameter of the PBL
((−zi/L)). Panel (a) shows SABLE, panel (b) AMMER2015 and panel
(c) AMMER2016. For all case, (−zi/L) was averaged temporally to the full
hour and spatially over the corresponding control area.
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8.1.1. The Organization of the Flow With Strong Background Wind –
The SABLE Case Study and the AMMER2016 Case Study

In order to study the organization of the convection in the PBL, hourly averaged fields
of the horizontal water vapor flux convergence are utilized and compared to the mean
horizontal wind velocity for the same times. In total four hours are analyzed, from
1100UTC to 1400UTC. During this time, zi reached the highest values for all case
studies and the convective motions inside the PBL were most pronounced. First, the
direction and the magnitude of uh in the lower PBL are discussed. This is followed by
an investigation of the pattern the convection in relation to the mean flow.
Figure 8.2 presents of the hourly averaged horizontal wind velocity during SABLE.

For all times the mean flow in the lower PBL was from the west to south-west. The
flow lines are curved around the northern slopes of the Back Forest in the southern
part of the domain. South-westerly flow was found in the western part of the presented
area, which changes its direction to westerly flow in the eastern part. In general, an
acceleration of the wind velocity was visible during the presented time period from
maximum values around 7 ms−1 at 1100UTC to 10 ms−1 at 1400UTC.

During AMMER2016 (Fig. 8.3), uh was lower compared to SABLE. The maximum
values reached around 7 ms−1 at 1100UTC. For the later times, the wind velocity
decreased. The mean flow direction was from the north, while especially for the later
hours, the streamlines in the south-western part of the presented area were tilted
towards the west.
For both case studies, the direction of the background wind was reflected in the

organization of the convection in the lower PBL. Figure 8.4 shows the horizontal mois-
ture flux convergence, averaged over the lowermost 15 model levels for SABLE, and
Fig. 8.5 the same for AMMER2016. The moisture flux convergence is the negative
moisture flux divergence (− ∂

∂xj
(ujqv), j ∈ {1, 2}). Negative values of the flux conver-

gence represent a net-loss of moisture and positive values a net-gain, whereas for the
flux divergence the opposite behavior is found.
Both figures show striping structures in the PBL, which were elongated with the

mean wind. Areas of moisture flux divergence (negative values) were neighbored by
areas of moisture flux convergence (positive values). Such structures are explainable
by convective rolls in the PBL. Since neighboring rolls show a counter wise rota-
tion, convergence and divergence zones were forming in the lower PBL. In areas with
downdrafts, dry air from higher altitudes replaced the moist air in the lower PBL,
what led to moisture flux divergence. In contrast, in areas of updrafts, moist air from
the lower PBL converged.

8.1.2. The Organization of the Flow Under Calm Conditions – The
AMMER2015 Case Study

Significantly lower values in the mean horizontal wind were found during AMMER2015
in the lower PBL (Fig. 8.6) compared to the other two case studies. The maximum
values found for the selected time period were around 3 ms−1. Higher wind velocities
were found in the northern part of the domain. Very calm conditions were prevailing
over the ACA. In the eastern part of the domain, higher wind velocities were found in
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8.1. Coherent Flow Structures in the Lower Atmospheric Boundary Layer

Figure 8.2.: Horizontal hourly mean wind velocity for SABLE (color shades). The barbs
mark the wind direction. The valid times for the panels are 1100UTC for
panel (a), 1200UTC for panel (b), 1300UTC for panel (c) and 1400UTC for
panel (d). The fields were vertically averaged over the lowermost 15 model
levels.
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Figure 8.3.: The same as Fig. 8.2, but for AMMER2016.
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8.1. Coherent Flow Structures in the Lower Atmospheric Boundary Layer

Figure 8.4.: Horizontal water vapor mixing ratio flux convergence during SABLE. All
fields were averaged for the entire hour and vertically from model level 1
to 15. Panel (a) shows the fields for 1100UTC, (b) for 1200UTC, (c) for
1300UTC and (d) for 1400UTC.
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Figure 8.5.: Same as Fig. 8.4, but for AMMER2016.
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the later times.
The horizontal moisture flux convergence during AMMER2015 is presented in

Fig. 8.7. No signs for convective rolls are found. However, in areas with higher mean
background wind, the convective structures were elongated with the mean wind. This
is especially in the eastern part of the presented area at 1400UTC the case. The in-
stantaneous moisture flux divergences showed clear signs for open cell convection, what
was expected because of the high values of (−zi/L). However, the hexagonal struc-
tures of open cell convection average out in the temporally mean fields, what leads to
the rather unstructured fields of the averaged moisture flux convergence. The aver-
aged fields allow the identification of regions of persistent up and downdrafts. These
regions are relatively stationary during the period. Thus, it can be assumed, that a
considerable part of the moisture exchange inside the PBL is caused by local, meso-
scale circulations. Especially for the center of the ACA, but also for the ridges of the
Schönbuch relatively constant convergence lines are found for the different times.
According to the maximum value for (−zi/L) of 25, for which the transition of con-

vective rolls into open cell convection is given in the literature, both the SABLE and
the AMMER2016 cases should have showed roll convection in the PBL during most
of the case study. However, during SABLE, (−zi/L) exceeded around 1200UTC the
value of 25 for (−zi/L) and for AMMER2016, values around 25 are found for (−zi/L)
in the GBCA between 1200 and 1400UTC (Fig. 8.1). In contrast to the idealized simu-
lations the sensitivity of the organization of the convection inside the PBL to (−zi/L)
was investigated, the simulations conducted here showed a diurnal cycle of (−zi/L).
Thus, it is questionable, whether a temporally limited increase of (−zi/L) leads to
a considerable change of the organization of the PBL flow. Furthermore, the control
areas had a limited extend and it is thus questionable, whether the spatial extend of the
areas is large enough to change the pattern of the convection. AMMER2015 showed
the highest values of (−zi/L) in both control areas. For this case, the moisture flux
convergence in the PBL showed signs for open cell convection, like it is predicted by the
maximum threshold value of 25 found in the literature. However, for this case, (−zi/L)
was significantly higher than 25 in both control areas during the whole presented time
period. Therefore, an organization of the convection into open cells was expectable.
Baidya Roy and Avissar (2000) related the organization of the boundary layer con-

vection to the ratio of the buoyant forcing and the horizontal pressure gradient in the
PBL. They found for situations, in which the horizontal pressure gradient induced by
the heterogeneity exceeded the buoyant forcing, roll vortices in the PBL. If the balance
switched such that the buoyant forcing dominated the pressure gradient, the roll vor-
tices were typically broken up into plumes. For SABLE, the largest differences between
the buoyancy and the horizontal pressure gradient were observed. While the buoyancy
in the lower PBL varied between values of −0.01 ms−2 and 0.02 ms−2, the horizontal
pressure gradient ranged between values of −0.03 ms−2 and 0.03 ms−2. AMMER2016
showed with values between 0.005 ms−2 to 0.01 ms−2 for the buoyancy and values of
−0.015 ms−2 to 0.015 ms−2 for the horizontal pressure gradient a lower ratio, but still
larger numbers for the horizontal pressure gradient compared to the buoyancy. In con-
trast, during AMMER2015, values in the range of 0.005 ms−2 to 0.015 ms−2 were found
for buoyancy, while the horizontal pressure gradient was in the range of −0.005 ms−2

to 0.005 ms−2. Therefore, following the analysis of Baidya Roy and Avissar (2000),
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Figure 8.6.: Horizontal hourly mean wind velocity during AMMER2015. The barbs
mark the wind direction. The the valid times for the panels are 1100UTC
for panel (a), 1200UTC for panel (b), 1300UTC for panel (c) and 1400UTC
for panel (d). The fields are vertically averaged over the lowermost 15 model
levels.
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Figure 8.7.: Horizontal water vapor mixing ratio flux convergence during AMMER2015.
Temporal and vertical averaging is the same as in Fig. 8.6, as well as the
valid times for the different panels.
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the convective rolls found in the PBL for SABLE and AMMER2016 were caused by
a larger influence of the horizontal pressure gradient, whereas for AMMER2015, the
exceeding values of buoyancy in comparison to the horizontal pressure gradient allowed
the formation of open cell convection.

8.1.3. Influence of the Coherent Circulation Patterns on the Atmospheric
Fields Close to the Surface

To examine, whether the organized motions in the PBL are able to affect the surface
energy balance in the simulations, the variance of the spectrally filtered time series of
the 2-m humidity (qv2m) was calculated. The resulting fields are presented in Fig. 8.8
for SABLE. Hourly times series were applied for each panel, and all fluctuations with
a frequency frequency higher than 0.1 min−1 were removed by the spectral filter, to
reduce the influence of random turbulent motions. The captured frequencies were in
the typical range of the turnover times of the largest eddies in the PBL, which was
around 10 to 15minutes during SABLE. Streaky structures with an increased standard
deviation were visible. Considering the similarity of the streaks with the convective
rolls observed during SABLE, it can be concluded, that the variations in the field of
qv2m were caused by convective rolls. Variations of up to 0.25 gkg−1 were found for
qv2m at mean values of around 6.5 gkg−1.
In consideration of the observed variations in the fields of qv2m caused by the organ-

ized structures inside the PBL, an influence on the surface exchange coefficients in the
LSM, controlling the surface energy balance by the organization of the PBL flow can be
assumed. Figure 8.9 shows the standard deviation of the spectrally filtered time series
of the canopy air resistance for heat (rac), normalized by the time series mean. Similar
to the filter applied for Fig. 8.8, all fluctuations with a frequency higher than 0.1 min−1

were removed. Again, streaky structures were visible, which were likely to be caused
by the convective rolls in the PBL. Even changes in the tilting of the convective rolls
for the different times were reflected in the streaks. Similar to the filtered fields for
qv2m , the standard deviation of the spectrally filtered time series were not exclusively
influenced by the convection in the PBL. However, values of up to 15% were found to
be caused to the streaks. This leads to the conclusion, that the organized motions in
the PBL showed a significant influence on the terrestrial energy balance by altering the
moisture and temperature fields close to the land surface and the exchange coefficients
in the LSM. The modification in the surface energy balance again led to changes in
the forcing of the lower PBL, what can support the formation of roll vortices in the
PBL.
The influence of organized motions on the surface fields was already observed in

both LES (Patton et al., 2016; Huang et al., 2013) and observational studies (Katul
et al., 1998; Eder et al., 2015b). However, the LES studies were both operated on a
much finer grid increment compared to the simulations conducted during this work.
Huang et al. (2013) operated their LES on a horizontal resolution of 2 m and Patton
et al. (2016) conducted their simulations at a horizontal grid increment of 2.5 m. As
in this study, the model was operated on a 100 m grid increment, an influence of
the largest structures on the moisture fields close to the surface and the exchange
coefficients was not necessarily concludable from these LES experiments. Like it was
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Figure 8.8.: Standard deviation of the spectrally filtered hourly time series of the 2-m
water vapor mixing ratio for SABLE. Sampling was performed for one hour
for each panel. All frequencies between 60min and 10min were included in
the filter. The valid times are 1100UTC for panel (a), 1200UTC for panel
(b), 1300UTC for panel (c) and 1400UTC for panel (d).
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Figure 8.9.: Standard deviation of the spectrally filtered time series of the aerodynamic
resistance of the canopy air for the SABLE case, normalized by the series
mean. The sampling, the applied filter, as well as the valid times for the
different panels are the same as in Fig. 8.8.
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8.2. Mesoscale Flux Convergence in the Lower Boundary Layer

visible in the profiles of the turbulent fluxes (see Fig. 4.5 on page 44), the SGS fluxes
showed a significant influence in the lowermost 300 mAGL and were dominating the
vertical exchange in the lowest 100 mAGL. The parameterization of the SGS fluxes
only accounts for fluxes along the mean gradient. Consequently, the SGS flux was
directed upwards close to the surface and the effect of counter-gradient transport, like
it is happening in the downward motions of the organized convective motions, was
dampened. Therefore, since an influence of the organized convection was visible in the
simulations presented here, it can be assumed, that for a finer scaled simulation and also
for the real surface layer, the impact of the organized convection on the moisture and
temperature fields is even stronger compared to the values presented here. However,
for larger spatial averages, the influence of the convection pattern on the surface fluxes
vanishes. Thus, no effect by the advection, which contained the redistribution of LH
and SH by the organized motions in the PBL, on the surface fluxes was found in the
mean boundary layer budgets of LH and SH (see Sec. 7.2).

8.2. Mesoscale Flux Convergence in the Lower Boundary
Layer

Like it was already visible in Sec. 8.1, the flux convergence of qv showed signs for
organized convection with relatively constant locations in between the different times.
This indicates, that mesoscale circulations caused by surface heterogeneities existed
in the simulations. Therefore, it is an interesting question, to which degree transport
by mesoscale circulations took place in the PBL during the case studies. Several LES
studies have been conducted to investigate the effect of heterogeneous forcing at the
land surface on the organization of the boundary layer flow. Most of them made use
of a repetitive pattern of the fluxes at the land surface to force the PBL and applied
periodic boundary conditions. With this approach, it is possible to isolate the resulting
circulations by phase averaging the scales of motion inside the PBL according to the
length of the patches with distinct properties (e.g. Patton et al. (2005) and Raasch and
Harbusch (2001)). However, as the properties of heterogeneous land surfaces show no
characteristic length scales, and in consideration of the various effects impacting the
convection, including soil moisture, the land cover, the topography and shading effects
by clouds, such an approach is not applicable for simulations representing a realistic
environment.
Maronga and Raasch (2013) studied the influence of a realistic land surface on the

organization of the PBL flow. They made use of an ensemble of simulations, assum-
ing, that the covariance of the flow among all ensemble members represents circulations
induced by the heterogeneous land surface. Their simulations were operated with peri-
odic boundary conditions. Thus, adding noise to the starting conditions was sufficient
for generating an ensemble with sufficient spread. Although an ensemble based ap-
proach would have been applicable here as well in theory, considering the computation
time necessary for generating an acceptable large ensemble and the challenges in gen-
erating an ensemble representing the right spread for studying mesoscale circulations,
such an approach was not feasible in the framework of this work.
Eventually, to isolate mesoscale circulations in this study, the fields of the moisture
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flux convergence fields have been processed with a spectral filter in space. In detail, a
2-dimensional Fourier transform was applied:

F (kx, ky) =
1

2π

¨ ∞

−∞
f(x, y)e(−i2π(kxx+kyy))dxdy, (8.1)

f̃(x, y) =
1

2π

¨ kup

klow

F (kx, ky)e
(i2π(kxx+kyy))dkxdky. (8.2)

The first equation shows the forward transformation of the complete field and Eq. 8.2
the corresponding back transformation. The back transformation included only the
waves inside the filter width spanned by kup and klow . All waves with a wavelength
longer than 40 km and shorter than 4 km have been removed. The filter width was
comparable to the length of the meso-γ scale, which is given with 2 km to 20 km (Or-
lanski, 1975). Furthermore, since the spectral representation of fluxes in the boundary
layer reflects the length scale changes in the surface fluxes happen (Brunsell et al.,
2011), a spectral analysis was preformed on the fields of Sh and λET to determine the
filter width in Eq. 8.2. During AMMER2015, the largest amplitudes were found for
both λET and Sh at length scales of 60 km followed by smaller peaks at 10 km and at
8 km. Comparable results were found for AMMER2016, here the length scale with the
largest changes for λET and for Sh were found again around 60 km, followed by series
of smaller maximums between 12 km and 8 km. For SABLE, smaller peaks were found
between 40 km and 10 km. In view of these values, the lower boundary for the spectral
filter was set to 4 km. At a lower boundary of 2 km, which would have covered the
whole meso-γ scale, the influence of the random turbulent motions was still too large,
and altered the locations of the mesoscale flux convergence. These random motions
were removed, when the lower boundary of the spectral filter was set to 4 km. The
upper boundary of the filter was limited by the domain size, as the domain has to be at
least twice the size of the wavelength to be able to resolve the structures. The instant-
aneous fields have been filtered, and were averaged over the full hour. This approach
is comparable to the phase averaging method applied by Raasch and Harbusch (2001)
and Patton et al. (2005) to isolate mesoscale circulations in simulations with repeated
surface patterns. Nonetheless, not a single phase length is included into the sample of
the mesoscale circulations, like it is possible in simulatiosn applying repeated patches
at the land surface, but rather the full extend of waves in the filter width, reflecting a
range of possible sizes of distinct surface patches, which influence the PBL circulations.
Spectral filtering is a common approach in the analysis of turbulent flows and is

regularly applied both in modeling (Baidya Roy et al., 2003; Fesquet et al., 2009;
Brunsell et al., 2011; Hellsten and Zilitinkevich, 2013; Kang and Lenschow, 2014) and
observational studies (Thomas and Foken, 2005, 2007; Barthlott et al., 2007; Mauder
et al., 2007; Eder et al., 2013) to identify mesoscale circulations. However, Fourier
transformations are best applicable in homogeneous terrain, as the basis functions are
not localized in the time or space domain and assume thus periodicity of the data.
Therefore, most of the mentioned studies applied wavelet transformations, which util-
ize basis functions that are localized both in the time or space domain and the fre-
quency or wavenumber domain. Since the simulations in this study were performed
in complex terrain, where changes in the statistical properties of the flow happen, a
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wavelet transformation would have been preferable. However, as no algorithm for a
wavelet transformation was available that was powerful enough to process the neces-
sary amount of data for the analysis presented here in a reasonable amount of time,
it was necessary to apply the Fourier transformation. Nevertheless, it was tried to
circumvent the periodicity assumption in the Fourier transformation by tapering 10%
of the data at the ends of the series. Though, the strength of the mesoscale moisture
flux convergence was not correctly represented compared to the unfiltered values due
to the non-local properties of the basis functions in the Fourier transformation. Thus,
only the location of the mesoscale circulations was investigateable, while an estimation
of the amount of moisture transport compared to the unfiltered flux divergence was
not possible.
The filtered fields of the horizontal moisture flux convergence are presented for the

three case studies in Fig. 8.10 to Fig. 8.12 in combination with the spectrally filtered
horizontal wind. For all three cases, a good accordance of the location of the filtered
convergence and divergence areas between the presented times is visible. This indic-
ates that the observed circulation patterns were caused by local circulations. SABLE
(Fig. 8.10) and AMMER2016 (Fig. 8.12) showed both sings of rolls for the filtered
moisture flux convergence, as they were already observed for the unfiltered fields. In
contrast, for AMMER2015 a more dendritical pattern for the filtered flux convergence
is found.
As was presented in Sec. 8.1, both SABLE and AMMER2016 showed a higher back-

ground wind in the PBL than AMMER2015. An influence of the background wind on
the formation and organization of the secondary circulations was already found in pre-
vious studies. Avissar and Schmidt (1998) were able to detect secondary circulations
induced by the heterogeneous surface, but a background wind of 5 ms−1 was sufficient
to eliminate the effect. Raasch and Harbusch (2001) found secondary circulations for
a mean wind velocities below 7.5 ms−1. In their study, the formation of secondary
circulations depended on the orientation of the mean wind with respect to the hetero-
geneous surface patches. Maronga and Raasch (2013) found in their study of secondary
circulations above a realistic land surface the formation of rolls for cases with a back-
ground winds between 3 ms1 and 6 ms−1, whereas for cases with lower background
flow, more branched structures, such as the ones observed here for AMMER2015 were
found. They concluded, that the roll-like structures form due to a stronger mixing of
air in the surface layer in the direction of the mean background flow. Thus, streaky
structures with a more homogeneous forcing of the air in the mixed layer form in the
surface layer. This analysis is in accordance to the stronger horizontal extend of the
correlation between the surface fluxes and the turbulent fluxes in the PBL for SABLE
and AMMER2016 in Sec. 7.4 compared to AMMER2015, which indicate higher mix-
ing in the lower PBL. Furthermore, for SABLE and AMMER2016, higher amounts of
shear production of TKE were found in the lower PBL (see Sec. 7.3).

For AMMER2015 (Fig. 8.11), areas with enhanced flux convergence are visible along
a line in the center of the ACA. In this area, increased values of Sh have been found
(See Fig. 6.2 on page 105). Due to higher Sh, more vigorous updrafts were produced,
what led to the convergence of moist air in the lower PBL. In addition, in the same
area also an enhanced cloud cover was found (Fig. 7.23 on page 185 in Sec. 7.5). Dur-
ing AMMER2016 and SABLE, no such agreement between the patterns of mesoscale
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Figure 8.10.: Spectrally filtered horizontal water vapor mixing ratio flux convergence for
SABLE. All waves with a wavelength larger than 40 km and smaller than
4 km were removed. The vectors represent the spectrally filtered horizontal
wind. All fields were averaged for the entire hour and vertically from model
level 1 to 15. Panel (a) shows the fields for 1100UTC, (b) for 1200UTC,
(c) for 1300UTC and (d) for 1400UTC.
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Figure 8.11.: Spectrally filtered horizontal water vapor mixing ratio flux convergence and
the spectrally filtered horizontal wind for AMMER2015. Filter boundaries
as well as the averaging, the vertical levels and the times are the same as
in Fig. 8.10.

flux divergence and the surface energy balance was visible. Considering the correla-
tion analysis between the surface fluxes and the turbulent fluxes (Sec. 7.4), it can be
concluded, that the formation of rolls in the PBL is a sign of weaker, or more indirect
land-atmosphere coupling. Because of the stronger blending of the heterogeneous land
surface in the surface layer, the forcing of the boundary layer was more homogeneous,
what led to a stronger impact of the self organization mechanisms in the flow.
In Chapter 8.1.3, a feedback between the roll vortices and the moisture field at 2-

m height as well as surface exchange coefficients was found during SABLE. A closer
look to the filtered winds during SABLE and AMMER2016 reveals a possible mech-
anism of interaction between the forcing of the PBL by the surface energy balance
and the organization of the PBL flow in mesoscale vortices. As it was visible from
Fig. 8.2, the mean wind direction during SABLE was from west to south-west, while
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for AMMER2016 it was from the north (Fig. 8.3). In contrast to the mean flow, the
spectrally filtered winds in Fig. 8.10 and Fig. 8.12 showed different directions than the
mean flow for the respective cases. Thus, the flow in the isolated scales was organized
in a different manner than the mean flow. Especially for areas, where the spectrally
filtered flow is in the opposite direction than the mean wind, the mean flow in the PBL
was decreased compared to the surrounding areas. These areas were located between
streaks with water vapor flux convergence and divergence at the bottom of the roll
vortices. Since the strength of the fluxes in the PBL depends on the mixing in the
surface layer, which is related to the strength of the mean flow, a less efficient trans-
port of the heat and moisture away from the land surface is likely in these regions. In
the model, this is reflected by a larger aerodynamic resistance ra. As a consequence,
the likelihood for updrafts in the PBL were lower, what stabilized the roll vortices in
the PBL. However, such an indirect feedback mechanism requires further studies to
investigate the influence of variations in the surface heat fluxes on the organization of
the flow inside the PBL.
It is difficult to estimate the size land surface patches have to show to have a sig-

nificant influence on the organization of the flow due to the strong heterogeneity of
the land surface in the simulations. The maximum diameter of the mesoscale circula-
tion patterns was for all cases in the range of around 10 km. However, areas with a
larger spatial extend with distinct heat fluxes were found in the simulations. For AM-
MER2016, larger areas with higher Sh were found over forested areas. For SABLE,
Sh was increased over forests and over areas with clay as the dominant soil type. For
both cases, the diameter of these surface patches was in the range of 15 km to 25 km.
It seems that these patches were too large and the difference in buoyancy generated
by the stronger Sh and the change in the surface roughness was too weak to generate
circulations at these length scales. These findings are supported by the results of Kang
and Lenschow (2014). In their study, the presence of large-scale heterogeneities in the
range of 16 km to 32 km showed only a negligible influence on the vertical fluxes in
the PBL. Moreover, Patton et al. (2005) reported in their study about the influence
of stripe like heterogeneities on the boundary layer structure the largest influence at a
ratio of 4 to 9 of the surface stripes compared to zi (zi/λs). Considering the values of zi
in the cases presented here (see Fig. 7.22 on page 183), the range of diameters observed
for the mesoscale circulations falls within the range for zi/λs found by Patton et al.
(2005).
Higher values of the mesoscale flux convergence of moisture were found during AM-

MER2015 than during SABLE and AMMER2016. In previous studies, it was reported
that the intensity of secondary circulations in the PBL was related to the strength of
the mean background flow (Avissar and Schmidt, 1998; Raasch and Harbusch, 2001;
Maronga and Raasch, 2013). With an increase of the background wind in these studies,
the secondary circulations lost in power. Although these results are in concordance
with the discovered intensity of the mesoscale moisture flux convergence in the dif-
ferent case studies, it would be premature to conclude a direct connection between
the strength of the mean wind and the intensity of the mesoscale circulations based
on the results presented here. AMMER2015 showed a higher moisture content in the
PBL, thus the circulation patterns in the PBL transported larger amounts of mois-
ture, what leads to stronger moisture flux convergence. Therefore, a direct comparison
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Figure 8.12.: Spectrally filtered horizontal water vapor mixing ratio flux convergence and
the spectrally filtered horizontal wind for AMMER2016. Filter boundaries
as well as the averaging, the vertical levels and the times are the same as
in Fig. 8.10.
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is only possible for cases with a similar moisture content and varying values for the
mean wind velocity. Comparing the organization of the PBL flow in the same region
under the same temperature and moisture conditions, but different background wind
velocities could be an interesting topic for future research.

8.3. The Energy Balance Closure in the Simulations

Long lived coherent structures and mesoscale circulations have the potential to bias
in-situ measurements of turbulent exchange, as with the typical averaging periods
preferably downdraft or updraft regions are sampled (Mahrt, 1998, 2000) and are
suspected of causing the residuum in measurements of the surface energy balance (e.g.
Foken (2008)). Since LES studies give an overview about the full 4-dimensional field of
the PBL over a wide range of scales, they are a useful tool for investigating the problem
of the energy balance closure (EBC). Several LES studies have been realized in order
to study the EBC problem. Most of these studies were conducted over homogeneous
terrain. In these cases, the EBC is calculated by comparing the temporally sampled
flux, which is the flux an eddy covariance (EC) tower would measure with the complete
vertical flux in the model. It is assumed, that the complete vertical flux is captured
by the spatially and temporally sampled covariance of the vertical wind fluctuations
and the respective scalar, assuming that the mean vertical wind is zero (Kanda et al.,
2004; Inagaki et al., 2006; Steinfeld et al., 2007; Huang et al., 2008). However, using
this method, the storage of energy in the air is neglected. In LES studies dealing
with heterogeneous terrain, this approach is not applicable. Since the different surface
conditions in the model introduce horizontal gradients in the PBL, the lateral fluxes
also have to be considered in the EBC. Thus, for this study, an approach utilizing
virtual measurement towers was applied to calculate the EBC in the model based on
the online method applied for the atmospheric budgets. Nine virtual eddy flux towers
were located in the domain, distributed in a regular grid with 20 km spacing in between
the towers.
For each of these towers, the complete budget of latent and sensible heat was cal-

culated, considering the advective and the turbulent fluxes, the storage term and a
source and sink term. The towers consisted out of 15× 15 grid cells in the horizontal
and 15 levels in the vertical. The resulting height of the towers varied between 300 m
and 320 mAGL. This relatively large value was chosen due to the need of reaching an
altitude with the top of the towers, in which the turbulent flow in the PBL was already
completely resolved. Considering the relatively large grid increment in the simulations
and the increased influence of the SGS fluxes at the lower model levels, the influence
of the organized structures would have been dampened by the SGS fluxes, if the top
of the virtual towers reached only a lower altitude.
For calculating the sensible heat budget (ΦSHvt ; Eq. 8.3), all exchange processes at

the boundaries of the virtual towers were considered, including the storage term ( ∂∂tθ)
and a source and sink term (Sθ), representing changes of θ due to diabatic processes
like radiative cooling or condensation processes. For calculating the advective fluxes,
the advection ∇(ūuuθ̄) in the three directions (uuu = (u, v, w)T ) was averaged horizontally
and integrated vertically. Like for the regional atmospheric budgets, the Gauß-theorem
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was applied therefore. Thus, the integrated version of the flux divergence represents
the net flux in and out of the virtual tower. For the turbulent flux divergence, only the
horizontal parts ( ∂∂x(u′θ′) + ∂

∂y (v′θ′)) were integrated over the volume of the virtual
towers. The vertical turbulent flux was averaged over the top of the virtual tower and
added to the integrated terms, closing the budget of the virtual towers in all directions:

ΦSHvt = A(−1)

(¨
A

(
(w′θ′)dσ

+

˚
V

∂

∂t
θ +∇(ūuuθ̄) +

∂

∂x
(u′θ′) +

∂

∂y
(v′θ′)− SθdV

)
.

(8.3)

For all flux divergence terms, the full exchange including the SGS fluxes was con-
sidered. Because a direct measure for the vertical advection was not available, ∂

∂z w̄θ̄
was calculated by subtracting the resolved turbulent flux divergence obtained from the
covariance scheme from the vertical flux divergence term of the resolved flux taken
from the budget analysis scheme. For the horizontal flux divergence, the full exchange
between the grid cells was available by adding the terms of the resolved flux divergence
and the SGS flux divergence sourced in the online budget analysis scheme.
In contrast, the vertical turbulent fluxes were represented by the value at the top of

the virtual tower. The vertical SGS fluxes are coupled to Sh and including the integ-
rated vertical turbulent flux divergence would have thus closed the budgets. Therefore,
the vertical turbulent fluxes were only considered at the top of the virtual tower. With
this approach, the flux at the land surface was extrapolated to the top of the virtual
EC-towers, making it comparable to the turbulent flux computed there. Considering
that the turbulent vertical flux at the top of the virtual tower represented the actual
measurement a flux balance tower would observe, the EBC was derived by normalizing
the turbulent flux at the top of the virtual towers averaged over the spatial extent of
the virtual towers by ΦSHvt (Eq. 8.4):

EBCSH =
A(−1)

˜
A(w′θ′)dσ

ΦSHvt
. (8.4)

Thus, it was possible to estimate the influence of the different terms in the budget of
the virtual tower on the EBC in heterogeneous terrain. Furthermore, interactions of
the EBC with other variables were studied in addition. Comparable approaches were
already applied by a series of previous numerical modeling studies (Wang, 2010; Eder
et al., 2015a; De Roo and Mauder, 2018) and theoretical studies of the EBC problem
(Finnigan et al., 2003).
The same approach was applied for calculating the energy balance closure of the
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latent heat flux (Eq. 8.5 and Eq. 8.6):

ΦLHvt = A(−1)

(¨
A

(w′q′v)dσ

+

˚
V

∂

∂t
qv +∇(ūuuqv) +

∂

∂x
(u′q′v) +

∂

∂y
(v′q′v)− SqvdV

)
.

(8.5)

In Eq. 8.5, the source and sink term Sqv represent the loss or gain of water vapor due
phase shifts. Similar to EBCSH , EBCLH is derived by the ratio of w′q′v at the top of
the virtual EC-towers and ΦLHvt :

EBCLH =
A(−1)

˜
A(w′q′v)dσ

ΦLHvt
. (8.6)

By connecting Eq. 8.3 and Eq. 8.5, it is possible to calculate the complete EBC, com-
bining the effects of LH and SH. To derive the complete EBC, the moisture fluxes had
to be multiplied with the latent heat of vaporization (Lv), and potential temperature
flux with the heat capacity of air (cp) and both fluxes with the density of air (ρair ) to
derive the budget of the dynamic fluxes in the virtual towers:

Φvt = A(−1)
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(8.7)

EBCcomp =
A(−1)

˜
A

(
(w′θ′)cp + (w′q′v)Lv

)
ρairdσ

Φvt
. (8.8)

In terms of conventional EC-tower measurements, this approach is equivalent to the
energy balance closure Ceb :

Ceb =
λE + Sh

Rn −G− Se
, (8.9)

which is generally applied when the energy balance closure of EC-towers is investigated
(e.g. Wilson et al. (2002)).
All terms in equations 8.3 to 8.9 were averaged over one hour. The usual approach

for EC measurements is to calculate the fluxes for a time period of 30 min. A series of
studies suggest an improved energy balance closure for longer averaging time periods
(Malhi et al., 1998; Mauder and Foken, 2006; Cava et al., 2008), extending the analysis
for low frequency contributions in the fluctuations. However, extended sampling times
may violate the steady state conditions necessary to estimate fluxes by covariances
and comes at the expense of capturing the diurnal variations of the flux. Nevertheless,

212



8.3. The Energy Balance Closure in the Simulations

as not the full spectrum of turbulent motions is resolved in LES, a longer sampling
time for the turbulent fluxes was necessary. Sampling for an hour still allowed for
relatively stationary conditions, while the dominating eddies have been sampled as
well. Furthermore, the virtual towers reached far into the mixed layer. At this altitude,
the flow was already stronger organized than in the surface layer, where EC-stations
are usually located. The turbulent structures in the mixed layer are characterized by
longer time periods than the smaller scale turbulent motions close to the surface. Thus,
the representativeness of the turbulent fluxes was furthermore improved by longer time
averages and additionally by averaging over the relatively large horizontal extend of
the towers.
Figures 8.13 and Fig. 8.14 show the horizontal field of the complete energy balance

closure EBCcomp for SABLE, and for AMMER2016, respectively. During both cases,
striping structures with higher EBC were visible, related to the convective rolls found
during the cases in the PBL. Increased values for the EBCcomp are found in updraft
regions of the vertical turbulent fluxes w′θ′ and w′q′v, which were located in the areas
between the rolls. Overclosure (EBCcomp larger than 1) was found during both cases.
It has to be considered that the values for the flux divergence are sourced in the nu-
merical integration scheme of WRF, while the turbulent fluxes were computed by an
additionally implemented scheme for higher moment statistics. Thus, some disagree-
ment between the turbulent fluxes and the flux divergence terms was expectable, what
caused the over- and underclosure. The same effect was already visible in the calcula-
tion of the atmospheric budgets, were a small residual appeared, when the turbulent
fluxes were included in the budget. Furthermore, as the virtual towers had a height
of more than 300 m, the flow at the top of the towers showed a high degree of organ-
ization into up- and downdrafts with a longer temporal persistence. Therefore, with
the one hour sampling, discrepancies between the statistical sampling approach for the
turbulent fluxes and the fluxes computed by the numerical schemes in the WRF model
at the top of the virtual towers were more likely. Thus, over- and underclosure of the
energy balance in the virtual towers was also a result of the large vertical extend of
the virtual towers.
The fields of EBCcomp during AMMER2015 are presented in Fig. 8.15. Compared

to SABLE and AMMER2016, EBCcomp showed lower values. During AMMER2015,
the convection was organized in open cells and not into rolls. For such cases, lower
values for the EBC are expectable, as lower advection in the PBL makes it less likely
that both the up- and the downdraft region of a larger scale circulation is sampled by
the virtual tower (Kanda et al., 2004). However, similar to the other two cases, during
AMMER2015, higher values of EBCcomp were found as well in the regions of updrafts.
This is visible in comparison to Fig. 8.7. In regions with moisture flux convergence,
higher values of EBCcomp are present.
In order to investigate the relation of the EBC with other variables, EBCSH and

EBCLH were calculated separately for each virtual tower for the time period of
0800UTC to 1600UTC. The involved terms were averaged hourly, leading to 8 EBC
values per tower. The EBC values were compared against a series of variables, which
showed to influence the EBC in past studies. Among the investigated variables are:

• the friction velocity u∗,
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Figure 8.13.: Spatial pattern of the combined energy balance closure of LH and SH
(EBCcomp) during SABLE. The complete EBC of latent and sensible heat
(EBCcomp) was calculated for model level 15. The complete budgets of
SH and LH in the virtual towers were integrated from model level 1 to
model level 15 and averaged temporally for an entire hour. The turbulent
fluxes w′θ′ and w′q′v at model level 15 sampled as well over the full hour
were then compared to the complete budget to derive EBCcomp . Panel (a)
shows the fields for 1100UTC, (b) for 1200UTC, (c) for 1300UTC and (d)
for 1400UTC. The small black squares mark the virtual energy balance
towers.
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Figure 8.14.: Same as Fig. 8.13, but for AMMER2016.

• the buoyancy,

• the horizontal and vertical advection of LH of EBCLH or SH in case of EBCSH ,

• and the horizontal and vertical turbulent flux divergence of LH of EBCLH or SH
in case of EBCSH .

All variables were averaged over the volume covered by the virtual towers, to derive
a representative value. For the friction velocity, this is indicated by the index L, to
distinguish the volume averaged u∗L with the value of u∗ directly computed by the
LSM.
Figure 8.16 shows the sampled EBCSH values compared against the variables listed

above for AMMER2016. This case was chosen as an example for all case studies, as
the characteristic behavior of both EBCSH and EBCLH was found in the other cases as
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Figure 8.15.: Same as Fig. 8.13, but for AMMER2015.

well. The EBC showed a positive correlation with the averaged local friction velocity
(u∗L). A series of previous studies already reported a positive correlation of the EBC
with u∗ (Wilson et al., 2002; Franssen et al., 2010; Stoy et al., 2013). The stronger
mixing of the air related to higher values of u∗ increases the probability that organized
motions in the PBL were advected over the measurement tower and that they are
captured by the temporal sampling of the EC method, leading to an increased EBC
(Eder et al., 2014).
Similar to u∗L, for growing values of the buoyancy, rising values for the EBC were

found as well. Here, ambivalent results are found in the literature. Stoy et al. (2006)
found increasing residuals in the surface energy balance for growing instability in the
surface layer. Stoy et al. (2013) found in their analysis of the energy balance closure
at 173 sites of the FLUXNET network increasing values of the EBC in the median
with lower values of the Obukhov length, indicating higher buoyancy. On the other
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Figure 8.16.: The sensible heat flux energy balance closure (EBCSH ) for the nine differ-
ent areas during AMMER2016 compared against the friction velocity in
panel (a), the buoyancy in panel (b), the horizontal and vertical advection
of θ in panels (c) and (d), as well as the turbulent horizontal and vertical θ
flux divergence in panels (e) and (f). The temporal averaging for the fields
was performed for one hour. For the energy balance closure, the fields have
been sampled for every hour for 0800–1600UTC.
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hand, Mauder et al. (2010) and Barr et al. (2006) reported the highest values of
EBC for very stable and very unstable conditions with lower EBC values in between.
Mauder et al. (2010) concluded that the transport by heterogeneity-induced stationary
circulations causing the energy balance closure did not develop during periods of stable
stratification, are the strongest during periods of near-neutral to slightly unstable
stratification, and are reduced for very unstable conditions. Thus, for stable and very
unstable conditions, the EBC was larger than under near-neutral conditions. However,
all of these studies were based on observational data. Thus, the measurements were
made in the surface layer, while the virtual towers applied here reached well into to
the mixed layer. In the mixed layer, increased turbulent fluxes are associated with
higher buoyancy. Thus, the EBC is positively correlated with the buoyancy. The
large horizontal extend of the virtual towers has to be considered as well. Through
the horizontal averaging of the vertical turbulent fluxes, the sampling of the larger
scaled circulations in the PBL was better in the virtual EC-towers compared to the
representativeness of real EC measurements.
In the LES study of Huang et al. (2008), a parameterization of the EBC depending

on the ratio of the Deardorff velocity scale w∗, and u∗ was developed. For higher values
of u∗, the EBC was larger, throughout the whole PBL. In contrast, with increasing
values of w∗ lower values of EBC were found. This is contradicting the positive cor-
relations of the EBC with both u∗L and the buoyancy presented here. Higher values
of w∗ are usually found under more buoyant conditions, whereas for situations with
stronger shear, u∗ is increased. However, Huang et al. (2008) conducted their simu-
lations under a highly idealized framework with a homogeneous surface. In the study
presented here, the combined effects of a heterogeneous flux pattern and a landscape
with topography including different roughness elements influenced the organization of
the flow. Therefore, it is likely that the momentum transport due to shear and the
buoyancy show a better accordance in the lower mixed layer in the simulations. The
realistic description of the land surface includes land use types, which force both in-
creased values of buoyancy and shear in the lower PBL at the same time. Thus, unlike
in the study of Huang et al. (2008), higher values of u∗ were not necessarily connected
to lower buoyancy.
However, it could be argued that due to the large height of the virtual towers, the

influence of the land surface was already reduced at the top of the towers, making
the influence of the land surface comparable to idealized simulations. For estimating
the influence of the local conditions on the EBC of the virtual towers, the footprint
was estimated with the analytical solution of the diffusion equation of Schuepp et al.
(1990). For AMMER2016, 80% of the footprint was covered within a range of 60 km
to 180 km, what questions the influence the local conditions showed on the EBC at the
height of the tower. Nonetheless, the influence the land surface in the footprint on the
turbulent fluxes at the top of the virtual EC-towers is not uniformly distributed. Thus,
although the footprint covered a larger area, the dominant influence of the turbulent
fluxes could have been caused by a much smaller region. Furthermore, in the lagged-
correlation analysis of the LA coupling (Sec.,7.4), a significant impact of the fluxes at
the land surface was still visible at the top of the virtual towers for AMMER2016 in
case of SH. Therefore, EBCSH was still significantly influenced by the conditions at
the land surface in the simulations despite the large height of the virtual towers.
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In order to investigate the influence of the different terms in the budget of SH in
the virtual towers on EBCSH , the turbulent and the advection of SH were compared
against EBCSH . Growing values of EBCSH are visible with rising values of the ho-
rizontal advection of θ (Fig. 8.16 (c)). Horizontal advection of θ was associated with
convergence of air masses in the lower PBL and was related with the formation of
updrafts during AMMER2016. Therefore, EBCSH was larger in regions with more
persistent updrafts. This behavior was also reflected in the comparison of EBCSH

against the vertical advection of θ. Here, the highest values of EBCSH were found for
negative values of the vertical θ flux divergence. In contrast to the horizontal part,
negative values of the vertical advection were found in regions with updrafts, what
indicated a heating of the upper PBL by updrafts. Thus, similar to the horizontal ad-
vection, the vertical advection also showed signs for higher values of EBCSH in updrafts
in the model.
The vertical part of the turbulent θ flux divergence showed a correlation with the

EBC. Here, the vertical turbulent flux divergence (φVSH ) represents the difference
between Sh at the land surface and ΦSHturb at the top of the virtual tower, expressed
in Ks−1. Positive values for φVSH indicate thus a higher flux at the top of the virtual
tower compared to Sh at the land surface. Therefore, EBCSH was larger in the model
for cases with w′θ′ at the top of the virtual tower exceeding the value of Sh. Since
w′θ′ is the variable which is actually measured by an EC-station, higher values for the
EBC at lower values for φVSH are plausible, as the enumerator of EBCSH increases
(Eq. 8.4). In contrast to φVSH , no considerable influence of the horizontal turbulent
flux divergence (φHSH ) on EBCSH was found. The horizontal turbulent flux divergence
of θ was almost one order of magnitude smaller than the vertical part. Thus, the values
might have been too small to show an influence on EBCSH .

The EBC for the latent heat (EBCLH ) is presented in Fig. 8.17. Neither a depend-
ence of EBCLH on the averaged friction velocity u∗L, the buoyancy, nor the vertical
and the horizontal advection of qv is visible. Unlike for EBCSH , EBCLH seemed to
be relatively independent of the larger scale circulations in the lower PBL. During
AMMER2016, the advection of SH showed signs for an significant contribution of sec-
ondary circulations on the SH budget in the PBL (Fig. 7.9 on page 155). In contrast,
the advection in the LH budget showed larger variations during the case study and was
probably stronger influenced by the advection of larger air masses than by PBL circu-
lations. Consequently, as both the influence of secondary circulations and the larger
scale advection is summarized in the same term, EBCLH was also weaker influenced
by the moisture advection as EBCSH by the advection of SH.
However, a strong correlation of EBCLH with the turbulent flux divergence (φHLH

for the horizontal part, presented in panel (e) of Fig. 8.17 and φVLH for the vertical
part, presented in panel (f) of Fig. 8.17) is found. Similar to EBCSH , EBCLH also
showed a correlation with φVLH . Thus EBCLH was higher, when w′q′v at the top of
the virtual towers exceeded ET at the land surface. Contrary to EBCSH , a dependence
on φHLH was also found for EBCLH . Higher values of EBCLH were found with smaller
values of φHLH . Here, no significant negative values for φHLH were found. However,
during the other two cases studies, EBCLH showed higher values for negative values
of φHLH . Thus, EBCLH was larger for situations, during which φHLH led to an accu-
mulation of moisture in the virtual EC-towers. This additional moisture could have
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Figure 8.17.: Same as Fig. 8.16, but for the latent heat flux energy balance closure.
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8.3. The Energy Balance Closure in the Simulations

increased the values of φVLH , resulting in higher values of EBCLH . A larger influence
of φHLH on EBCLH compared to the dependence of EBCSH on φHSH is in line with
the relative contributions of the different components on the budgets for moisture and
θ (see Sec. 7.2). There, a larger influence of φHLH on the budget of LH compared to the
budget of SH was found for all cases. Thus, as the influence of φHLH on the complete
budget in the virtual towers was larger, consequently a stronger influence on EBCLH

is found.
The influence of the storage term of LH and SH on the EBC is not presented.

No significant influence of the storage term on both EBCSH and EBCLH was found.
Since the storage term reflects only the heating or moistening of the air in the volume
covered by the virtual tower, and not the possible storage of energy in the canopy or
the soil beneath the EC-station, a small impact on the EBC in the model compared
to real EC-stations is reasonable. Nevertheless, even in real EC measurements, were
the storage in the vegetation canopy and the soil can reach significant values for the
energy budget, the budget is not closed, when the storage of energy is considered in
the energy balance equation (Finnigan, 2006; Oncley et al., 2007; Eshonkulov et al.,
2019).
Averaged over the full time period and over all virtual towers, AMMER2016 showed

an EBCSH of 0.74 and for EBCLH values of 0.96 . For SABLE, values of 0.65 for
EBCSH and 1.45 for EBCLH were found. The AMMER2015 case, the case with the
lowest background wind velocities, showed average values of 0.64 for EBCSH and 0.79
for EBCLH . For all cases, the values of EBCSH were lower than the ones found for
EBCLH . This indicates that a larger part of the EBC in EC measurements is sourced
in the measurements of the sensible heat flux, and the latent heat flux measurements
contribute less to the EBC, like it was already suggested in the literature (Ingwersen
et al., 2011; Charuchittipan et al., 2014; De Roo et al., 2018).
According to the results found here, the EBC is higher in cases with roll convection

compared to cases with open cell convection. Different results for the dependence of
the EBC on the organization of the convection in the PBL were reported in previ-
ous studies. However, all of them have been conducted under idealized conditions.
Schalkwijk et al. (2016) found lower values of EBC in their year long LES for the
Cabauw site during cases of roll vortices in the PBL. Generally the EBC increased
with higher mean wind velocity, but for cases with a larger anisotropy in the spatial
cospectra of the turbulent fluxes indicating roll convection, they found significantly de-
creased values for the EBC. Similar to Schalkwijk et al. (2016), Steinfeld et al. (2007)
found lower values for the EBC in case convective rolls formed in the PBL as well.
They concluded, that the virtual observation points were located in persistent up- or
downdraft regions, leading to a lower EBC. Due to the idealized set-up in both studies,
the roll vortices were not disturbed by differences in the surface fluxes, the topography
and the larger scale weather conditions, which leads to distinct regions with constant
up- and downdrafts in the PBL. In the simulations presented here, the roll vortices
were relocated slightly in space during the diurnal cycle (Fig. 8.4 and Fig. 8.5). There-
fore, regions with persistent updrafts were shifting slightly in their location, leading
to higher values of the EBC for SABLE and AMMER2016 in the mean compared to
AMMER2015. For this case, rather persistent areas with up- and downdrafts could be
identified. Nevertheless, higher residuals in tower measurements of the surface energy
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balance have been reported for cases with roll vortices (Mahrt, 1998), expressing the
necessity for further realistic LES studies in this direction.

8.4. Summary

Two of the three case studies, namely SABLE and AMMER2016 showed an organiza-
tion of the PBL flow into convective rolls, visible at striping structures in the horizontal
flux convergence of qv. For these cases, shear showed a stronger influence due to the
stronger mean wind velocity in the PBL. In contrast, the AMMER2015 case study
showed signs for open cell convection. The differences in the organization of the PBL
flow were brought into connection with the following factors:

• Considerable higher value of (−zi/L) were found during AMMER2015 than dur-
ing SABLE and AMMER2016.

• Stronger shear in the lower PBL for SABLE and AMMER2016 led to a more
homogeneous forcing of the convection inside the PBL than for AMMER2015.

• The horizontal pressure gradient exceeded during SABLE and AMMER2016 the
buoyancy, whereas during AMMER2015 the buoyancy was higher, what broke
up the rolls into smaller scaled plumes.

• The roll convection influenced the atmospheric fields close to the surface and the
surface exchange coefficients, what could stabilize the convective rolls.

In order to investigate, whether the organization of the PBL flow contained mesoscale
circulations, the fields of the horizontal flux convergence of qv was filtered with a 2D-
Fourier transformation. A filter width of 40 km to 4 km was chosen. The filter width
was oriented at the meso-γ scale and at the wavelengths of the largest changes in the
surface heat fluxes. The following findings were made with this approach:

• The mesoscale circulations were persistent in their locations during the different
times for all cases.

• For SABLE and AMMER2016, the mesoscale circulations showed a roll pattern.

• For AMMER2015, a more dendritical pattern was found for the mesoscale cir-
culations.

• During all cases the circulations had a maximum length scale of around 10 km.

With the additional variables, which were implemented in WRF in the framework of
this thesis, it was possible to simulate the EBC of virtual flux measurements towers in
the model. The EBC was derived with the help of calculating the full budget of sensible
heat and latent heat for virtual flux towers and by comparing it to the turbulent fluxes
at the top of the virtual towers. With the help of this approach, the following findings
were made:
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• The fields of EBCcomp showed higher valued in regions of updrafts and similar
patterns like the convection for all cases.

• The EBCSH was positively correlated with u∗ and the buoyancy.

• EBCSH showed a dependence on the horizontal and the vertical advection as well
as the vertical turbulent sensible heat flux.

• EBCLH showed in contrast no dependence on u∗, buoyancy and advection.

• EBCLH showed a strong correlation with the vertical and the horizontal parts of
the turbulent latent heat flux.

• Higher mean values of EBCSH and EBCLH have been found for cases with higher
mean wind and roll convection (SABLE and AMMER2016) than for the case
with open cell convection (AMMER2015).

• In the mean, EBCSH was lower than EBCLH , what indicates that the residual in
EC measurements is stronger related to the measurements of sensible heat than
of latent heat.
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CHAPTER 9

Conclusion and Outlook

In this thesis, the regional water and energy budgets at the land surface and the lower
troposphere have been simulated for three different real case studies. The cases covered
the full diurnal cycle utilizing nested LES experiments with the WRF-NOAHMP-
HYDRO model. Two different sites were applied, the Kraichgau and the Ammer
catchment, both located in southwestern Germany. The model was operated at a
horizontal resolution of 100 m. Sensitivity studies performed during this thesis revealed
that the model was able to reproduce the turbulent fluxes for the daytime PBL in
comparison to simulations at a typical grid increment of 20 m for LES. The LES domain
was nested in two domains at 500 m and 2.5 km resolution covering most of Central
Europe. A rapid update cycle of hourly 3DVAR assimilations was applied to the
outermost domain to obtain initial and boundary conditions as close as possible to the
real weather situation for the LES.
In order to investigate the atmospheric budgets, an online budget scheme for θ,

the momentum fluxes in all three directions and the SGS TKE were implemented in
WRF. The adjustments in the model were based on the work of Wei et al. (2017),
who implemented an online budget method for water vapor mixing ratio (qv) and the
hydrometeor mixing ratio (qi). Since the turbulent fluxes are partly resolved in LES, an
online scheme for computing the resolved turbulent fluxes of θ, qv, and the momentum
in all three dimensions was additionally incorporated in WRF. Furthermore, a scheme
for deriving the first to the fourth moments of fluctuations of θ, qv, and the three
wind components during the model integration was implemented. With the help of
these new schemes, the local atmospheric budgets of latent heat (LH) and sensible heat
(SH) could be investigated. Moreover, it was possible to distinguish the advection and
the turbulent fluxes in the budgets. Furthermore, convergence lines in the lower PBL
could be identified and with the help of a spectral filtering method, circulations at
the mesoscale could be isolated. By comparing the turbulent fluxes sampled with the
newly implemented schemes and the budgets of θ and qv, the energy balance closure
of sensible and latent heat (EBCSH and EBCLH) for virtual eddy covariance stations
was investigated in this thesis in addition.
Three different case studies were conducted with the model featuring different soil

moisture levels: 1) AMMER2015 took place in a distinct dry period in summer 2015.
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2) In contrast, AMMER2016 was conducted in late spring 2016, after a heavy pre-
cipitation event, with values of η close to saturation. 3) SABLE took place during
a relatively moist summer for southern Germany. For each of the case studies, two
control areas were selected to study the regional terrestrial budgets. For AMMER2015
and AMMER2016, the Ammer and the Goldersbach catchment (Ammer control area;
ACA and Goldersbach control area; GBCA) were applied as reference frame. For
SABLE a region around the location of the SABLE field campaign in the Kraichgau,
amended by another control area located over the northern slopes of the Northern Black
Forest were utilized to study the budgets (SABLE control area; SCA and Northern
Black Forest control area; NBFCA). For all three case studies, the chosen control areas
showed a clearly distinct land use. While the ACA was largely covered by agricultural
land, with small urban settlements, the GBCA was characterized by forests. Sim-
ilar to the ACA, the SCA also showed a larger portion of cropland and urban areas,
whereas the NBFCA was mainly covered by forest. Furthermore, both, the NBFCA
and the GBCA, showed a more complex terrain than the ACA and the SCA. For each
of the control areas, a control volume spanning up to the model level corresponding to
the spatial mean value of zi over the control area for each hour was applied to study
the budgets of LH and SH in the planetary boundary layer (PBL). By comparison
of the budgets among the control areas, the influence of the land use on the budgets
was investigated. The influence of the moisture content of the soils and the weather
conditions were examined by comparing the budgets between the case studies.
The model was compared against a series of observational data sets. In comparison

against data of eddy covariance (EC) stations and Bowen-ratio towers three factors
were found biasing the surface energy balance in the model. Among them were dif-
ferences in the prescribed vegetation density, a wrong representation of the hydraulic
properties of the soil and differences in the moisture content of the PBL. The pre-
scribed state of the vegetation in the model was not able to reproduce the difference in
the vegetation cover due to the variations in the seasonal conditions, what was revealed
by comparing the applied fields in the model with satellite based observations. The
soil data set showed substantial differences of the hydraulic properties in comparison
to a finer scaled soil map. However, if the soil type and the land use were correctly
represented in the model, it was able to reproduce the fluxes at the land surface. This
underlines the strong sensitivity the model shows on the land use and the soil data
sets.
Compared to the lidar data available during SABLE, an underestimation of the hu-

midity in the PBL was found. This could have been related to an overestimation of
the entrainment of dry air into the PBL in the model, visible at slightly higher values
of the humidity variance in the model compared to the lidar observations. In compar-
ison to the observations of T2m , RH2m in the average over several locations, higher
temperatures on combination with a lower moisture content were found in the model
during SABLE. However, the diurnal cycle of RH2m in the simulations showed signs for
the advection of too dry air into the LES domain during the morning hours, revealing
that an overestimation of entrainment was not the only cause for the underestimated
moisture content in the PBL. The lower moisture content led to a decreased cloud
cover in comparison to satellite observations during SABLE.
During AMMER2015, the cloud density was comparable between the model and

226



the satellite observations. The location of the cloud fields was slightly different in
the model compared to the satellite observations. Slightly lower values of T2m in
combination with higher values of RH2m were found compared to the local network of
surface weather stations in the area covered by the LES domain. For AMMER2016,
the best congruence of all case studies was found for T2m and RH2m , what could be
related to the lower influence the soil type showed on the terrestrial energy balance
during this case. However, all case studies were able to reproduce the diurnal cycles
of T2m and RH2m .
In the introduction, four research objectives have been formulated. In the following

the success of the thesis in answering these research questions is assessed. Further-
more, an outlook on possible future developments is given regarding LES studies in
a realistic environment. Moreover, an overview on possible improvements of model
parameterizations in WRF-NOAHMP-HYDRO that were found during this work is
presented.

Objective 1 How do the regional terrestrial water and energy budgets differ in fine-
scaled simulations with land cover and moisture availability and is an influence of an
enhanced soil hydrology on the terrestrial budgets already visible in relatively short term
simulations?

The largest differences in the terrestrial budgets of energy and water have been found
during AMMER2016, the case with the highest moisture content in the soil. For this
case, ET was increased in the ACA compared to the GBCA. While the transpiration
(Tr) was slightly larger in the GBCA, the ACA showed substantially higher values for
the bare soil evaporation (Esoil ). Due to the higher density of the vegetation canopy,
the canopy air resistance (rac) was higher in the GBCA. This led to smaller values
of Esoil in the GBCA. In contrast, the ACA showed lower values for the fractional
vegetation cover (Fveg) and the canopy was sparser, visible at lower values of the LAI .
This allowed for higher values of Esoil and decreased Tr simultaneously compared to
the GBCA. Due to the lower values of ET , Sh was higher in the GBCA. Furthermore,
through the lower albedo, more energy was available at the land surface and the larger
surface roughness led to lower values for the aerodynamic resistance (ra). These factors
further increased Sh in the GBCA.

For both AMMER2015 and SABLE, the influence of the land use on the terrestrial
budgets of water and energy was superimposed by the soil type, which led to a more
similar behavior of the energy and the water budgets between the two control areas.
For these cases, a large influence of the hydraulic properties of clay soils was visible
on the stomatal resistance (rs), limiting Tr in the regions with clay as the dominant
soil type. The dominating agricultural land use types in the ACA and the SCA had a
stronger reaction on the dry conditions over clay than the different forest types covering
the GBCA and the NBFCA. Responsible for this behavior was the lower accessible
water reservoir caused by the smaller values of zroot of the land use types describing
agricultural land. In the simulations, a model based on the matric potential (ψm) was
applied to simulate the influence of η on rs. The model shows a strong non-linear
reaction on changes in η. By applying a different parameterization for the root water
uptake, the influence of the soil type on Tr could have been reduced (Lawrence et al.,
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2007; Bonan et al., 2014). However, several studies consider a non-linear influence of η
on Tr as more realistic (Vadez et al., 2014; Verhoef and Egea, 2014). Therefore, rather
the applied soil data set and the properties of the soil have to be adjusted instead of
the root water uptake in the model to reduce the influence of certain soil types on
the surface energy balance. The use of a finer scale soil data set containing hydraulic
parameters, which are adjusted to the soils in Central Europe, could lead to a more
realistic influence of the soil on ET in the model.

The results presented here indicate, that the influence of the land use on the ter-
restrial budgets of energy and water decreases with lower moisture contents in the
soils. In contrast, previous studies reported the largest differences for the surface en-
ergy balance between different land use types during droughts (Teuling et al., 2009;
Van Heerwaarden and Teuling, 2014). Van Heerwaarden and Teuling (2014) observed
larger values of λET over grassland than over forests, whereas over forests Sh was
enhanced. In the results presented here, the control areas with a higher share in crop-
land showed on average a similar partitioning of the surface energy balance under dry
conditions as it was found for forests. In the study by Van Heerwaarden and Teuling
(2014), the soils showed no limiting effect for the water supply of Tr. However, in the
study presented here, this was clearly the case over clay soils. For their study, they
concluded that the energy balance will change over grassland as soon as η starts to
limit Tr. This state was already reached in AMMER2015 and SABLE over clay soils,
underlining the importance of the soil data sets and the parameterization of the water
uptake by the vegetation applied in the simulations.
For SABLE and AMMER2015, as well as for the GBCA during AMMER2016,

a statistical analysis of the different factors controlling the turbulent fluxes at the
land surface in the model revealed a stronger influence of the available energy at
the land surface (AvaEn) on Sh than on λET . This indicates that λET was not
limited by radiation. The impact of the plant physiology on Tr was visible here.
Because Sh depends on physical factors and only indirectly on the plant physiology,
AvaEn shows a larger impact on Sh. In contrast, Tr and, thus, λET are related
to the opening of the stomata, and thus on the water efficiency of the vegetation
while performing photosynthesis. As the vegetation opens the stomata only as much
as necessary according to the applied Ball-Berry model (Medlyn et al., 2011; Bonan
et al., 2014), under sufficient water supply, λET was also not constrained by AvaEn
in the model. Furthermore, for areas dominated by a land use types with high LAI , a
decrease of Esoil was observed due to the higher values of rac . However, an exception
for the canopy controlled ET was the ACA during AMMER2016. For this case, ET
was dominated by Esoil in the ACA. Thus, ET was less strongly influenced by the
vegetation canopy and showed a higher correlation with AvaEn than in the GBCA
and than during the other two cases.
Compared to the other terms in the terrestrial water budget equation, the lateral

redistribution of water by the schemes in HYDRO was marginal. An influence of the
lateral transport of water in the soil was only visible in mountainous regions with
steep orographic gradients. This was caused by the redistribution of water due to
spinup effects. Because of the long timescales of lateral runoff processes in the soil,
groundwater redistribution showed only a negligible influence in the simulations. Due
to the strong computational efforts it takes to perform LES studies, it is not possible
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— up to now — to perform LES runs on a timescale in which lateral runoff processes
alter the spatial distribution of η in a considerable manner. Nonetheless, sensitivity
studies have revealed a small influence of the modified handling of the surface runoff
in HYDRO on η after precipitation events. Thus, it was decided to operate the model
with HYDRO for all studies.
In contrast to the lateral transport of water, the vertical redistribution of water in the

soil had a significant influence on the terrestrial water budget during AMMER2016.
Here, the loss of η because of ET was superimposed by runoff processes in the soil
caused by the large input of water due to strong precipitation on the foregoing day of
the case study. In contrast, for SABLE and AMMER2015, the loss of η was largely
controlled by the depth of the root zone (zroot) determined by the land use in the
control areas and thus by the root water uptake of the vegetation. For the respective
control areas with a larger share of forest (the NBFCA and the GBCA), a loss of η was
found for all soil levels down to the fourth level. In contrast, due to the lower values
of zroot of the dominant land use types in the SCA and the ACA, only small changes
in the water storage have been found for these areas in the fourth soil layer.

Objective 2 What is the influence of the land surface heterogeneity and the synoptic
situation on the regional planetary boundary layer budgets of latent and sensible heat?

All case studies showed stronger differences in the PBL budgets of SH than of LH
between the two control areas. In the budgets of SH, the advection and entrainment
fluxes were larger in the control volume above the NBFCA and the GBCA (the NBFCV
and the GBCV) compared to the control volumes above the SCA and the ACA (the
SCV and the ACV). The additional heat in the PBL due to the higher Sh and entrain-
ment fluxes in these regions were balanced by a stronger advection of SH out of the
volume. However, for the budgets of LH, differences between the control volumes in
the case studies were observed as well. Higher values of the turbulent fluxes and the
entrainment of LH were found in the NBFCV and the GBCV compared to the SCV
and the ACV. Due to larger values of Sh in the forested control regions, the buoyancy
production of TKE was higher in the NBFCA and the GBCA compared to the SCA
and the ACA. This increased the vertical turbulent flux divergence of SH (φVSH ) and
LH (φVLH ) in the NBFCV and the GBCV. Furthermore, due to the higher surface
roughness over forests, the shear generation of TKE was also higher over forests. As
previous studies showed signs, that the wind shear seems to interact more strongly with
the entrainment of air than buoyancy (Pino et al., 2003; Conzemius and Fedorovich,
2006), the higher rates of entrainment in the SH and LH budgets over the forested
control areas could be related to the higher surface roughness. However, as both the
buoyancy and the shear were larger in the NBFCA and the GBCA, the exact influence
of the shear and the buoyancy on the entrainment flux has to be investigated in further
studies and no clear statement is possible here.
The PBL budgets of LH varied more strongly with the larger scale weather condition

than the budgets of SH. Both, in SABLE and AMMER2016, the turbulent flux of LH
showed higher values around zi than during AMMER2015. Furthermore, the profile
of the third moment of moisture fluctuations (q′3v ) showed negatively skewed values
for the distribution of qv fluctuations reaching down to the land surface in SABLE
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and AMMER2016. In contrast, for AMMER2015, q′3v deviated from zero only in
the interfacial layer. In the mixed layer, the distribution of qv fluctuations was close
to gaussian, showing that the influence of the entrainment was only visible in the
interfacial layer. Additionally, a stronger gradient of qv was found in the PBL during
SABLE and AMMER2015, indicating a stronger mixing of dry air into the PBL. Both,
SABLE and AMMER2016, showed higher mean winds than AMMER2015 in the PBL.
Here, the organization of the PBL flow into convective rolls could have influenced the
entrainment of air. Due to convective rolls, the mixing of the entrained air with the
surrounding PBL air was reduced (Weckwerth et al., 1996; Couvreux et al., 2007).
Thus, the entrained air was engulfed more deeply into the PBL, than it was the case
for the relatively calm situation in AMMER2015.
During SABLE and AMMER2015, the mean wind direction was from the west.

Therefore, the air was advected over secondary mountain ranges before it reached the
control areas. Thus, for these cases, gravitational waves were detected in the height
region above zi. These waves did not show any direct influence on the entrainment
of tropospheric air into the PBL. However, for SABLE, the gravitational waves were
influencing the gradients of θ and qv around zi and during AMMER2015, the gradient
of qv around zi was affected by the waves above zi. Due to the waves, the vertical mixing
of the air was higher in this altitude region, what decreased the vertical gradients. As
the entrainment fluxes depended on the gradients of θ and qv around zi (Sorbjan, 2004;
Turner et al., 2014), the gravitational waves decreased the entrainment flux of LH and
SH during SABLE, and of LH during AMMER2015.
A lagged correlation analysis was applied to investigate the strength of the land-

atmosphere coupling. Generally, a stronger influence of Sh on the turbulent sens-
ible heat flux (ΦSHturb) than of λET on the turbulent latent heat flux ΦLHturb was
found. For both, AMMER2015 and AMMER2016, significant correlations were found
between Sh and ΦSHturb up to the interfacial layer. Stronger entrainment fluxes were
visible over areas with higher values of Sh in the statistical mean, what is in line with
previous LES studies dealing with the influence of surface heterogeneity on the entrain-
ment fluxes (van Heerwaarden and de Arellano, 2008; Sühring et al., 2014). During
SABLE, the coupling of the land surface was weaker compared to the other two case
studies. Positive correlations were found only in the lowermost model levels. The
cross-correlation of ΦLHturb with Sh revealed positive correlations in the upper half of
the PBL for all cases. Thus, above areas with higher Sh increased values of ΦLHturb

were found in the PBL. These results are underlining the differences of the entrainment
in the PBL budgets between the control volumes. Higher values of φVSH and higher
rates of entrainment in the budgets of SH and LH were found in the average in the
NBFCV and the GBCV, where higher values of Sh were found.

The advection in the budgets of LH and SH included both the influence of the
change by the larger scale weather situation and of larger scale circulations in the PBL,
such as mesoscale circulations, which are not sampled by the 1-hour average applied
to calculate the turbulent fluxes of LH and SH. During SABLE and AMMER2016
a diurnal variation of the advection of SH was found. Furthermore, AMMER2015
showed a diurnal variation in the advection of LH. This indicates that the advection
was influenced by organized circulations inside the PBL, which were not sampled by the
1-hour time period applied for the turbulent fluxes. These circulations are influenced
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by differences in buoyancy, what would explain the diurnal variation found in the
advection. As the advection caused by the larger scale weather situation is relative
insensitive to the changes in a single diurnal cycle, the advection would not have shown
a diurnal variation, if an approaching weather system would have caused the advection
alone.
For both, the cloud cover and the spatial fields of zi, an influence of the properties at

the land surface was only during AMMER2015 visible. Over areas with increased val-
ues of Sh, higher values of zi and a denser cloud cover was found during AMMER2015.
In AMMER2015, Sh was increased over forests and above areas with clay as the dom-
inant soil type. Thus, zi and the fields of the cloud cover partly reflected the pattern of
the landuse and the soils at the land surface. For areas above clay, the higher buoyancy
led to stronger updrafts. Over forests, a combination of higher buoyancy with higher
shear due to the larger surface roughness enhanced the updrafts. The updrafts even-
tually led to the formation of clouds, when the lifted condensation level was reached.
The clouds showed a feedback on the PBL budgets through the reduction of the in-
solation. The impact through the reduction of S↓w was larger compared to the loss of
water vapor and the release of latent heat in the atmosphere due to condensation of
water vapor. Although the value of zi allowed the formation of clouds in the other two
case studies due to boundary layer thermals as well, the wind velocity was too high in
order to allow to relate the patterns of the clouds to the properties of the land surface.

Objective 3 How does the turbulent flow in the planetary boundary layer organize un-
der the influence of land surface heterogeneities as well as different weather conditions
and do the heterogeneities result in local, mesoscale circulations?

For two of the three case studies, SABLE and AMMER2016, the convection was or-
ganized in rolls elongated in the direction of the mean wind. Considerable higher
values for the Obukhov stability parameter (−zi/L) were found for SABLE and AM-
MER2016 compared to AMMER2015, which are generally related to the formation
of roll convection (e.g. Salesky et al. (2017)). The shear production of TKE in the
PBL was stronger during SABLE and AMMER2016 compared to AMMER2015. The
stronger mixing in the lower part of the PBL leads to a more homogeneous forcing,
what supports the formation convective rolls in the PBL. Averaged over longer time
periods, the spatial fields of the horizontal moisture flux convergence revealed relat-
ively persistent convergence lines over the center of the ACA and over the ridges of
the Schönbuch during AMMER2015. In these areas, higher values of Sh were found,
increasing, in turn, the buoyancy in the model and leading to stronger updrafts over
these areas.
Besides the influence of wind shear, the ratio of the horizontal pressure gradient to

the buoyancy in the PBL was found to show an influence on the organization of the
PBL flow. During SABLE and AMMER2016, the horizontal pressure gradients were
stronger than the buoyancy in the PBL. During AMMER2015, the opposite was found
with the buoyancy exceeding the horizontal pressure gradient. In combination with
the larger amount of shear in the PBL, caused by the stronger background wind, this
might have forced the formation of the convective rolls in the PBL for SABLE and
AMMER2016.
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With the help of a spectral filtering method, the mesoscale contribution to the mois-
ture flux convergence was isolated. For all three cases, the filtered fields of the flux
convergence showed relatively persistent locations of convergence and divergence re-
gions. This leads to the conclusion that mesoscale circulations were existing in all three
case studies. For both, SABLE and AMMER2016, the mesoscale circulations were or-
ganized in rolls, as they were already visible for the unfiltered fields of the moisture
flux convergence. For AMMER2015, the pattern of the mesoscale flux convergence was
less organized and more dendritic. Therefore, the background wind conditions seemed
to have a strong impact on the organization of the secondary circulation patterns in
the PBL, as it was already found in the study of Maronga and Raasch (2013). For all
cases, the maximum diameter of the mesoscale circulation pattern was around 10 km.
At the land surface, areas with distinct characteristics extending over larger areas were
present in all domains. Thus, circulations in the PBL exceeding larger distances could
have been possible. However, these areas were probably too large and the associated
changes in the surface conditions too low to show a considerable effect on the mesoscale
circulation pattern in the PBL. These findings are in accordance to a series of results
of previous studies over idealized heterogeneities, which also found no influences by
heterogeneities of a diameter of &16 km on the PBL circulation (Kang and Lenschow,
2014).

Objective 4 What is the influence of the boundary layer circulation on the energy
balance closure of sensible and latent heat in virtual eddy covariance towers?

With the additional variables, that have been implemented into WRF in the framework
of this thesis, it was possible to estimate the energy balance closure (EBC) of virtual
eddy covariance towers. This was achieved by calculating the full budget of SH and LH
for the volume of the virtual flux towers. These budgets are then compared with ΦSHturb

and ΦLHturb at the top of the virtual towers, representing the observed quantities by
the EC-station. As the EBC requires the turbulent fluxes to be fully resolved by the
model, the virtual towers had to extend up to an altitude of 300mAGL. Particularly,
the complete EBC of LH and SH was calculated, the EBC of SH (EBCSH ) as well as
the EBC of LH (EBCLH ).

The EBC was generally larger in areas with stronger updrafts. For SABLE and
AMMER2016, the EBC showed the same pattern of convective rolls which was already
found in the fields of the horizontal moisture flux divergence. For AMMER2015, a less
organized and more dendritcal pattern was found, similar to the organization pattern
found in the fields of the moisture flux convergence. The EBC of the sensible heat
flux (EBCSH ) increased together with the values of the friction velocity (u∗) and the
buoyancy. Higher values of u∗ enhance the mixing in the PBL and lead thus to a
decrease of the influence of the land surface, increasing the spatial variability of the
flux measurements and, thus, the EBC (Stoy et al., 2013). Due to the large height
of the towers, they reached into the mixed layer. There, stronger updrafts (which are
increasing the turbulent fluxes) are associated with increased values of buoyancy. This
explains the positive correlations of EBCSH with the buoyancy.
In comparison to the advection and the turbulent flux divergence, EBCSH clearly

showed larger values for regions with stronger updrafts. The strongest response was
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found with φVSH . Higher values of EBCSH have been found with higher values of
φVSH . The quantity φVSH represents the difference between Sh at the land surface and
ΦSHturb at the top of the virtual tower. In updrafts, ΦSHturb was higher, thus, higher
values of φVSH were found. Furthermore, ΦSHturb is the variable, that represents the
measurement of the EC-stations of SH. Consequently EBCSH is higher in situations in
which ΦSHturb contributes more strongly to the budget of SH of the virtual tower.
Besides the turbulent scales of motion, EBCSH was also sensitive to the larger scale

circulation patterns. A correlation of EBCSH to the SH advection was observed. Higher
values of EBCSH were found for larger values of the horizontal part of SH advection.
The opposite was visible for the vertical part of the SH advection. In the simulations,
updrafts were characterized by negative horizontal SH advection, while for the vertical
SH advection, lower values were visible in updrafts. Thus, similar to the turbulent
scales of SH redistribution, for the larger scale circulation patterns, higher values of
EBCSH were also found in regions of updrafts.
In contrast to EBCSH , the EBC of latent heat (EBCLH ) was insensitive with respect

to u∗, the buoyancy. However, unlike for EBCSH , a strong influence of φHLH was
found on EBCLH . Similar to EBCSH , for EBCLH , higher values were found as well for
negative values of φVLH . Hence, EBCLH was larger in regions with stronger turbulent
updrafts. However, larger scales of motion were playing only a minor role in EBCLH

compared to the influence they showed on EBCSH . No significant correlations of
EBCLH to the advection of LH were found.
For all three case studies, lower values for EBCSH than for EBCLH were found

in the average over all virtual EC-towers. This indicates that the residual in EC
measurements is more strongly affected by the flux measurements of SH than of LH.
The findings presented here are in accordance with the studies of Ingwersen et al.
(2011); Charuchittipan et al. (2014); De Roo et al. (2018), who also concluded, that
the EBC of EC-stations is affected stronger by EBCSH than by EBCLH . During
SABLE and AMMER2016 (the two cases which showed roll like convection in the
PBL) the EBC was larger compared to AMMER2015, were open cell convection was
found. Both, SABLE and AMMER2016, showed higher values for the background
wind velocity. This increased the wind shear and, thus, u∗ in the PBL. Consequently,
the turbulent mixing in the lower PBL was stronger and the influence of the land
surface was decreased. Thus, higher values of the EBC were found for SABLE and
AMMER2016 compared to AMMER2015. Furthermore, the stronger background
wind during SABLE and AMMER2016 led to a stronger advection of the convective
motions, making it more likely that, both, the up- and downdraft region is sampled
by the virtual EC-towers (Kanda et al., 2004).

Outlook on future studies and possible improvements of the model
parameterizations for further LES studies with WRF-NOAHMP-HYDRO.

The results presented here offer some starting points for future studies. First of all,
longer LES studies would give a more reliable basis for the findings presented here.
Longer simulations would provide additional insights into the interplay between the
weather situation, the seasonal characteristics like the moisture content of the soils, and
the characteristics of the land surface. Especially studying the EBC in the model over
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longer time periods bears new possibilities. For example, if the EBC is sampled over
longer time periods, the influence of the surrounding land surface on the EBC of the
virtual towers could be investigated as well. Due to the limited integration time of the
LES in this study, the influence of the land surface was not clearly visible on the EBC
for each tower. In this framework, it would be particularly interesting to operate the
model for a couple of case studies, in which larger residuals in real EC measurements
were observed. For such cases, it could be investigated, whether the model is able
to reproduce the EBC of the EC-station and furthermore, how the EBC depends
on the flow inside the PBL. Especially in combination with lidar observations of the
PBL, such a combined observational and modeling study promises new insights on the
EBC problem. Moreover, as the third moments of the qv fluctuations showed that the
entrainment of air could reach down to the land surface for SABLE and AMMER2016,
the influence of the entrainment fluxes on the EBC could be investigated as well.
Another possible future objective is the strength and the location of the mesoscale

circulations. To further investigate mesoscale circulations, the model could be oper-
ated for a series of case studies in the same region, in which only one parameter in the
meteorological conditions varies. For example, it would be an interesting question to
investigate, how the strength of the mesoscale circulations varies under similar moisture
and temperature conditions in the PBL, but with varying wind velocities. Furthermore,
the feedback between organized convection in the PBL and the conditions at the land
surface, including various resistances applied in the LSM for computing the heat and
moisture fluxes at the land surface could be an interesting topic for further research.
In this context, a series of semi-idealized studies could also be conducted. For example,
it would be possible to increase or decrease the moisture content, or the temperature
in the model artificially for the same case study. In addition, the microphysics para-
meterization could be deactivated to isolate the influence of clouds. Furthermore, the
insolation could be fixed to a defined value to increase the possible length of stationary
time series in order to study the statistical behavior of the turbulence.
Moreover, with the implemented changes in the model code, the momentum budgets

in the PBL could be investigated and the feedback between the momentum budget
and the thermodynamic budgets in the PBL could be addressed. Besides LES studies,
the budget mechanism could also be applied for coarser scale simulations. With the
implemented changes, the influence of the different parameterizations in the model can
be revealed directly. In this framework, an interesting question would be to study the
influence of the perturbation introduced by the innovation of data assimilation schemes
into the model on the behavior of the model parameterizations.
Furthermore, the applied approach for computing turbulence statistics already dur-

ing runtime of the model could be enhanced by including a parameterization of triple
correlation terms. A parameterization of triple correlation terms could have the fol-
lowing form

u′iu
′
jξ
′ = uiujξ − uiξūj − ūiujξ − uiuj ξ̄ + 2ūiūj ξ̄. (9.1)

Here, a triple correlation between two wind dimensions (ui and uj) and a scalar (ξ)
is shown. With such a sampling method for the third moment terms, all necessary
quantities for setting up the budgets of the second moments of qv, θ, the three wind
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vectors, and TKE , as well as u′jq′v and u
′
jθ
′ and the turbulent momentum fluxes would

be present in an online sampling method. Thus, the budgets of all of these important
quantities characterizing the PBL could be described for realistic cases. Especially
in combination with observational case studies in an area with a less heterogeneous
landscape compared to the simulations conducted here, such an approach promises to
give new impulses in the development of a new generation of turbulence parameteriz-
ations for coarser scale models. Recently the Land Atmosphere-Feedback Experiment
(LAFE) took place at the Southern Great Planes site of ARM in Oklahoma, USA
(Wulfmeyer et al., 2018). With observations of the lidar instruments operated there, it
is possible to study higher moments of turbulent fluctuations of temperature, humidity
and wind (Behrendt et al., 2015; Muppa et al., 2016). With this data set, a validation
of the second moment budgets of θ and qv derived with an LES with measurement
data would be possible.
A major challenge of simulation studies of the land-atmosphere system is the integ-

ration of processes into the model which vary over a large number of magnitudes in
space and time. In this study, an attempted was made to cover the larger scale weather
phenomena by nesting domains, until a resolution is reached, in which the model was
able to spatially resolve the most important processes in the land-atmosphere system.
However, the temporal coverage of the simulations was insufficient to represent subsur-
face processes in the model. Here, a spinup simulation was utilized to generate input
fields for η and the soil temperature, which are in equilibrium with the model. Due to
the strong computational effort it takes to run a model which integrates compressible
equations like WRF with a fine grid increment, the spinup simulations were conducted
on a coarser resolution. Due to the coarser grid increment the interpolated fields of
land use as well as the soil map in the spinup simulation was not congruent with the
maps applied for the LES. Therefore, in some regions, where strong changes in the
properties of the land use of the soil type were found (e.g. around urban areas or
at intersections of different soil types), the fields of η were not in equilibrium with
the land use and the soil texture in the LES. This resulted in unusually increased or
decreased values of ET in these areas.
Due to these findings, for future studies, the spinup of the simulations should be

conducted on the native resolution of the LES. Here, the LSM could be applied in
offline mode. With the lower computational demand of an offline LSM it is also possible
to operate the model over longer time periods, e.g. covering the time frame of one year
or longer. At these time periods, a significant influence of the lateral subsurface runoff
processes can also be expected. Here, comparing an LES initialized with a surface
spinup simulation with HYDRO compared to another LES, initialized by a surface
spinup without HYDRO would be an interesting experiment. In this study, applying
HYDRO in the simulations showed only a minor influence on the fields of η and, thus,
on the surface energy balance. Compared to the typical timescales the redistribution
of water take place in the soil, the length of the simulations was insufficient to allow
for a significant impact.
However, operating LES over timescales of a year or longer is possible with vector-

ized LES codes (Schalkwijk et al., 2015a,b). With an LES covering these timescales
the investigation of the impact of the groundwater flow on the fields of η and, thus, on
the surface energy balance would become possible. Furthermore, the influence of the
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modified surface forcing on the circulation in the PBL could be studied. In addition,
for longer term simulations, a dynamic root growth model could increase the realism of
the model (Gayler et al., 2014). The model could be coupled with a dynamic vegeta-
tion growth model, potentially revealing new insights between the micrometeorological
conditions and the vegetation cover (Ingwersen et al., 2018). A first step in this direc-
tion would be an enhanced root distribution in the soil layers of the NOAHMP which
showed an important role in other modeling studies (Shrestha et al., 2018a). The root
distribution is a plant and site specific quantity (Fan et al., 2016), but is assumed to
be uniformly distributed in NOAHMP across the root zone for each vegetation type.
As the root zone for vegetation is not static, the dynamics of the root growth are also
not represented in the model. Gayler et al. (2014) found an improvement of the ver-
tical soil moisture distribution in NOAHMP when implementing a root growth model.
Thus, by modifying the root parameterization in the model to allow a land use type
specific distribution of the roots, the behavior of the vegetation in the model could be
improved due to a more realistic influence of η on rs.

Because the water uptake by roots as well as the hydraulic conductivity of the soils
depends on the matric potential (ψm) of the water in the soils, the parameterization
of the soil suction curve is also a key element in controlling the terrestrial water and
energy budgets in LSMs. In NOAHMP, a Clapp-Hornberger type of parameterization
is applied for the hydraulic functions. An alternative would be the more sophistic-
ated van-Genuchten (van Genuchten, 1980) scheme, which is recognized among soil
physicists as capable of reproducing both the soil water retention and the hydraulic
conductivity. It has shown good agreement with observations in intercomparison stud-
ies (Shao and Irannejad, 1999) and was already implemented in several LSMs (Balsamo
et al., 2009; Poltoradnev et al., 2018).
In its current state, NOAHMP is not able to represent soil horizons. Thus, the

properties in the soil are uniform across the whole vertical extend of the soil layer in
the model. This is often an unrealistic assumption. In addition to the representation
of the vertical soil levels in the model, the different depths of the soils have also to be
taken into account. In mountainous regions, the depth of the soils is often shallower
at the ridges than the 2m soil layer which is prescribed in NOAHMP. Below the soil
horizon, the bedrock begins, which should be taken into account in the model as well, as
plants often have access to water in the bedrock for shallow soil horizons (Schwinning,
2010). Furthermore, the soil layers could extend deeper into the ground for regions
with a large soil horizon. In this way, in combination with HYDRO, the representation
of groundwater flow could be enhanced in the model.
In the current setup of HYDRO, aquifers are represented by a bucket model. The

buckets have no direct connection with the soil moisture in the model. However, capil-
lary rise of groundwater into the vadose zone is the dominant effect groundwater can
influence the energy balance at the land surface. Thus, in order to study the thermody-
namic budgets in the land-atmosphere system, the deeper groundwater is insufficiently
represented in the model in its current configuration. Here, a parameterization of the
groundwater soil moisture interaction is necessary. Although it was argued to extend
the soil column in NOAHMP to larger depths above, a bucket aquifer model is still
necessary for representing aquifers. If the model should represent the aquifers expli-
citly, the hydraulic conductivity of the ground is required. As these fields are not
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available, except for special field sites, representing the deeper part of the aquifer by
bucket models is the preferable method.
For SABLE and AMMER2015, the strong decrease of Tr found for cropland over

clay soil was not visible for Esoil . However, as both, the root water uptake and the
evaporation from soil pores, have to overcome the same forces binding the water to the
soil particles, both quantities should have showed a similar behavior. Furthermore, as
the roots enable the vegetation to access water in deeper soil layers (where ψm is lower
in comparison to the soil layers closer to the surface and the vegetation canopy reaches
into higher altitudes, where the air is less humid), Esoil should be affected stronger by
lower values of η than Tr. Nevertheless, this behavior is not detected in the model.
Thus, a more sophisticated model for the resistance of the bare soil on evaporation
(rsoil ) would be a possible enhancement for simulating ET in the model.
During AMMER2015, the formation of clouds over the control areas showed an

immediate response in Sh and Tr. The transpiration Tr was decreased due to an
increase of the sunlit stomatal resistance rs,sha . Vegetation controls the opening of
the stomata with the help of physiological reactions. Therefore, a time delay in the
response of the stomata on ambient conditions, such as a reduction of PAR, of around
10min is reported in the literature (Vico et al., 2011; Lawson and Blatt, 2014). Thus,
the implementation of a time delay function in the response of the stomatal resistance
on changes in the radiation or the temperature of the ambient air could also lead to
a more genuine behavior of the transpiration. Especially for fine scaled simulations,
sudden changes of the meteorological conditions can appear in short time scales. Thus,
abrupt changes in rs are found. However, the immediate response of the vegetation in
the model does not correspond to the time scales on which physiological reactions in
plants take place.
Further improvements of the model could affect the representation of the vegetation

canopy. The vertical resolution in LES is already fine enough to allow larger obstacles
at the land surface, such as higher trees or buildings to reach the altitude of the lowest
model levels. Representing these obstacles would be possible by including a physical
canopy in the lower model levels, depending on the canopy height. This canopy layer,
separated from the land surface, could work as a sink of momentum in the lowest
model levels and generate wind shear. Thus, an enhanced production of TKE can be
expected with such a canopy layer (Shao et al., 2013; Patton et al., 2016; Bonan et al.,
2018).
For most of the cases presented here, the profiles of turbulent properties have been

averaged over larger spatial areas. However, for simulations dealing with a realistic
land surface, extending averages over larger areas leads to the loss of the information
content in the averaged quantity about the influence of the heterogeneity. Nonetheless,
spatial averaging was necessary for deriving representative profiles. For profiles from
single grid columns, the sampling errors based on a 1-hour statistic was too large
to clearly distinguish the fluxes from different locations. Longer temporal sampling
was not possible due to the requirement of a stationary time series. Maronga and
Raasch (2013) solved this problem by applying an ensemble of LES simulations and
calculating the turbulence statistics partly as ensemble average. For simulations like
the ones applied here, using ensembles would be an interesting approach to reduce
the extend of areal averages required for deriving sufficiently sampled flux profiles.
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However, constructing an ensemble that is applicable for studying boundary layer
processes as ensemble average would be a challenging task.
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APPENDIXA

Atmospheric Budgets Expressed in the
Native Variables of WRF

The atmospheric budgets of SH and LH were already presented in Sec. 7.2. However,
to distinguish between turbulent motions and advection in the budgets, the resolved
turbulent fluxes computed by the statistical sampling scheme implemented in WRF
were included in the budget analysis. In addition, the horizontal and vertical parts
of the advection were summarized in one term. Here, the atmospheric budgets are
presented for each control volume of the different case studies with the native variables
from the WRF code, e.g. it is not distinguished between turbulent but rather between
the SGS and the resolved fluxes. Furthermore, the changed WRF code does not only
allow to study the budgets of qv and θ, but also the budgets of the vertical and the
horizontal momentum were made accessible in the model output. The budgets of these
variables are presented here as well.
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Figure A.1.: Timeseries of the atmospheric budgets for SABLE in the SCV integrated up
to the values of 〈zi〉 for every hour in the SCV. The water budget is visible
in panel (a), the θ budget in panel (b), the vertical momentum budget in
panel (c) and the horizontal momentum budget in panel (d). All terms are
averaged to the full hour.
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Figure A.2.: Same as Fig.A.1, but for the NBFCV.
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Figure A.3.: Same as Fig.A.1, but for AMMER2015 in the SCV.
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Figure A.4.: Same as Fig.A.1, but for AMMER2015 in the GBCV.
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Figure A.5.: Same as Fig.A.1, but for AMMER2016 in the SCV.
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Figure A.6.: Same as Fig.A.1, but for AMMER2016 in the GBCV.
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APPENDIXB

Additional Information About the
Turbulent Exchange Processes

B.1. Profiles of all Four Moments of the Turbulent
Fluctuations in the Control Areas

The method, which was implemented in this thesis for computing turbulence statistics
during the runtime of WRF includes higher moment statistics up to the fourth moment.
In the results part, only the moments up to the third moment are discussed. Here, all
four moments for the fluctuations of the vertical wind velocity, qv and θ are presented
for each case study, averaged over the respective control areas.
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Figure B.1.: Profiles of the first four moments of the vertical wind, the potential tem-
perature and the water vapor mixing ratio for SABLE averaged over the
SCA and the NBFCA. The sampling time was from 1300UTC–1400UTC.
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Figure B.2.: Same as Fig. B.1, but for AMMER2015.
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Figure B.3.: Same as Fig. B.1, but for AMMER2016.
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B.2. Validation of the Statistical Measures for the Turbulent
Exchange in the PBL

As the method for deriving the turbulent fluxes is of statistical nature, the question
occurs, how reliable the estimates of the turbulent exchange according to the covariance
scheme are in comparison to the actual turbulent exchange found in the model within
the sampling time of one hour applied for the atmospheric budgets. Thus, the variance
of the vertical wind (w′2) sampled for one hour by the scheme presented in Sec. 3.2.2
was compared with the primitive of the vertical flux divergence of vertical momentum,
as it was represented by the corresponding tendency term in the budget equation for
the vertical wind. It is well known, the vertical momentum transport happens on
turbulent scales in the boundary layer (e.g. Stull (1988)). Thus, the actual turbulent
exchange in the model should be covered by the tendency for the vertical momentum
flux. Only minor differences have been found between the primitive of the vertical
flux divergence of vertical momentum and the profile of w′2 (Fig. B.4). This is a sign,
that the implemented covariance schemes in the model were capable to represent the
turbulent fluxes in the PBL with the sampling time of one hour.

Figure B.4.: Comparison of the vertical wind variance derived by 1-hour sampling from
the statistical scheme implemented in the WRF code with the primitive of
the vertical flux divergence of the vertical momentum derived by the online
scheme for the budget. The profiles were averaged for each case over the
respective control areas. Temporal averaging was for 1300–1400UTC.
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B.3. Sampling Errors of the Turbulent Fluxes.

Fig. B.5 presents profiles of turbulent fluxes from single grid columns from five ran-
dom locations in the LES during AMMER2015. The fluxes are based on a time series
sampled for one hour and the sampling errors were calculated according to the method
of Lenschow et al. (1994). None of the presented profiles was distinguishable from
the profiles at the other locations, when the sampling errors were taken into account.
Extending the sampling times over considerable longer timescales than one hour was
not possible, due to the stationarity requirement for the time series. Therefore, spa-
tial averages where applied in this study for the profiles of turbulence statistics to
investigate the influence of the land surface on the PBL, although the influence of the
heterogeneous landscape was partially lost with this approach.

(a) (b)

Figure B.5.: Profile of the turbulent sensible heat flux in panel (a) and the turbulent
latent heat flux in panel (b) sampled for 1200–1300UTC at 5 different
locations during AMMER2015 for a single model column. The locations
TAI, ENT, A15 and AM4 are located in the ACA, while BWB is located
in the Northern Black Forest. The error bars represent the uncertainty of
the statistic due to the sampling error.
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B.4. Spatial Pattern of Turbulent Exchange Processes

In this section, the spatial patterns of the turbulent fluxes of SH and LH, as well as
the TKE , the buoyancy flux and the shear production of TKE are presented for each
case study. The quantities were averaged over the 15 lowermost model levels. Each
figure presents four panels with hourly sampled fields.

Figure B.7.: Same as Fig. B.6, but for the turbulent sensible heat flux.
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Figure B.6.: The turbulent latent heat flux averaged from model level 1 to model level
15 for SABLE. Panel (a) shows the fields for 1100UTC, (b) for 1200UTC,
(c) for 1300UTC and (d) for 1400UTC. Sampling was done for the full
hour before the aforementioned time the panel is valid for.
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Figure B.8.: Same as Fig. B.6, but for the turbulent kinetic energy (TKE ).
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Figure B.9.: Same as Fig. B.6, but for the buoyancy flux.
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Figure B.10.: Same as Fig. B.6, but for the wind shear production of TKE .

259



Appendix B. Additional Information About the Turbulent Exchange Processes

Figure B.11.: The turbulent latent heat flux averaged from model level 1 to model level
15 for AMMER2015. Panel (a) shows the fields for 1100UTC, (b) for
1200UTC, (c) for 1300UTC and (d) for 1400UTC. Sampling was done
for the full hour before the aforementioned time the panel is valid for.
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Figure B.12.: Same as Fig. B.11, but for the turbulent sensible heat flux.
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Figure B.13.: Same as Fig. B.11, but for the turbulent kinetic energy (TKE ).
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Figure B.14.: Same as Fig. B.11, but for the buoyancy flux.
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Figure B.15.: Same as Fig. B.11, but for the wind shear production of TKE .
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Figure B.16.: The turbulent latent heat flux averaged from model level 1 to model level
15 for AMMER2016. Panel (a) shows the fields for 1100UTC, (b) for
1200UTC, (c) for 1300UTC and (d) for 1400UTC. Sampling was done
for the full hour before the aforementioned time the panel is valid for.
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Figure B.17.: Same as Fig. B.16, but only for the turbulent sensible heat flux.
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Figure B.18.: Same as Fig. B.16, but for the turbulent kinetic energy (TKE ).
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Figure B.19.: Same as Fig. B.16, but for the buoyancy flux.
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Figure B.20.: Same as Fig. B.16, but for the wind shear production of TKE .
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APPENDIX C

The Energy Balance Closure for the
SABLE and the AMMER2015 Case

Studies

In Sec. 8.3, the EBCSH and EBCLH where compared against a series of variables.
The presented results where limited to the AMMER2016 case. For the sake of com-
pleteness, here the results for the SABLE and the AMMER2015 case are shown. For
AMMER2015, generally lower correlations are found for both the EBCSH and EBCLH
with the different quantities. This might be related to the lower wind velocity in the
PBL. Thus, the atmospheric conditions prevailed longer in a specific region. This
makes it necessary to sample a longer time series to reach the same level of confidence
as for the SABLE and the AMMER2016 case studies.
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Figure C.1.: The sensible heat flux energy balance closure for the nine different areas
exemplary shown for SABLE against the friction velocity in panel (a), the
buoyancy in panel (b), the horizontal and vertical θ advection in panels (c)
and (d), as well as the turbulent horizontal and vertical θ flux divergence
in panels (e) and (f). The temporal averaging for the fields was performed
for one hour. For the energy balance closure, the fields have been sampled
for every hour from 0800UTC–1600UTC.
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Figure C.2.: Same as Fig. C.1, but for the latent heat flux energy balance closure.
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Figure C.3.: Same as Fig. C.1, but for the sensible heat flux energy balance closure during
AMMER2015.

274



Figure C.4.: Same as Fig. C.3, but for the latent heat flux energy balance closure during
AMMER2015.
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APPENDIXD

List of Symbols, Mathematical Operators
and Acronyms

D.1. List of Symbols

Table D.1.: List of Symbols.

Symbol Description Dimension

A Area L2

Ai Rate of photosynthesis per unit LAI of shaded
and sunlit leaves

ML−2T−1

AvaEn Available energy at the land surface (AvaEn =
Rn −G)

MT−3

α Albedo of the land surface −
αd Inverse density of dry air L3M−1

αm Inverse density of moist air L3M−1

B Background error covariance matrix −
Bo Bowen ratio −
b Curve fitting parameter for computing ψ −
β-factor Soil moisture control over transpiration −
βx(i ,j ) Difference in the water table depths at i, j in

direction x
L

C Volumetric heat capacity of the soil MT−2Θ−1L−1

Ce Constant in the SGS model −
Ceb Energy balance closure of EC-stations −
Cg,veg Heat exchange coefficient ground to vegetation −
Ch Heat exchange coefficient −
Cm Momentum exchange coefficient −
Cveg Heat exchange coefficient of the vegetation −
CLF Cloud fraction −

Table continues on the next page
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Symbol Description Dimension

cair CO2 content of the air in the lowest model level
in the atmosphere

MT−2L−1

cp Heat capacity of dry air L2MT−2Θ−1

cs Specific heat capactiy of soil L2T−2Θ−1

D Soil water diffusivity L2T−1

Di ,j Soil thickness at i, j L
EBCcomp Energy balance closure of the virtual EC-towers −
EBCLH Energy balance closure of latent heat of the vir-

tual EC-towers
−

EBCSH Energy balance closure of sensible heat of the
virtual EC-towers

−

EF Evaporative Fraction −
Ecan Canopy evaporation L
Esoil Bare soil evaporation L
ET Evapotranspiration at the land surface LT−1

e Sub-grid scale turbulent kinetic energy L2T−2

eair Water vapor pressure in the lowest model level
in the atmosphere

MT−2L−1

eac Canopy air water vapor pressure MT−2L−1

esat Saturation water vapor pressure MT−2L−1

Fbuoy Forcing term for the SGS buoyancy flux MT−3

Fcor Forcing term for the Coriolis force ML−1T−2

Fcurv Forcing term for the map projection on the wind
direction

ML−1T−2

Fdiab Forcing term for the diabatic heating ΘML−2T−1

Fdissip Forcing term for the TKE dissipation MT−3

Fevapsub Forcing term for the condensa-
tion/sublimation/evaporation of water va-
por/hydrometeors

ML−2T−1

Ffallout Forcing term for the fallout of hydrometeors ML−2T−1

Fphys Forcing term for various model parameteriza-
tions

Various

Frad Forcing term for the radiative flux divergence ΘML−2T−1

Fsgs Forcing term for SGS transport Various
Fshear Forcing term for the TKE shear production MT−3

Fveg Fractional vegetation cover in the LSM gridcell −
fc Coriolis parameter L−1

fm Volumetric fraction of minerals in the soil L3L−3

fo Volumetric fraction of organic matter in the soil L3L−3

fpa Volumetric fraction of pore air in the soil L3L−3

fwet Wet fraction of the canopy −
Φ Flux Various

Table continues on the next page
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Symbol Description Dimension

Φvt Complete exchange of latent and sensible heat
in the virtual EC-towers

MT−3

Φs Flux at the land surface Various
ΦLH Flux of latent heat MT−3

ΦLHvt Complete exchange of latent heat in the virtual
EC-towers

MT−3

ΦLHturb Vertical turbulent flux of latent heat MT−3

ΦSH Flux of sensible heat MT−3

ΦSHvt Complete exchange of sensible heat in the vir-
tual EC-towers

MT−3

ΦSHturb Vertical turbulent flux of sensible heat MT−3

ϕ Geopotential L2T−2

φHLH Horizontal turbulent flux divergence of latent
heat

MT−3L−1

φHSH Horizontal turbulent flux divergence of sensible
heat

MT−3L−1

φVLH Vertical turbulent flux divergence of latent heat MT−3L−1
φVSH Vertical turbulent flux divergence of sensible

heat
MT−3L−1

G Ground heat flux MT−3

GVF Green vegetation fraction −
g Gravitational acceleration LT−2

gmin Minimum stomatal conductance LT−1

γ Psychrometric constant MT−2L−1Θ−1

γξ Counter gradient mixing term in the YSU PBL-
scheme

Dimension
depends on
ξ

hi ,j Hydraulic head at location i, j L
hsurf Hydraulic head of the surface water L
IW Intercepted water L
η Soil moisture L3L−3

ηmax Soil moisture at field capacity L3L−3

ηplant Soil moisture available for transpiration L3L−3

ηwilt Wilting point soil moisture L3L−3

ηz Vertical coordinate of WRF −
K Hydraulic conductivity MT−3L−1

Km Turbulent diffusion constant for momentum L2T−1

Kh Turbulent diffusion constant for heat L2T−1

Ksat Hydraulic conductivity of the saturated soil MT−3L−1

Kt Thermal conductivity of the soil MLT−3Θ−1

Kξ Turbulent diffusivity of variable ξ L2T−1

κ Von-Kármán constant −
κs Thermal diffusivity of the soil L2T−1

Table continues on the next page
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Symbol Description Dimension

L Obukhov length L
LAI Leaf area index −
LAIe Effective leaf area index −
LAIe,sha Sunlit effective LAI −
LAIe,sun Shaded effective LAI −
Lc Characteristic length scale for the Reynolds

number
L

LT Turbulent length scale for local PBL schemes L
Lv Latent heat of vaporization M2T−2

L↓w Downwelling longwave radiation at the land sur-
face

MT−3

L↑w Upwelling longwave radiation at the land surface MT−3

LCL Lifted condensation level L
LWP Liquid water path ML−2

l Characteristic length scale in the SGS-model L
Λ Integral length scale L
λs Length of surface heterogeneities L
λET Latent heat flux at the land surface MT−3

λEg,b Latent heat flux from the bare ground MT−3

λETg,veg Latent heat flux from the ground to the vegeta-
tion canopy

MT−3

λETveg Latent heat flux part from the vegetation MT−3

λs Thermal conductivity of the soil LMΘ−1T−3

m Water use efficiency of the vegetation −
µd Dry air mass per unit area ML−2

ni ,j Local power law exponent for calculating the hy-
draulic head

−

nov Roughness coefficient of the land surface against
overland flow

−

ν Kinematic viscosity L2T−1

νq Diffusivity of water vapor L2T−1

νθ Diffusivity of the potential temperature L2T−1

P Precipitation L
p Air pressure MT−2L1

pair Air pressure at the lowest model level in the at-
mosphere

MT−2L1

pdh Hydrostatic component of dry air pressure MT−2L1

pdhs Dry air pressures at the surface MT−2L1

pdht Dry air pressures at the surface model top MT−2L1

PAR Photosynthetic active radiation MT−3

PW Ponded water L
pF pF-value (pF = −log10(ψm)) −

Table continues on the next page
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Symbol Description Dimension

Qdrain Drainage of water from the lowest soil level of
the LSM

LT−1

Qi Mass-coupled hydrometeor mixing ratio ML−2

Qj Kinematic radiative heat flux ΘL−1T−1

Qs,j Surface runoff of water in direction j L2T−1

Qu,j Subsurface runoff of water in direction j L2T−1

Qv Mass-coupled water vapor mixing ratio ML−2

qs Moisture content at the land surface MM−1

qv Water vapor mixing ratio MM−1

qv2m Water vapor mixing ratio at 2-m MM−1

R Residual in budget equations Various
Re Reynolds number −
Ri Richardson number −
Rgas General gas constant ML2T−2mol−1Θ−1

Rn Net radiation at the land surface MT−3

RHg Relative humidity in the air pore space −
RH2m Relative humidity at 2-m AGL −
ra Aerodynamic resistance against heat and mois-

ture transport
TL− 1

rac Aerodynamic resistance in the canopy air
against heat and moisture transport

TL− 1

rs Stomatal resistance TL− 1
rs,sun Sunlit stomatal resistance TL− 1
rs,sha Shaded stomatal resistance TL− 1
rsoil Soil resistance against evaporation TL− 1
ρair Density of air ML−3

ρη Soil moisture density ML−3

ρd Density of dry air ML−3

ρm Density of mineral compounds in the soil ML−3

ρo Density of organic matter in the soil ML−3

ρpa Density of air in the soil pores ML−3

ρs Density of soil ML−3

ρw Absolute humidity ML−3

ρΦs,Φ Probability density between the flux in the at-
mosphere and the flux at the land surface

−

ρw′,w′ Autocorrelation probability density for vertical
wind fluctuations (w′)

−

S Storage of water L
s Source and sink term for water in the soil L3L−3

Se Storage of heat at the land surface MT−3

SAI Stem area index −
SAIe Effective stem area index −
Sij Strain rate tensor T−1

Table continues on the next page
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Symbol Description Dimension

Sh Sensible heat flux at the land surface MT−3

So,j Terrain slope in direction j −
Sq Source/sink term of water vapor in the air MM−1

S↓w Downwelling shortwave radiation at the land
surface

MT−3

σalt Standard deviation of the topography L
T Temperature Θ
Tac Canopy air temperature Θ
Tair Temperature at the lowest model level in the

atmosphere
Θ

Tbot Lower boundary soil temperature in the LSM Θ
Tg,veg Temperature of the ground beneath the vegeta-

tion canopy
Θ

Tr Transpiration L
Ts Skin temperature Θ
Tveg Temperature of the vegetation canopy Θ
T2m Temperature at 2-m AGL Θ
TKE Turbulent kinetic energy L2T−2

tint Integral time scale T
t∗ Eddy turnover time T
τij Sub-grid Reynolds stress tensor LT−2

τqv j Sub-grid moisture flux in direction j MMLT−2

τqv j Sub-grid kinematic heat flux in direction j ΘLT−2

Θ Mass-coupled potential temperature ML−2Θ
θ Potential temperature Θ
θv Virtual potential temperature Θ
U Mass-coupled zonal wind velocity ML−1T−1

u Zonal wind velocity LT−1

uh Horizontal wind velocity LT−1

uh10m Horizontal wind velocity at 10-m altitude AGL LT−1

u∗ Friction velocity LT−1

u∗L Local friction velocity LT−1

ur Wind velocity at the reference height LT−1

uj Wind in direction j LT−1

V Mass-coupled meridonal wind velocity ML−1T−1

Vmax Maximum rate of carboxylation ML−2T−1

VH2Oliq
Molar volume of liquid water L3mol−1

VPD Vapor pressure deficit MT−2L1

v Meridonal wind velocity LT−1

w Vertical wind velocity LT−1

w(i ,j ) Width of the grid cell at i, j L

w∗ Deardoff velocity scale LT−1

zi Boundary layer depth L

Table continues on the next page
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Symbol Description Dimension

zi ,j Water table at location i, j L
zr Reference height L
zroot Rooting depth −
ztop Top of the control volume for the atmospheric

budgets
L

(−zi/L) Obukhov stability parameter −
ψ Water potential MT−2L−1

ψair Water potential in the lowest model level in the
atmosphere

MT−2L−1

ψm Matric potential MT−2L−1

ψg Gravitational water potential MT−2L−1

ψo Osmotic water potential MT−2L−1

ψsat Matric potential in the saturated soil MT−2L−1

ψwilt Matric potential at the wilting point MT−2L−1

ω Uncoupled vertical contravariant velocity in
WRF

T−1

Ω Mass-coupled vertical contravariant velocity in
WRF

ML−2T−1
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D.2. List of Subscripts/Superscripts and Mathematical
Operators

Table D.2.: List of Subscripts and Mathematical Operators.

Symbol Description

δij Kronecker delta
εijk Levi-Civita symbol
O(Xm) Horizontal grid increment of Xm
σ Statistical error/uncertainty
ξ′ Fluctuation of variable ξ
ξ Temporal average of variable ξ
〈ξ〉 Spatial average of variable ξ
ξ′2 Temporally sampled second moment of variable ξ
ξ′3 Temporally sampled third moment of variable ξ
ξ′4 Temporally sampled fourth moment of variable ξ
φ′ξ′ Temporally sampled covariance of variables φ and ξ
ϕ̃ Filtered variable ϕ
(ξ)s Value of variable ξ at the lowest model level in the atmosphere/close to

the land surface
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D.3. List of Acronyms

Table D.3.: List of Acronyms.

Symbol Description

3DVAR 3-Dimensional Variational Data Assimilation
ACA Ammer Control Area
ACV Ammer Control Volume
AGL Above Ground Level
AIRS Atmospheric Infrared Sounder
AMDAR Aircraft Meteorological Data Relay
AMSU-A Advanced Microwave Sounding Unit-A
AMV Atmospheric Motion Vectors
ARM Atmospheric Radiation Measurement Program
ASL Above Sea Level
ASCAT Advanced SCATterometer
ATMS Advanced Technology Microwave Sounder
BK50 Bodenkarte at the scale of 1:50000
BR Bowen Ratio
BRDF Bi-direction Reflectance Distribution Function
CBL Convective Boundary Layer
CLM Community Land Model
CORINE Coordination of Information on the Environment
DFG Deutsche Forschungsgemeinschaft
DHSVM Distributed Hydrology Soil Vegetation Model
DWD Deutscher Wetterdienst
EBC Energy Balance Closure
EC Eddy Covariance
EGVAP EUMETNET EIG GNSS Water Vapour Programme
EMCWF European Center for Medium Range Weather Forecasts
GBCA Goldersbach Control Area
GBCV Goldersbach Control Volume
GDAS Global Data Assimilation System
GECROS Genotype-by-Environment Interaction on Crop Growth

Simulator
GRIMS Global/Regional Integrated Model System
GNSS-ZTD Global Navigation System Zenith Total Delay
GTS Global Telecommunication System
HGS HydroGeoSphere
HIRS High-resolution Infrared Radiation Sounder
HPC High performance computing
HTESSEL Tiled ECMWF Surface Scheme of Exchange Processes with

revised Hydrology
Table continues on the next page
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Symbol Description

HYDRO Hydrological extension package to NOAHMP
IASI Infrared Atmospheric Sounding Interferometer
ICON Icosahedral Nonhydrostatic Model
IPM Institute of Physics and Meteorology
LAFE Land Atmosphere Feedback Experiment
LES Large Eddy Simulation
LFC Local Free Convection
LGRB Landesamt für Geologie, Rohstoffe und Bergbau
LH Latent Heat
Lidar Light Detection and Ranging
LSASAF EUMETSAT Satellite Application Facility on Land Surface

Analysis
LSM Land Surface Model
LT Local Time
LUBW Landesamt für Umwelt Baden-Württemberg
METAR Meteorological Aviation Routine Weather Report
MODFLOW USGS’s Modular Hydrologic Model
MODIS Moderate-resolution Imaging Spectroradiometer
MOST Monin-Obukhov Similarity Theory
MHS Microwave Humidity Sounder
MM5 Mesoscale model system version 5
MSG Meteosat Second Generation
MYNN Mellor Yamada Nakanishi Niino PBL scheme
NASA National Space Agency
NBFCA Northern Black Forest Control Area
NBFCV Northern Black Forest Control Volume
NCAR National Center for Atmospheric Research
NDOWN Offline nesting method available for WRF
NOAA National Oceanographic and Atmospheric Administration
NOAH National Centers for Environmental Prediction (NCEP),

Oregon State University, Air Force, Hydrology Lab - NWS
LSM

NOAHMP Noah-Multiparameterization Land Surface Model
NMC National Meteorological Center
PALM Parallelized LES Model
PBL Planetary Boundary Layer
PCA Principal Component Analysis
PROFI Alphanumerical codes reporting wind profiler observations
Radar Radio Detection and Ranging
RANS Reynolds Averaged Navier Stokes
RK3 Third-Order Runge-Kutta scheme
RRTMG Rapid Radiative Transfer Model for General circulation

models
Table continues on the next page

286



D.3. List of Acronyms

Symbol Description

RS Radiosounding
RUC Rapid Update Cycle
SABLE Surface Atmosphere Boundary Layer Exchange Field Cam-

paign
SCA SABLE Control Area
SCV SABLE Control Volume
SEVIRI Spinning Enhanced Visible Infrared Imager
SGS Sub-Grid Scale
SH Sensible heat
SRTM Shuttle Radar Topography Mission
SMA Spectral Mixing Analysis
SU Spin Up
SUCROS Simple and Universal Crop Growth Simulator
SVA Soil-Vegetation-Atmosphere
SYNOP Surface synoptic observation protocol
TEMP Alphanumerical codes reporting radiosoundings
TESSEL Tiled ECMWF Surface Scheme of Exchange Processes
TKE Turbulent Kinetic Energy
TOMS Total Ozone Mapping Spectrometer
TRRL Temperature Rotational Raman Lidar
UHOH University of Hohenheim
USGS United States Geological Survey
UTC Coordinated Universal Time
WOFOST WOrld FOod STudies
WMO World Meteorological Organization
WRF Weather Research and Forecast model
WVDIAL Water Vapor Differential Absorption Lidar
WVRL Water Vapor Raman Lidar
YSU Yonsei University PBL scheme
ZOM Zero-Order-Jump Model
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APPENDIX E

Technical Background

The simulations where conducted on the Hazel Hen supercomputer of the High Per-
formance Computing Center Stuttgart (HLRS). The Hazel Hen machine is a Cray
XC40 with 185088 Intel® Xeon® CPU E5-2680 version 3 cores with 30Mb cache and
a processor rate of 2.50GHz. Per node, two 2 sockets, each with 12 cores are available
and 128GB of memory. For the simulations, 130 nodes where applied for distributed
memory parallelization only and 260 nodes for the case of hybrid shared/distributed
memory parallelization. For 24 h of LES at 100m, around 105 CPU hours were ne-
cessary with this setup. For compiling the WRF and the HYDRO model on HLRS
and to generate reliable results, some modifications were necessary in the configure
files of both models. In the “configure.wrf”, at the option “-fp-model precise” had to
be added to the flag “FCBASEOPTS_NO_G” to force the compiler to absolute nu-
merical accuracy. In the “macros” file of HYDRO, the following changes are necessary:
“COMPILER90 = ftn” and “FORMAT_FREE = -FR -cpp”. The model was compiled
using Intel® compiler version 16.0.3.210. For the NetCDF library, version 4.3.3.1 was
applied and version 1.7.0 of parallel NetCDF. Parallelization was performed with Cray
MPI and openMP.
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