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Academic preface

As this thesis continues work started in Fock (2007), parts of the contents need to
overlap. Even though this is pleasant from the scientific point of view, this causes some
extra burden in fulfilling good academic practice. To distinguish between
achievements of this thesis and the precursor work more references to Fock (2007)
are given than necessary from pure scientific requirements. Nevertheless, writing a
self-explanatory, alone standing thesis requires some repetitions, especially regarding
the theoretical background. Thus, parts on the explanation of the LES technique and
parts of the model description may have some similarities with Fock (2007). A model
setup, already used in Fock (2007), is used as input for further model experiments
here. However, all simulations of idealized free convective boundary layers in Chapter
3 are done with newer and improved model versions.

Chapter 3 - 5 are designed to allow later publication in a scientific journal. Thus some
minor repetition may occur in between these and the other chapters. A second
consequence is that the literature review and the presentation of model theory is not
restricted to the overview given in Chapter 2. Even though the structuring of this text
already accounts for later publications, these will likely differ from the following text.

Parts of the technical data handling for the analysis of water temperatures shown in
Appendix C have been done by supervising a student assistant (J. Niesel). The
preparation of topographic data has been done in cooperation with P. Kirschner, who
performed the GIS related work. M. Salim and D.D. Flagg provided the translation
(German to English) of the surface class descriptions provided as reference in
Appendix D.2. The scientific interpretation of the land use data, i.e. the mapping to
physical surface classes, has been shared with the M-SYS community at an early stage.
Thus refined interpretations can be found elsewhere.

During working on this thesis co-supervision of the thesis of Ansorge (2009), Philipp
(2013) and Schultze (2013) has been performed, who investigated or expanded some
of the test cases presented here. Knowledge, data and algorithm has been provided to
them to optimize their education. Hence, some overlapping material might be found in
their works.

In addition to references to the peer reviewed literature, citations to grey literature
have been included wherever this seemed to increase the information content of this
thesis. Readers using these additional references should be aware of the different
quality control of the cited works. Readers of an electronic version of this text will note
that citations equipped with a DOI are directly linked to the related internet addresses,
while other citations are linked to their entries in the reference section.
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Abstract

This work contributes to the capabilities of turbulence permitting simulations for
investigations of the urban climate, by extending and testing the mesoscale model
METRAS for large eddy simulations. Model experiments focus on convective boundary
layers above homogeneous and heterogeneous surfaces. The heterogeneous surfaces
represent an urban area. The performed simulations are used to test METRAS-LES and
to investigate topographic impacts on convective boundary layers above the inner-city
and harbor area of Hamburg.

A new time integration scheme for the dissipation term in the TKE-equation is
presented. A method to control simulations by prescribed heat fluxes is newly
implemented into the model. Model intercomparisons between METRAS-LES and the
three models METRAS-RANS, METRAS-PCL and PALM contribute to the model testing
and demonstrate the difference between RANS and LES solutions. Analyzed sensitivity
studies cover the influence of vertical grid stretching, numerical methods and details of
the subgrid scale model. Metrics used to discuss model results include spectra,
percentile differences and characteristic heights derived from domain averaged
variance and covariance profiles. New surface class mappings have been defined for
ATKIS and CORINE data, which are used for the simulations above heterogeneous
areas. An additional analysis of annual and diurnal cycles of measured water
temperatures is provided.

The model experiments show, that free convective boundary layers can be reasonable
simulated with METRAS-LES. An effective model resolution of 6 - 8 Ax could be found
for the model results. Grid stretching is acceptable, as long as the area of interest
remains well resolved. The stability dependent formulation of the length scale in the
used SGS model seems to be of minor importance, compared to other influencing
parameters. The TKE parameterization in the surface layer, which is only suitable for
flux matching in METRAS-RANS, can be used in METRAS-LES to tune the diffusivity of
the model. Simulations with METRAS-LES do not only work for prescribed heat fluxes,
but also with the surface energy balance. This allows to study diurnal cycles of
convective boundary layers above heterogenic urban surfaces. Simulations of
convective boundary layers above Hamburg show a clear response to the water bodies
of Elbe and Alster. Experiments with modified topography are used to investigate the
influence of orography and surface heterogeneity. The sensitivities on modified
topography are relative small for most experiments. The largest impacts, which are
even visible by reduced domain averages of 10 m wind speeds and temperatures, are
found for redistributing the water areas of Elbe and Alster, randomly within the
complete model domain.



Zusammenfassung Vv

Zusammenfassung

Diese Arbeit tragt zu den Moglichkeiten der turbulenzauflésenden Simulation fiir
Stadtklimauntersuchungen bei, indem das mesoskalige Modell METRAS fiir LES er-
weitert und getestet wird. Modellversuche wurden fiir frei konvektive Grenzschichten
liber homogenen und heterogenen Oberflichen vorgenommen. Die heterogenen
Oberflachen stellen ein stadtisches Gebiet dar. Die durchgefiihrten Simulationen
dienen dem Modelltest und der Analyse von topographischen Einfliissen auf
konvektive Grenzschichten iiber der Innenstadt und dem Hafen von Hamburg.

Es wird ein neues Zeitintegrationsverfahren fiir den Dissipationsterm in der TKE-
Gleichung vorgestellt. Eine Moglichkeit zum Vorschreiben von Warmefliissen wurde
implementiert. Vergleiche zwischen Simulationen mit METRAS-LES und mit den drei
Modellen METRAS-RANS, METRAS-PCL und PALM wurden durchgefiihrt, um METRAS-
LES zu testen und den Unterschied zwischen RANS- und LES-Ergebnissen aufzuzeigen.
In Sensitivitdtsstudien wird der Einfluss der Streckung des Vertikalgitters sowie
verschiedener numerischer Verfahren und der Details des Subskalenmodells unter-
sucht. Modellergebnisse werden mit Hilfe von Spektren, Perzentildifferenzen und aus
gebietsgemittelten Varianz- und Kovarianzprofilen abgeleitete charakteristische
Hohen diskutiert. Neue Oberflichenzuordnungen werden fiir CORINE und ATKIS
Daten definiert, welche fiir die Simulationen liber heterogenen Oberflachen verwendet
werden. Zusdtzlich werden aus gemessenen Wassertemperaturen Jahres- und Tages-
gange analysiert.

Die Modellsimulationen zeigen, dass freie konvektive Grenzschichten sinnvoll mit
METRAS-LES simuliert werden kénnen. Es wurden effektive Modellauflosungen von
6 - 8 Ax festgestellt. Vertikale Gitterstreckung liefert akzeptable Ergebnisse, sofern das
eigentliche Untersuchungsgebiet hinreichend aufgeldst bleibt. Der Einfluss der stabili-
tatsabhangigen Formulierung der Langenskala im Subskalenmodell ist im Vergleich zu
anderen Einflussfaktoren von untergeordneter Bedeutung. Die TKE-Parametrisierung
in der Prandtl-Schicht, welche nur in METRAS-RANS zur Erzwingung von stetigen
Fliissen genutzt werden kann, bietet in METRAS-LES Maoglichkeit, die Modell-
diffusivitit einzustellen. Simulationen mit METRAS-LES sind nicht nur mit
vorgeschriebenen Warmefliissen, sondern auch unter Verwendung der Bodenenergie-
bilanz moéglich. Dadurch kénnen Tagesgange von konvektiven Grenzschichten iiber
heterogenen Stadtgebieten simuliert werden. Simulationen konvektiver Grenz-
schichten liber Hamburg zeigen eine deutliche Beeinflussung durch die Gewdasser Elbe
und Alster. Es wurden Experimente mit modifizierter Topographie durchgefiihrt, um
den Einfluss der Orographie und der Oberflachenheteorogenitiat zu untersuchen. In
den meisten Experimenten ist der Einfluss der modifizierten Topographie relativ klein.
Die grofdten Einfliisse zeigen sich in Experimenten, welche eine Umverteilung der
Wasserflaichen vornehmen. Hier werden in gebietsgemittelte Modellergebnisse
Reduktionen der Windgeschwindigkeit und Temperatur in 10 m Hohe festgestellt.
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1 Introduction

Urban areas are known to influence the regional and local climate (e.g. Landsberg
1981; Arnfield 2003). Currently 50 % of the world population lives in urban areas
(UNFPA 2011, p. 121). Therefore health and living comfort of a large number of people
is influenced by urban climate. Considering climatological influences of cities in urban
planning can be useful for optimizing local climatological conditions and to mitigate
impacts of global warming (Stadt Stuttgart 2010; Berlin Senatsverwaltung fiir
Stadtentwicklung 2011; Schliinzen et al. 2014). Even though progress has been made
in the last decades, many challenges remain open in observing, modeling and
conceptual understanding of the urban climate as well as in suitable action strategies,
to deploy the already available knowledge (Grimmond et al. 2010). One of the main
methods to gain inside into the urban climate system is numerical modeling of the
atmosphere above urban areas. The use of numerical models allows to investigate
urban climate scenarios based on the laws of physics.

The key drivers for the urban climate are - besides the emission of heat and chemical
components - the man-made urban surface, and its interaction with the atmosphere.
Characteristic surface heterogeneities in urban areas typically have length scales in the
order of 1 to 100 m (Section 2.3.2). Therefore grid sizes far below the kilometer scale
may be needed to resolve the characteristic atmospheric features triggered by a
specific urban area. This demands on resolution raises the question, whether
turbulence should be treated as a (partly) resolved or as a (complete) subgrid scale
(SGS) process, i.e. if the Reynolds averaged Navier Stokes (RANS) approach is sufficient
or if switching to large eddy simulation (LES) might be a more appropriate modeling
approach (Section 2.3.1) to investigate the urban atmosphere. In this thesis some steps
towards LES based investigation of the urban climate are presented. Conceptual
differences and similarities in RANS and LES approaches are discussed in order to
provide some judgment on their individual strengths and weaknesses for urban
climate modeling.

Regardless whether LES or RANS should be applied, one can roughly classify the
models potentially suitable for wurban climate investigations at turbulence
resolving/permitting scales into three different categories:

» Obstacle resolving microscale models (MiM)?
= Conventional atmospheric LES models (CLESM)

» High-resolution mesoscale models (MeM)1

1 Naming / abbreviation is adopted from Schliinzen et al. (2011).
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The terminus “microscale model” (MiM) is used synonymously for obstacle resolving
microscale-y models here. These models can simulate the flow within the urban
obstacle layer and are most often used in an engineering, environmental protection or
hazard protection context. Both, RANS and LES methods are used. MiMs can either be
designed from a meteorological perspective (e.g. Eichhorn 1989; Schliinzen et al. 2003;
Gross 2012) or they can be generic computational fluid dynamics (CFD) codes applied
for atmospheric simulations (e.g. Krist6f et al. 2009; Franke et al. 2012). Coupling of
MeMs and MiMs - both in LES and in RANS mode - is one of the current challenges
recently discussed in the literature (Yamada and Koike 2011; Schliinzen et al. 2011).

Conventional LES models (CLESM) - like those described by Sullivan et al. (1998),
Chlond (1998) or Raasch and Schréter (2001) - have been developed to perform
controlled numerical experiments in boundary layer and cloud physics research, e.g. to
derive parameterizations for turbulent exchange processes. Often CLESMs are used in
an idealized setup, with cyclic horizontal boundary conditions, prescribed surface heat
fluxes and flat terrain. Some CLESMs have been extended for obstacle resolving
simulation (Letzel 2007), while others approach the opposite direction and include
features more prominent in mesoscale models, like solving the surface energy balance
(Heus et al. 2010).

Mesoscale models are most prominently known for their use in regional modeling for
numerical weather prediction and for studies of pollution transport or the regional
climate. Operational forecasts with mesoscale models nowadays reach resolutions
down to 1 km and below (Golding et al. 2014; Mailhot et al. 2012; Seity et al. 2010).
Strictly speaking the term “mesoscale” modeling becomes inaccurate at this grid
resolutions as at this scales sub-mesoscale modeling starts, here in the microscale a
(Orlanski 1975; Schliinzen et al. 2011). Further grid refinement will bring these
models into scales, where large eddy simulation becomes applicable. To allow multi-
scale and multi-approach simulations, some mesoscale models have been extended or
co-designed for LES applications (Pielke et al. 1992; Cuxart et al. 2000; Golaz et al.
2005; Chow et al. 2006; Moeng et al. 2007). Such models might be helpful for the
generation of inlet turbulence for smaller scale LES performed with CFD codes (Hattori
et al. 2011). It can be expected that this type of model is the best candidate to provide
the missing model bridge to nest from high-resolution mesoscale (RANS) models, over
coarse resolution LES to obstacle resolving LES.

This thesis approaches the direction into LES type investigations of the urban climate
with the last discussed model type: a mesoscale model heading to smaller scales and
switching to the LES approach at the same time. By this model choice it is possible to
highlight the additional consequences, which LES implies for urban modeling. Often
urban climate modeling is done with mesoscale models treating all turbulence at sub-
grid scales, even though the needed resolution of the problem may suggest running
models in a partly turbulence resolving LES mode. Thus one aim of this work is to
initiate a more conceptual discussion about what modelling approaches should be
used in urban climate modeling.
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On the one hand this thesis intents to present developments and tests for extending a
MeM into the LES regime, on the other hand model applications, data preparation and
analysis of simulations aim to contribute to the understanding of the atmosphere
above the city of Hamburg. For this city, Schliinzen et al. (2010) derived an annual
average urban heat island of 1.1 K from measurement data. Bechtel and Schmidt
(2011) characterized the pattern of this heat island with the help of floristic
observations. Measurements of soil moisture are performed by Wiesner (2013) to
understand the fluxes between the atmosphere and the surface. Lengfeld (2012)
investigated the representativity of the climate reference station in Hamburg-
Fuhlsbiittel by comparison with measurements of a sensor network. Briimmer et al.
(2012) provide diurnal and annual cycles based on long term mast measurements at
the eastern outskirts of Hamburg, which include influences of the inner-city and
harbor area for westerly winds. Additional background information about the current
regional climate can be found in Rosenhagen et al. (2011). Regional climate projections
are discussed by Rechid et al. (2014). Hertwig (2013) used wind tunnel data to
validate high resolved implicit LES for the inner-city of Hamburg. These simulations
have been performed for neutral stratification with the model LES model FAST3D-CT.
Funk et al. (2012) present an urban climate assessment, on behalf of the city
authorities, using the model FITNAH in RANS mode.

In order to contribute to the above outlined general research topics, this thesis aims to
provide answers to the following questions:

=  Which model developments and tests are needed to extent the RANS mesoscale
model METRAS (Schliinzen et al. 2012a) for LES of convective boundary layers
above idealized and realistic surfaces?

*  Which model sensitivities can be found and how does the LES model compare
to other models, including its RANS version?

» What surface data can be used for the simulation of the diurnal cycle of a
convective boundary layer and how important are the details of these data?

= What are the topographic influences on the atmosphere above Hamburg in
convective situations?

» What generalizations of the results are possible for LES of convective boundary
layers over surfaces with different heterogeneities and for atmospheric
modelling performed for urban climate questions?

The used model is introduced in Chapter 2 by providing a general model overview
followed by some additional discussion on the concept of large eddy simulation and a
review of urban climate applications for Hamburg with that model. Chapter 3 presents
necessary adjustments of the model for LES applications and an extended testing of
model sensitivity for simulations of convective boundary layers. Chapter 4 provides
LES applications to study convective boundary layers over the inner part of the city
Hamburg. These applications show in what extend using LES can be relevant for
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4 1 Introduction

assessments of the urban climate. Modified simulations of the Hamburg case with
varied topographic maps are analyzed in Chapter 5. Chapter 6 provides a concluding
discussion, which concentrates the more detailed conclusions given in Chapters 3 to 5.
Additional remarks about subgrid modelling, computing technology and data relevant
for the urban climate of Hamburg are attached in Appendix A - F.
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2 The model METRAS - RANS and LES

This chapter introduces the Multiscale Model System M-SYS (Schliinzen et al. 2012a),
consisting of the models METRAS, MITRAS, MECTM, MICTEM and MESIM. M-SYS is
extended towards large eddy simulation of convective boundary layers above urban
like surfaces heterogeneities in this thesis. Section 2.1 provides an introduction into
the model system by reviewing components and application areas of M-SYS. The
underlying mathematical, physical and numerical model is shortly described in Section
2.2. Background on large eddy simulation is given in Section 2.3, followed by some
motivation for using LES in the context of urban modeling.

2.1 Model overview

2.1.1 Components and deployment areas

The basis of the model system M-SYS is the non-hydrostatic mesoscale model METRAS
originally developed by Schliinzen (1988). The model system includes active chemistry
transport (Miiller et al. 2000; Trukenmiiller et al. 2004), the possibility to resolve
obstacles in the micro-y-scale (Schliinzen et al. 2003; Salim et al. 2014), a sea ice model
(Birnbaum 1998; Dierer et al. 2005; Gierisch 2014) and a wind turbine module (Linde
2011; Linde et al. 2014). A simplified atmospheric model (Schliinzen and Bigalke
2010) is available for external users and mainly deployed to environmental consulting
(e.g. Bigalke et al. 2008).

Model applications include customized weather forecasting for professional sailing
teams (Schliinzen et al. 2008) in a region with strong coastal circulations (Fock and
Schliinzen 2012), investigations of Arctic albedo changes due to aircraft and ship
emissions (Spensberger 2010), ship routing in ice covered waters (Fock 2014,
Jochmann et al. 2014), pollen dispersion studies with the aim to provide a tool for risk
assessment for transgenic plants (Schueler and Schliinzen 2006; Buschbom et al.
2012) and simulations of ozone chemistry over the North Sea (Meyer and Schliinzen
2011). The one-dimensional submodel, mostly used for initialization purposes, has
been applied to check parameterizations applied for dispersion modeling according
the German air pollution regulation TA Luft (Boysen 2011). Apart from these more
practical applications the model is also used for methodological investigations like
model intercomparisons for robustness checks of model results (Chechin et al. 2013),
tests of parameterizations to consider subgrid scale land use (Schliinzen and Katzfey
2003) and tests of properties intrinsic to numerical methods (Schroeder et al. 2006;
Schroeder and Schliinzen 2009; Schoetter 2010).

2.1.2 Urban applications

Some efforts went into urbanization of the model for investigations of the urban
climate: Thompson (2008) added an urban parameterization based on Martilli et al.
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(2002) to investigate urban climate of London (Grawe et al. 2013). Petrik et al. (2014)
included the emissions of anthropogenic heat into the model. Hoffmann (2012)
deployed the model to investigate the impact of climate change on the urban heat
island of Hamburg. Schoetter et al. (2013) used a METRAS-RANS setup for Hamburg
with a grid resolution of 250 m to investigate the perceived temperature as target
variable for climate adaptation measures. Schoetter (2013) used the model to study
local climate adaptation measure in terms of perceived temperature and heavy
precipitation for the same region. GIS based analysis of METRAS simulations were
performed by Teichert (2013) to investigate the influences of urban surfaces in
Hamburg. Flagg et al. (2014a) investigated the future urban climate of Hamburg under
the assumption that the increase of the global averaged 2 m temperature can be kept
below 2 K until the year 2100. All of these urban applications applied the model in the
common Reynolds averaged mode.

2.2 Model description

2.2.1 Model dynamics

The model equations of METRAS are derived from Navier-Stokes equation neglecting
molecular diffusion and using the anelastic and the Boussinesq approximations. Hence,
the time derivative in the continuity equation is neglected and spatial deviations from
a reference density are only considered in the buoyancy term of the third equation of
motion.

To couple the equation of motion and the mass continuity equation a projection
method is used: Each time step the wind field is first integrated into a preliminary
state, which is not necessary free of divergence and thus violates the continuity
equation. To fulfill the continuity equation, in a second part of an integration step a
divergence free wind field is iterated by solving an elliptic equation, which adjust the
wind and the pressure field to relate the continuity and the momentum equation
(Schliinzen 1988, p. 15 - 16). The integration of temperature and humidity equation
follows with the help of the already updated wind field. The time step is finished with
cloud physics and diagnostic calculation of density and the final pressure. More details
about the process sequence within the model are explained in Schroder (2007a,
p- 14 -17) and Schliinzen (1988, p. 26).

The spatial discretization uses a staggered Arakawa C grid (Arakawa 1972, p. 35;
Mesinger and Arakawa 1976, p. 45), which allows to calculate the divergence field
needed for the elliptic pressure equation with high numerical accuracy directly on the
scalar grid (Schliinzen 1988, p. 23). A main advantage of using a staggered grid is the
strong coupling between the pressure and the velocity field, which may help to avoid
numerical oscillations (e.g. Breuer 2002, p. 155).
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The equations are transformed to a terrain following coordinate system (Section 4.1.4)
and solved in flux form. Grid stretching is routinely used in the vertical direction but
also available in the horizontal directions.

The model variables are decomposed in a constant background state and a deviation
part. Prognostic equations are only solved for the deviation parts, while the
background parts are constant or diagnostic. The background pressure is assumed to
be hydrostatic and geostrophic. Prognostic variables are the wind components u, v, w,
and the deviations of potential temperature, absolute humidity, cloud water and rain
water from their large-scale reference state. The hydrostatic and non-hydrostatic parts
of the pressure deviation are diagnostic variables as well as density and real
temperature.

Based on the above stated physical laws and assumptions it is possible to derive the
model equations presented in Section 3.1.1. More details about their derivation can be
found in Schliinzen et al. (2012a) and Fock (2007).

2.2.2 Model parameterizations

In order to perform physical meaningful simulations with such a model, some subgrid
scale processes have to be included as well. These processes are often called “model
physics” in atmospheric modeling and deal with processes like turbulent transport,
radiation, cloud formation and rain. This section provides a short overview on the
parameterizations currently applied in METRAS. A more comprehensive synopsis of
available parameterizations is given in Schliinzen et al. (2012a,b).

Different turbulence closures are implemented in the model for Reynolds averaged
simulation of mesoscale atmospheric flows. A first implementation of a turbulence
closure suitable for LES has been included in METRAS by Fock (2007) and is described
in Section 3.1.2, together with an improved numerical treatment of parts of this
closure.

The surface layer is represented by the lowest atmospheric model layer, which is by
default set to a vertical thickness of 10 m. Monin Obukhov similarity theory (e.g.
Krauss 2008, p. 87 - 89; Wyngaard 2010, p. 217 - 225) is employed here. Subgrid scale
surface cover variability can be either handled by calculating turbulent surface fluxes
from averaged surface parameters or by flux averaging applying the blending height
concept (Claussen 1991; von Salzen et al. 1996; Schliinzen and Katzfey 2003;
Bohnenstengel 2012). More details on surface layer parameterizations are following in
the discussion of the newly implemented option to drive the model by prescribing heat
fluxes (Sections 3.1.4), in the presentation of a sensitivity experiment in Section 4.3.2
and in a proof related to the idea of flux matching provided in Appendix B.

Parameterization of cloud microphysics use the Kessler scheme (e.g. Kessler 1995) and
include transport equations for cloud water, rain water and water vapor.
Transformations between these moisture reservoirs are described by thermodynamic
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laws and experimental findings. More details are provided in Schliinzen et al. (2012a,
p. 28 - 31), Hoffmann (2009, p. 52 - 56) and Schoetter (2013, p. 63 - 66).

The radiation scheme uses a two-stream approximation to model the long and short
wave radiation fluxes for simulations, which employ the optional usable cloud physics
described above. This radiation scheme developed by Bakan (1994) has been recently
reviewed by Uphoff (2015). Simulations without cloud microphysics (e.g. of dry
atmospheres) apply empirical heating and cooling rates in the atmosphere but still
allow solving the radiation balance at the surface, depending on the selected options
for setting the boundary conditions. The parameterization of radiation includes the
influence of geographical position, date, time and possible rotations of the model
domain against north. Shading effects caused by orography are taken into account.

2.3 Model concept and aim

2.3.1 Philosophical difference between LES and RANS

Conceptually one can distinguish three main different approaches for the simulation of
turbulent flows: Simulations that resolve the full turbulent spectra are called direct
numerical simulation (DNS). The opposite, i.e. treating turbulence completely as a sub
grid scale process, is known as RANS. An intermediate method between RANS and DNS
is LES, where the larger scale turbulent eddies shall be simulated at resolved scales
while only small scales are left over for subgrid scale parameterizations. The
separation of modelling approaches, by the degree to which the turbulent spectra is
resolved, is illustrated schematically in Figure 2-1 and Figure 2-2.

RANS | LES DNS

a» o a»
» L »

Figure 2-1: Conceptual drawing of simulated (gray) and modeled (white) turbulence
spectra for the three main simulation techniques Reynolds averaged Navier-Stokes
simulation, large eddy simulation and direct numerical simulation.
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Figure 2-2: Conceptual drawing of simulated (gray) vs. modeled (white) eddies for the
simulation techniques RANS, LES and DNS (left to right). Each drawn grid cell
represents a number of grid cells needed for discretely resolving one eddy.
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To increase the fraction of resolved turbulence, finer model resolutions are needed.
This limits the feasible domain sizes due to computational costs. Both RANS and LES
can be seen as trick to make simulations of larger parts of the atmosphere possible
with available computer resources. The mathematic technique is a filtering operation,
which is employed to the governing equations.

To achieve scale separation and derive the LES equations the prognostic variables are
decomposed in a resolved and an unresolved part. For that some sort of filtering is
applied to the equations, which removes the unresolved part. To describe the filtering
of the equations, basically two different approaches exist:

» The “filtering approach”, introduced by Leonard (1974), uses “explicit filtering”
(Frohlich 2006, p. 108 - 127) of the (approximated) Navier Stokes equations
prior their discretization. The discretization is than applied to the filtered
equations and aims to represent the filtered fields completely. This spatial
filtering does not fulfill the Reynolds averaging axioms. Therefore formal
differences in the resulting SGS stress terms arise.

» The “volume-balance approach”, introduced by Schumann (1975), combines
“implicit filtering” (Frohlich 2006, p. 127 - 129) with the discretization of the
equations. The filtering done with this approach is basically the average over
the volume of a grid box, which is very similar to the filtering for RANS models,
which does the same but additionally includes time averaging (Pielke 2013,
p. 42ff.). Besides the meaning of the averaging operator there is no formal
difference in the resulting SGS fluxes terms arising from RANS and implicit LES
filtering. The missing time averaging and smaller filtering length scales, i.e.
smaller grid box volumes, allow the implicitly filtered equations to include parts
of the turbulence spectra at the resolved scales.

Independent of the followed filtering approach, the filtered equations have (nearly)
the same principle structure regardless whether an LES filter or Reynolds averaging is
applied. The differences are in the scale (and structure for the filtering approach) of
the subgrid scale exchange terms and in the physical meaning of the simulated flow
field. While in RANS the filtered flow describes an ensemble average, for LES this is
only a spatial average, which allows some resolved turbulence. For practical
simulations this means that different parameterizations for subgrid scale exchanges
are needed. Even though the idea of filtering is central for the concept of LES, it should
be noted that it is agreed in literature (e.g. Chlond 1988, p. 22 - 23) that the actual
properties of the filtering operation can be determined only a posteriori, i.e. after
simulations have been performed. Grid volume averaged (implicitly filtered) model
equations for METRAS-LES are given in Section 3.1.1. The same grid volume averaging
has been used for spatial filtering of the equations of METRAS-RANS (Schliinzen et al.
2012a, p. 7), but the additional applied time filtering to reach an ensemble average in
METRAS-RANS is diminished in METRAS-LES to allow simulating turbulent
fluctuations. The principle idea is to reduce the time filter of the model, so that the grid
box filtered fields are valid instantaneously, i.e. all time changes, which could occur in a
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“grid box averaged” atmosphere, should be directly resolved by the LES model. This
should be achieved by a SGS model (Section 3.1.2) different from the RANS turbulence
closure and an adequate model resolution. Further discussion of the filtering process
can be found in Heinze (2013, p. 17), Chlond (1998, p. 18 - 23), Letzel (2007, p. 8 - 10)
and Fock (2007, p. 27 - 31).

The theoretical concept of LES builds, as briefly explained above, on the idea of
simulating large parts of the turbulent spectra on resolved scales. Thus the choice of
the “right” LES closure to model the subgrid scale part of atmospheric turbulence
might be of minor importance in a well resolved LES model (Raasch 2010). Some LES
models do not use an explicit subgrid scale model at all, but handle subgrid scale
diffusion by numerical diffusion alone (Boris 1992). Nevertheless most models include
some SGS closure. As for RANS there is quite a large variety of possible SGS closures for
LES: The simplest widely used closure is probably the Smagorinsky (1963) model,
which assumes local equilibrium of dissipation and energy production and thus only
depends on the local shear. More detailed SGS models try to consider more details of
the flow structure by including additional transport equations for sub grid scale
turbulent kinetic energy (TKE) (Lilly 1966; Deardorff 1980) and its dissipation. Other
methods apply test filter to adjust model constants dynamically to the simulated flow
fields (Germano et al. 1991; Porté-Agel et al. 2000). Further details about the
theoretical background of LES can be found in a more extensive literature review
provided by Hertwig (2013).

2.3.2 Aim and potential use of the LES version of METRAS

Up to now all urban model application with the Multiscale Model System M-SYS
applied Reynolds averaging (Section 2.1.2). The question if LES should be applied to
urban climate problems arises naturally from the comparison of the length scales
found in surface heterogeneities of urban areas and grid resolutions commonly applied
in CLESM (Chapter 1).

As an example maps (classified in 10 surface classes, Section 5.1) of the inner part of
the city of Hamburg are provided with various raster resolutions in Figure 2-3. It is
obvious from the maps that a 250 m grid raster (Figure 2-3 (a)) is rather insufficient to
resolve the characteristic spatial features of this urban surface. Grid sizes of 100 m or
below (Figure 2-3 (b) - (d)) are needed to in order to reproduce the main morphologic
features on the map of this city. Hence, urban climate models, for cities like Hamburg,
need grid resolutions in the order of a few decameters to resolve occurring surface
types (e.g. parking areas, parks, etc.) at grid scale. With such a model it is still not
possible to resolve individual obstacles (e.g. buildings) but at least the map scale used
in urban development plans can be reached, which seems to be an obvious
requirement for a model, which shall be usable for local climate studies in the context
of urban planning.

As at this scale LES can be performed, one may wish to use that to overcome possible
errors, which may arise from the use of RANS turbulence closures, which may not be
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valid for this scale. Furthermore, extending the modeling approach conceptually
towards LES is needed for problems, which require information about the fluctuations
of the atmospheric variables in addition to their mean values. This is most probably
the case for exceedance of extreme values, which can be filtered out in Reynolds

averaged models.

(a) (d)

Figure 2-3: Main surface classes in the inner city of Hamburg classified in 10 classes
(Section 5.1). The raster resolution increases from 250 m (a) via 100 m (b) and
50 m (c) to 12.5 m (d). A legend and a map scale are provided in Figure 5-1.
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3 Validation and sensitivity of LES model results

This chapter investigates how the mesoscale transport and stream model METRAS
(Schliinzen 1988) can be used as LES model for idealized simulation of convective
boundary layers using prescribed heat fluxes. The simulated case describes the
development of a convective boundary layer, using a test case also used by Fock
(2007). Needed additions and corrections to a preliminary version of METRAS-LES
(Fock 2007) are presented, followed by model validation and sensitivity studies.

A general overview on the model equations is given in Section 3.1.1. The implemented
subgrid scale model is described in Section 3.1.2. A fully implicit method for the time
discretization of the dissipation used by the subgrid scale model is explained in Section
3.1.3. To allow model intercomparison of idealized simulations the calculation of the
surface boundary values is completely revised in the model, which is described in
Section 3.1.4. Section 3.2 provides a basic model validation experiment, a model
intercomparison with the LES model PALM and an investigation of the effective model
resolution. Sensitivities of the model results on the SGS model, on the used advection
scheme and on the vertical grid are analyzed in Section 3.3. Additionally, characteristic
heights used for the interpretation of the model results in Chapter 4 are introduced
here.

3.1 METRAS-LES

3.1.1 Model equations

With the model assumptions shortly reviewed in Section 2.1 the following prognostic
model equations can be derived (Schliinzen et al. 2012a):
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The model equations are given here in the used terrain following (x!,y?,23)

coordinates (Section 4.1.4) after been transferred from the Cartesian system (x, y, z).
The background density py and the grid transformation constant o are not time
dependent. Therefore they have been moved out of the time derivative and brought on
the right hand side of Equation (3.1)-(3.4), in agreement with the model
implementation. The overbars symbolize a spatial LES filter. ¥ serves as generic
substitute for scalar variables like potential temperature 0, specific humidity q,, cloud

water g,, rain water g, and the subgrid scale turbulent kinetic energy e. O,

represents sources and sinks. Further symbols are explained in the list of symbols on
page 116ff. Terms needed for rotation of the model domain are not used in this theses
and left out here for simplicity. They are described in Spensberger (2010).

The main difference between METRAS-LES and METRAS-RANS is in the divergences of
the SGS fluxes Fy, F2, F3 and Fy. These flux divergences occur in the equations due to
filtering (Section 2.3.1) of the equations and the non-linearity of the advection term.
They can formally be written as
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The terms uu, uv, uw, uv, v, vw, ww, uy, vy and wx are unknown and need to be

expressed by a parameterization. The SGS turbulence parameterization used in
METRAS_LES to express Equation (3.5) - (3.8) is provided in Section 3.1.2.

Some diagnostic equations like the elliptic equation for the pressure deviation pz, the
hydrostatic equation for the pressure deviation p; the equation of state and
parameterizations for non-turbulent subgrid scale processes complete the model.
These details can be found in Schliinzen et al. (2012).

3.1.2 Parameterization of subgrid scale turbulence

Different filtering is applied in METRAS-LES compared to METRAS-RANS (Section
2.3.1). The parameterization used to describe for SGS fluxes in METRAS-LES needs to
account for less SGS exchange than the turbulence model used in METRAS-RANS. The
divergences of the subgrid scale fluxes Fy, F1, F2 and F3 have a similar form as in
METRAS-RANS (Schliinzen 1988, p. 17 - 18, 21 - 22 and 110).

They are expressed by a gradient approach and are formulated as:

— .1 — .3 . 1
= 1 il poa’*Kxhor 6)( ox N 6)( ox” | 0x
P, OX "l oxt ox  ox’

B 1*% poa*Kxhor oy, 0x° 8)( 6x

Pt OX T\ ox® oy 6x 8y

S P K, er a.xl o axg o (3.9)
Py X’ T ox ox

B 1*% poa*vaer oy, 0x° 6x 8x

P, Ox vl ox* oy 8x ay

1o,k [E A

PO O% »\ox® 0z ) oz




3 Validation and sensitivity of LES model results 15

c1 A— .3 A— .1
F - 1 il 0.0 2K, ox 8.111 +8X 8.113 ox
POt OX Ox OX° Ox Ox° ) Ox

1 0 [ . (axz ou ox*ou ox ov ok’ av]axzj
0 hor

) + . 3 + .1 + . 3
oy 0x° 0oy 0x° Ox Ox Ox Ox ) Oy
1 0 . ox' ou ox® ou \ox®
- ———1| p,o 2K + 3.10
% [p" ”"’( ox 0% ox a;ﬁJ 8xj (3.10)
1 0 . 8x2 ou 8)'(3 ou ox'ov ox® ov \ox’
_—_3 pOG’ .3 + .1 + .3
dy ox° ay ox° Ox ox 0Ox Ox” ) oy
. ox* du ox'ow ox® ow |ox®
K, —+ —+ ~
0z Ox Ox OXx ox ox° ) oz

I
-
.|Q)
w
/N
o
(=]
R

1 ou 6)'(3 ou ox'ov ox’ ov \ox'
FZ == hor <3 + <1 + 23
ay ox* ay ox> Ox Ox 0Ox 0x° ) Ox

I SN (R o SN S S
oo a2\ DT oy e ay ok ) oy

1 0 . ox* ou ox*ou ox'ov ox’ ov \ox’
————=| Py K, —+ —+ —+ ~ (3.11)
Pt OX oy 0x° Oy Ox° Ox Ox  Ox Ox ) Ox
1 0 : ox* ov. ox’ ov \ox’
) P 2I<hor .2 + 3
Pyt OX oy 0x° 0oy ox ) oy
1 0 . ox* oV ox* ow ox’ ow \ox’
oo Pl e Ty Ty )
P, OX Z OX )y OX )y OX Z
1 0 . ox* ou ox'ow ox® ow \ox!
F,=— -—| P, K —+ —+ =
P OX 0z 0x> Ox OX° Ox Ox° ) Ox
1 0 . ox> v ox* ow ox° ow \ox*
a2\ P el s Ty Ty o )
P, OX Z OX )y OX )y 0x” ) oy
1 0 . ox* ou ox' ow ox’ ow |ox’
- *_.3 poa K -3 + -1 + 53 (3'12)
POt OX 0z OX° Ox Ox  Ox Ox° ) Ox

1 0 ) [asﬁ v ox:ow ox’ aw]axj
T v .3 pO(x‘ Kver

+ +
p,o OX’ 0z ox° oy ox* oy ox* ) oy

1 0 ox® ow |ox®
— 3| Po@ 2K,
p,o X’ 8y o5 ) oz

To provide a full reference horizontal and vertical diffusion is distinguished in
Equation (3.9) - (3.12) and in the following. However, the same diffusion coefficients
are used in METRAS-LES for horizontal and vertical diffusion, i.e. isotropic SGS
turbulence is assumed. Kvert and Khor (Ky, vere and Ky, nor) are separately treated in the
discretization, because the implementation of the diffusion operator is shared between
METRAS-LES and METRAS-RANS. Currently the distinction in horizontal and vertical
diffusion is only used in METRAS-RANS. For anisotropic grids it might be useful to
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reconsider this distinction also in METRAS-LES. Nevertheless, simulations performed
with METRAS-LES so far have shown neither evidence that this would be needed nor
that this would be harmful.

METRAS was originally developed for Reynolds averaged mesoscale model
applications. The implemented closure from Deardorff (1980) is a SGS model often
used in atmospheric LES codes. Based on a literature review (Fock 2007, p. 32 - 36)
some coefficients used in the implemented SGS model vary slightly from the values
suggested by Deardorff (1980). The SGS model is based on a prognostic equation for
SGS turbulent kinetic energy and applies a characteristic grid size as mixing length.
The implementation in METRAS-LES has been done based on an existing closure for
METRAS-RANS, which also applies an equation for the (total) turbulent kinetic energy
(Schmittner 1996, p. 15-21/62-70 ; Fock 2007, p. 26-27). The exchange coefficients in
the LES closure are defined as

K=K, =K, =cil €12 (3.13)
21
K, =Ky = Kpor =| 142 | K (3.14)

The proportionality constant ¢, in Equation (3.13) is assumed as ¢, =0.1. The
characteristic length scale of the grid filter A is calculated from

A=(Ax-Ay-Ax)1/3 (3.15)

The length scale for the largest unresolved atmospheric turbulent motion / depends on
the grid length scale A and includes an additional stability correction, which reduces
the exchange coefficients for stable stratifications:

0.76-e1/?

I= min(A, ] if N3, >0 (stable) (3.16)

BV

I=A if N2, <0  (unstable) (3.17)

The used stability measure in Equations (3.16) - (3.17) is the square of the Brunt-
Vaisala frequency Ny, (e.g. Stull 2000, p. 135 - 136; Roedel 2000, p. 81 - 83) defined

as

(3.18)

6,=0-(1+(R, /R—-1)-q) is the virtual potential temperature. For the subgrid scale

turbulent kinetic energy e the transport equation (3.4) is solved using the following
source and sink term:

Q. = MECH(z,v,w)+BOU(8)+BOU(g) + DISS(2) (3.19)
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The pressure correlation terms are neglected in the TKE equation. The advection and
diffusion are treated as the other scalar variables. Mechanical production of e is
calculated by
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Buoyancy can act as source or sink term for e and is calculated based on gradients of
potential temperature

— g ox3 86
BOU(0)=——K, ... 3.21
= (a = (3:21)
and on gradients of specific humidity
_ R ox3® 0q
BOU(q)=—-g| —=-1|-K, .- 3.22
(q) g(R j % c(a 6x3j (3.22)
The dissipation term depends on the dissipation rate € and is parameterized as
_ es/?
DISS(e)=-e=—c, p (3.23)
In Equation (3.23) c, is assumed as
¢, =0.19+0.741 /A (3.24)

3.1.3 Time splitting for the dissipation term

The use of Equation (3.23) in Equation (3.19) results in a dissipation term in Equation
(3.4) that is implicit in the subgrid scale turbulent kinetic energy e. The equation for
the turbulent kinetic energy e is explicitly integrated forward in time in the RANS
version of the model. This approach has shown problems in the LES version of the SGS
TKE equation, as the dissipation term tends to be too large, so that it produces
negative values for the SGS TKE. Hence, a numerical method for integration of this



18 3 Validation and sensitivity of LES model results

equation is presented here, which prohibits unphysical negative values of e, which
otherwise occur due to too strong dissipation.

The principal idea of the method is to split the prognostic equation for the subgrid
scale turbulent kinetic energy in two parts:

%—: = Z(all procecces excepted dissipation) —¢ (3.25)

In the first part all processes excluding the dissipation are integrated within a time
step At. This calculation provides a preliminary value for the turbulent kinetic energy
en+ (* denotes a preliminary value)2. This value is then used in a second part of the
time step integration in the dissipation term:

aé"*l a~
—_ n+l 3.26
ot f(em) ( )

The assumed functional dependency of the dissipation from the SGS turbulent kinetic
energy is expressed as e:f(éml). For the SGS model described in Section 3.1.2 an

analytical solution for em1 was derived from Equation (3.26) and implemented in the
numerical model. This approach should be applicable to any turbulent kinetic energy
based closures, as long as the function f allows an analytical solution of Equation
(3.26). Appendix A.2 shows how this method is ported to the obstacle resolving
microscale (RANS) model MITRAS, which applies a dissipation parameterization ¢
different from the one used in METRAS-LES.

To apply this solution method to the LES closure, Equation (3.23) is used as dissipation
function fin Equation (3.26), which gives

538’;1 _ C, -(EI”“) | (3.27)

The length scale I (Equation (3.16) -(3.17)), and therefore also c,(I) (Equation

(3.24)), can depend on the subgrid scale turbulent kinetic energy due to the
formulation of the length scale I as a function of the atmospheric stability. Hence, an
additional dependency on e is included in ¢, and [ on the right hand side of

Equation (3.27). Therefore a case distinction, with two different solutions is required.
Grid length scale:

For unstable stratification the dependency simplifies due to I=A and
¢, =0.93 = const. In this case the analytic solution of Equation (3.27) is given by

2 Notation has been chosen in consistency with Schroder (2007a).
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(3.28)
1

The derivation of Equation (3.28) is provided in Appendix A.1.1.

Atmospheric length scale:

If the Deardorff correction term [=0.76-e%/2 / Ny, applies for stable stratification,

additional dependencies of enl are following in Equation (3.27) caused by
I=f (3"“) and ¢, = f (3"”). Thus the analytical solution is more complicated:

-2
2 Npy Mdlm—l
E"+1:1\f”6" .[exp{ln 1+~ A Ne +AtNBVJO'74J (3.29)

én+1 8 A

The derivation of (3.29) is provided in Appendix A.1.2.

Please note that the case distinction in Equation (3.16) - (3.17) is not strictly according
to atmospheric stability because I=A is possible for both stable and unstable
conditions. Equation (3.28) also applies not only for unstable conditions, but also for
stable conditions, if ASO.76~51/2/NBV. Hence, the length scales have been named

“grid” and “atmospheric” above rather than “unstable” and “stable”.

This new implicit method for the time integration of dissipation term in the TKE
equation solves the numerical problems with negative e due to too much dissipation
within one time step if solved forward in time.

3.1.4 Prescribing of surface heat flux

Most CLESMs prescribe fixed heat fluxes at the surface. The model METRAS calculates
these fluxes based on Monin Obukhov scaling (Monin and Obukhov 1954), previously
either from prescribed surfaces temperatures or from surface temperatures resulting
from the solution of the surface energy balance equation. Hence the values for the heat
fluxes used for the lower boundary condition of the prognostic equation for potential
temperature has been calculated internally and could not be set by the model user
explicitly.

To allow direct model intercomparisons with CLESMs, an erroneous, only partially
successful, method for prescribing heat fluxes at the surface in METRAS-LES has been
tried by Fock (2007, p. 44 - 45). This allowed some first simulations of free convective
boundary layers (CBL) with METRAS-LES, but showed problems with a strong
decoupling of the temperature at the interface between the first two atmospheric
model levels. Inconsistencies in the first model level lead to severe instabilities, which
prohibited extending the simulation time of these partly successful simulations. Thus
for further work with METRAS-LES a more reliable method was needed.
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The corrected method, described below, solves this problem and allows continuing
surface heating over longer periods. Thus it consolidates the abilities of METRAS-LES
to use prescribed heat fluxes for simulations of CBL and is a prerequisite for new
validation (Section 3.2) and sensitivity (Section 3.3) experiments. The corrected
method has also been included in the model version provided for the work of Phillipp
(2013).

The new implementation allows prescribing heat fluxes individually for each grid cell.
Additionally a possible time dependence of the prescribed heat flux has been
implemented. The heat flux can either be prescribed as kinematic heat flux (H/ pcp
[K m s1]) or as dynamic heat flux (H [W m]).

Internally the desired heat flux is not prescribed directly, to allow an undisruptive

implementation close to the standard surface layer scheme. Hence, the iterative
calculation of surface layer scaling variables u. and 6. is modified. The heat flux

applied to the lower atmospheric grid cell is calculated from the scaling variables as:

i = _U*e* (3.30)

PCp

Initially (at each time step), 6. is adjusted according to Equation (3.30) to force the
desired heat flux using the friction velocity u- of the previous time step. In case the
option to prescribe the dynamic heat flux is selected, the desired flux is transformed to
a kinematic flux by normalization according (3.30).

In the following iteration the Obukhov length3 is calculated according

2
Lo Ouz (3.31)

R
K8*+ 7‘1_16*
‘g( (R jqj

The physical constants k, R and Ry are given in the list of symbols on page 116ff. The
calculation of the scaling parameter g. for the humidity flux is described in Schliinzen

et al. (2012a, p. 20). The friction velocity is calculated according

K U (3.32)
ln(Zp /ZO)_\V(ZP /L)

To consider thermal stability the same stability functions y and vy, are used in
Equations (3.32), (3.38) and (3.39) as in the RANS version of the model METRAS:

For unstable/neutral stratification, i.e. for z/L < 0:

3 According AMS (2000) this length scale should not be called “Monin-Obukhov length”, as
often done, because it can be found first in the work of Obukhov.
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v :21n((1+¢*1)/2)+21n((1+¢*2)/2)—2arctan(¢*2)+g (3.33)

1
v, =2In E%‘I’*J (3.34)
For stable stratification, i.e. for z/L > 0:

y=vy, :_SZ (3.35)

The used ¢ -functions are taken according to Dyer (1974) as

~1/4
o= ¢}/2:(1—16%j if%SO (3.36)

z z
=¢,=1+5— if —>0 3.37

o=, 7 7 (3.37)

The actual prescribing of the flux employs the calculation of an auxiliary temperature

at the surface

BSFC :ep_e* ln(zp/ZO)_Wx(Zp/L) (338)
K

which accounts for the initially prescribed 0.. Hence, 04 is the potential temperature
at the surface, which produces the desired flux by recalculating 0. for the next
iteration by

« Osrc — ep
In(z, /20)-vy,(z/L)

(3.39)

In the second iteration L, u-, 64 and 6. are recalculated according Equations (3.31) -

(3.39). Thus the adjusted scaling temperature and the auxiliary surface temperature
are used to add the possibility to prescribe heat fluxes to the surface flux scheme of
METRAS.

3.2 Model validation

A test case describing the development of a convective boundary layer originally
designed by Fedorovich and Conzemius (2002) is used in the following. The same
setup has also been used in Fock (2007) and for simulations analyzed by Ansorge
(2009). This allows to discuss the new results together with older findings.

The basic model setup is described in Section 3.2.1 followed by a short introduction
into the physical processes, which are simulated in this model test. An
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intercomparison with another LES model is presented in Section 3.2.3. Variations of
the test setup are used for sensitivity studies, following in Section 3.3.

3.2.1 Specification of reference simulation

The simulated atmosphere is initially at rest, horizontal homogeneous and of stable
thermal stratification. The initial potential temperature gradient is set to a constant
lapse rate 00/0z=0.003 Km. The initial potential temperature specified at the
surface is 295.15 K. A hydrostatic balanced pressure and density profile is set using a
surface pressure of 1013.15 hPa. A complete dry atmosphere is assumed to simplify
the interpretation of the experiment. The latitude is chosen as ¢ =40°N, which
determines the used Coriolis parameters. The roughness length zy is set to 0.01 m. The
model grid consists of 128x 128 x 104 cells, with a uniform grid spacing of
Ax = Ay = Az = 20 m. Hence, the total model domain spans 2560 m in the horizontal and
2080 m in the vertical direction.

The atmosphere is heated by a constant kinematic heat flux of 0.1 K ms-1 prescribed at
the surface with the method described in Section 3.1.4. This iterative procedure
produces a heat flux interacting with the flow pattern. Hence, it is not exactly at the
prescribed value at each grid cell. Nevertheless the area averaged flux is much more
precise than 1 % compared to the prescribed value for the most part of the integration
period (Figure 3-1). Only during the initialization, i.e. at the onset time of convection,
the prescribed kinematic heat flux is overestimated up to 10 % for a short time period.
Averaged over 3 hours of integration time the resulting flux is 2 %o above the intended
value, hence the newly implemented control for the supply of surface heat fluxes is
sufficiently precise.
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Figure 3-1: Area averaged surface heat flux with prescribed target value of 0.1 K m s1.

The calculated scaling temperature 0. is perturbed by white noise at all grid cells
during the first time step. The amplitude of the imposed random fluctuation is
uniformly distributed between +10 % of the unperturbed value of 6.. This
disturbance is sufficient to initialize convection without imposing further
perturbations.
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3.2.2 Physical description of reference simulation

The above specified model setup results in the simulation of a developing free
convective boundary layer (CBL). To provide some first insight into the physics of the
simulated situation, vertical cross sections of potential temperature deviation are
given in Figure 3-2 for selected time slices. Potential temperature deviations rather
than potential temperatures are shown; because including the stable stratified
background field 6o would somehow obscure the visible physical processes due to the
increase of 89 with height. Corresponding snapshots of horizontal cross sections of
potential temperature deviations are shown in Figure 3-3.

The heat supply at the lower surface results in a warming of the lower model levels,
which is more or less spatially homogeneous during the first five minutes (Figure
3-2 (a), Figure 3-3 (a)). A convective flow system has not been established after 5 min
but started clearly before 10 min of surface heating as it is visible from Figure 3-2 (a)
and (b). This goes together with the maximum in the surface layer heat flux, which
peaks after 8 min of heat supply (Figure 3-1) indicating an abrupt onset of convection.
Figure 3-2 (c) - (f) show regions with negative temperature deviations at the top of the
heated boundary layer, which is due to entrainment of colder air from above. In the
horizontal cross sections (Figure 3-3) cellular structures are visible, which extend in
diameter horizontally with growing CBL depth. After 10 min (Figure 3-3 (b)) lower
potential temperatures are observed in the inner part of the convective cells than in
the more homogeneous temperature field after 5 min (Figure 3-3 (a)). These lower
temperatures are caused by sinking of cooler air in the inner parts of the cells. The
supplied heat is transported upward by rising motion connected with the cell walls.
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Figure 3-2: Vertical cross sections of potential temperature deviation in the middle part
of the domain (1100 m from the southern border) after (a) 5 min, (b) 10 min,
(c) 20 min,(d) 30 min,(e) 40 min and (f) 50 min integration time.
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Figure 3-3: Horizontal cross sections of potential temperature at 10 m height after
(a) 5 min,(b) 10 min,(c) 20 min,(d) 30 min,(e) 40 min and (f) 50 min integration
time.

In contrast to the simulations from Fock (2007) the temperatures in the lowest
atmospheric model level are consistent with the temperatures above due to the
improved prescription of the heat flux at the surface (Section 3.1.4), which also
improves the numerical stability of the model and enables longer simulations. Model
fields above the first model level show similar results than the simulations from Fock
(2007). Thus the above given introduction to the simulated case can be completed by
considering cross sections of the vertical wind speed provided by Fock (2007, p. 46 -
47). Further details of the underlying physics are discussed below in combination with
validation and sensitivity studies. A lexical review on convective boundary layers can
be found in LeMone (2003).
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3.2.3 Model intercomparison between METRAS-LES and PALM

A comparison of profiles from METRAS-LES and the results from Fedorovich and
Conzemius (2002), who used a modified model from Wyngaard and Brost (1984), are
provided in Fock (2007, p. 47 - 49): The resulting vertical profiles of horizontal
averaged potential temperatures, resolved vertical heat fluxes and second order
moments of potential temperature and vertical wind speed are quite promising in
terms that the principle features of free CBLs can be simulated reliably with METRAS-
LES. The profiles indicated a slightly higher numerical diffusivity found in METRAS-
LES compared to the model used by Fedorovich and Conzemius (2002). But in general
the differences are in an acceptable range similar to differences seen in other model
intercomparisons between different LES models (e.g. Fedorovich et al. 2004).

To widen the range of models, applied for indirect model validation of METRAS-LES,
the model PALM (Raasch and Schroéter, 2001; Raasch and Etling, 1991) has been used
to perform a second model intercomparison experiment. The model PALM is an
interesting choice for a second benchmark model for METRAS-LES as there is already a
model intercomparison study between METRAS-RANS and PALM: Liipkes et al. (2008)
compared results of a coarse resolution (Ax=200m) 2-dimensional version of
METRAS applying a customized RANS closure for simulating convection above leads in
Arctic sea ice with results of a 3-dimensional large eddy simulation carried out with
PALM on a much finer grid (Ax = 10 m). The simulations discussed below add a model
intercomparison at the same grid resolutions and using the same SGS closure.

The simulation of the developing CBL described in Section 3.2.1 is once carried out
with METRAS-LES (CBL_M, —)* and once with PALM (CBL_P , —). The simulation with
PALM is set up similar to the simulation with METRAS-LES so that both CBL_M and
CBL_P fulfill the test case defined above. Nevertheless, different model features are
kept as well: CBL_P applies a stochastical parameterization which adds random
fluctuations on the horizontal velocity components if the resolved TKE is below a
certain threshold value. CBL_M only adds some random fluctuations on the prescribed
heat flux in the first time step to initialize the development of convection (Section
3.2.1). Even though the model set-ups have been done with care, some model
parameters have been set slightly different. This is a common issue in model
intercomparison experiments, which is hardly avoidable and reflects - in a certain
amount - the different physical and numerical approximations typically applied by the
individual models. An overview of known different features and settings for both
models is given in Table 3-1.

4 To ease reading short names for individual simulations are followed by the color used in
plots to mark these simulations. All simulation names are also listed on page 109.
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Table 3-1: : Known difference between the simulations CBL_M and CBL_P. Common
settings are specified according the case definition in Section 3.2.1.

METRAS-LES (CBL_M, =)

PALM (CBL_P, —)

Numeric momentum
advection

2nd order ENO, (Harten et al.
1987; Schroeder et al. 2006)

Piacsek and Williams (1970)

Numeric scalar
advection

Flux correction method

Piacsek and Williams (1970)

Solution Poisson
equation for
dynamic pressure

Bi-CGSTAB (e.g. Saad 2003, p.
244-247)

Solved in spectral space (Schumann
and Sweet 1988 ; Siano 1997, p. 11)
with Thomas algorithm, using FFT
for transformation to/from spectral
space

Time stepping

2nd order Adams-Bashforth
scheme for momentum
equation, Euler forward for
scalar variables, with special
treatment of dissipation in
SGS-TKE (Section 3.1.3)

Runge-Kutta 3rd order (Williamson
1980)

Lateral boundary

Open lateral boundaries

Cyclic lateral boundaries

conditions (Schliinzen et al. 2012a,
p. 54ft.)
Grid cells 128x 128 x 104 128x128x106
SGS TKE Lower value for Prandtl layer | Reduction of mixing length near the
parameterization, (Section surface, modelling pressure
4.3.2), neglecting of pressure | transport term with gradient
correlation terms approach (e.g. Heinze 2013, p. 20)
Stochastic Initial perturbation (white Random disturbance of horizontal
perturbations noise) of surface heat flux wind components every 150 s with

during first time step

an amplitude of 0.25 m s for
model levels between 50 m and 670
m. Disturbance continued as long as
a maximum limit for the model
domain disturbance energy is lower
than 0.01 m2s2

Earth’s angular
speed of rotation Q,
Coriolis parameter

0=0.72922 x 10-4 rad s-1
f=-0.973 x 10-4 s

f*=1.09 x 10-4 s'1

0 =0.729 x 10-4 rad s-1
f=-094x10-4 st

ff=1.12x10-4 s!

Model (version)

METRAS-LES (r559)

PALM (Release 3.7a,r552)

Computer

IBM Power6 (DKRZ)

Cray XT4 (BCCS)
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Instantaneous snapshots of cross sections of vertical wind speeds are presented in

Figure 3-4 and Figure 3-5, taken after one hour of continuous surface heating. The one-
hour heat supply at the surface releases 433.8 x 103 ] m-2 to the model atmosphere, as
the heating rate is approximately 120.5 W m-2 (Figure 3-1).
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Figure 3-4: Instantaneous horizontal cross sections of vertical wind speed for the
model experiments CBL_M (left) and CBL_P (right) after 01:10 h integration

at 20 m (a) - (b) and 100 m (c) - (d) and 500 m (e) - (f) above the surface.
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Figure 3-5: Instantaneous vertical cross sections at of vertical wind speed aty = 1200 m
after 01:00 h for the model experiments CBL_M (a) and CBL_P (b).

The exact individual locations of the observed convective plumes are different for
CBL_M and CBL_P due to the random nature of simulated process. Therefore the two
model results can only be compared in terms of their structural and statistical
behavior. The larger scale structures occurring in the vertical wind fields look similar
for both models.

The magnitudes of the vertical winds are similar for both models at different heights
(Figure 3-4). Hexagonal cells with similar diameters are observed at altitudes 20 m
above the surface (Figure 3-4 (a) - (b)). Distinguishable up- and downdrafts can be
seen from cross sections (Figure 3-5) in the lowest 500 - 700 m. The minimum
(maximum) of vertical wind speed in the complete model domain is -1.6 ms1
(3.3 m s1) for CLB_M and -2.1 ms'! (3.9 m s1) for CBL_P. The vertical cross sections of
vertical wind speed (Figure 3-5 (a)) suggest that boundary layer height might be
similar in both models.

The main difference between the two simulations seems to be in the smaller scale
structures. It is obvious from the comparison of cross sections (Figure 3-4 and Figure
3-5) that the simulation CBL_P shows finer grained structures than the simulation
CBL_M. There are several possible reasons for this finding:

» Numerical diffusion due to different applied numerical schemes (Table 3-1)
might be different for the two models. This can hardly be investigated in a
model intercomparison, because many model differences influence the results.
Instead, a comparison of the different numerical schemes available in METRAS-
LES is following in Section 3.3.2.

= Use of horizontal open boundary conditions may also contribute to less small
scale features in CBL_M. Ansorge (2009) found by spectral analysis of METRAS-
LES results of the same CBL case (but another realization with some slightly
different model settings) that the small scale variance in the boundary normal
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wind component is reduced and claims that this may hint to some additional
diffusivity introduced by the lateral boundary conditions. The cyclic boundary
conditions applied in PALM should not impact the small scale fluctuations.

» The stochastical forcing applied in PALM seems to be the most striking reason
for the observed differences as this explicitly adds energy to the small scales
based on a priori assumptions.

Spectral analysis is performed for the vertical wind speed w, to investigate the found
differences in the small scales in more detail. This will be used to answer the question,
if these differences are a serious constrain or not and will additionally provide a
measure on the effective model resolution.

The spectral analysis builds on one-dimensional Fourier spectra taken along grid lines
in one horizontal model dimension in a certain height. All spectral coefficients are
taken along one dimension and thereafter averaged along the other horizontal
dimension. As 128 x 128 grid cells have been used for the horizontal grid, each
averaged spectra consists of averaged spectral coefficients of 128 one-dimensional
spectra. This averaging reduces noise from the spectra. The limited domain and the
Nyquist frequency (e.g. Weisstein 2014) limit the directly resolvable waves numbers
to 64, which represent spatial scales from 128/2 - Ax = 1280 m to 2Ax =40 m. The
spectral analysis used here is explained and tested in Fock (2007) and Fock (2008) for
time series. The analysis routine has been extended for spatial spectra and included in
a generic collection of MATLAB tools (Fock 2012, source: fsa.m). It uses the fast
Fourier transformation available in MATLAB (MathWorks 2011) to compute the
spectral energy density S (e.g. Stull 1988, p. 303 - 318). The original data are used for
spectral analysis without detrending or windowing, i.e. a simple rectangular window is
applied.

To account for the different spectral energy in the simulations CBL_M and CBL_P the

spectral energy density has been normalized with the variance of the vertical wind
speed o%(z) taken in the same horizontal plane as the spectra (Figure 3-6).
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Figure 3-6: Variance of the vertical wind speed for the model experiments
CBL_M and CBL_P.
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The normalized spectral energy of CBL_M drops below those of CBL_P for wavelengths
smaller a certain wavelength ke (Figure 3-7). These wavelengths have been estimated
for each spectrum in Figure 3-7 by visual inspection. The values of kefare summarized
in Table 3-2 and converted into length scales with the units meter and number of grid
cells, using the grid length of Ax=Ay = Az=20 m.

Table 3-2: Effective cutoff wavelength of METRAS-LES without an additional stochastic
parameterization (CBL_M) at different heights derived by comparison (Figure 3-7)
with PALM including stochastically a forcing (CBL_P).

z[m] ky[m1] kg [m] kit Ax
20 6.923 x 103 (144 7.2
200 8.462 x 103 |118 5.9
500 7.308 x 10-3 137 6.8
700 6.154 x 10-3 (162 8.1
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Figure 3-7: Horizontal averaged one-dimensional spectra of vertical wind speed at 20 m
(@), 200m (b), 500m (c) and 700 m (d) above the ground for the model

experiments CBL_M (red) and CBL_P (blue). % used for normalization is shown in

Figure 3-6.

The spectral differences between PALM and METRAS-LES become only evident at
scales smaller than 6 - 8 Ax. With the assumption that the wavelength associated with
the drop of the METRAS-LES spectra below the PALM spectra provide some measure
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of the effective model resolution, the effective model resolution of METRAS-LES can
therefore be quantified to 6 - 8 grid cells. The effectively resolvable scales are in the
order of 150 m for a 20 m grid resolution. The effective model resolutions discussed
above fall into the normal range for atmospheric models (Quante 2010; Petrik 2012,
p. 51 - 82). The derivation of effective model resolutions by comparison of spectra is
also discussed by Skamarock (2004).

In principle it is possible to mitigate the decline of model spectra by imposing some
fine-tuned stochastical fluctuations to the model fields to fill in some energy into the
higher wave numbers as done in the CBL_P. Such an additional modeling approach
explains why the PALM spectra follow the k ~ -5/3 decay proposed by Kolmogorov
(1941) better. This approach somehow helps to reduce the problem that resolved
spectra are always damped due to the discretization. But this approach is not without
problems, as it requires more a priori knowledge about the situation to be simulated.
For example in simulation CBL_P this stochastic forcing is applied between 50 m and
670 m, hence an assumption about boundary layer depth is made. Therefore this
approach affects the ratio of model deliverables versus model inputs. Additional it is
not guaranteed that such a stochastical parameterization always results in the desired
effect. For example Figure 3-7 (d) shows an unphysical increase of spectral energy at
small scales which is most likely due to the imposing of fluctuations above the CBL
depth.

The analysis presented above and the preliminary results from Fock (2007) show that
convective boundary layers can be reasonable well simulated with METRAS-LES, even
though compared to other LES models a little less details are resolvable at small scales.

3.3 Model sensitivity

Before moving to the intended model applications - convective boundary layers above
heterogeneous urban areas (Chapter 4 and 5) - three questions are answered by
conducting model sensitivity studies:

» [sthe model sensitive to the stability depended case distinction in the Deardorff
SGS model?

*  Which numeric methods available in METRAS are suited best for LES purposes?
*  What are the influences of grid spacing and extension in the vertical direction?

The aim of these model studies is two folded: They are intended to find out an
optimized setup of METRAS-LES for the following more applied simulations, but they
also investigate details of the widely used Deardorff SGS model and hence might be of
general interest for the atmospheric LES community.

The sensitivity studies are performed as variations against the setup introduced in
Section 3.2.1. The role of the SGS model is investigated in Section 3.3.1. Influences of
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numerical schemes are discussed in Section 3.3.2. Investigations of the sensitivity of
the vertical grid spacing and extension are shown in Section 3.3.3.

3.3.1 Sensitivity on subgrid scale model

METRAS-LES is tested for sensitivity on the details of the SGS model. Therefore the
simulations have been repeated with a simplified subgrid scale model, in which
Equation (3.16) is simplified to I=A regardless of the stability (CBL_D, —). The
reference simulation includes the Npy term in the length scale I (CBL_DN, x). Minor
differences of CBL_DN to the reference simulation of the other experiments might exist
due to model development activities.

The analysis of this experiment is based on time averages of horizontally averaged
profiles. First horizontally averaging (denoted by <->) has been performed over the
complete model domain. The secondary time averaging is necessary because the
instantaneous horizontal averaged profiles fluctuate in time due to the stochastic
nature of the simulated flow. The time averaging is realized over a period of 15 min
based on instantaneous model output performed every minute. The averaging interval
has been chosen as compromise between the requirements of averaging a sufficient
amount of profiles and the opposed need of using a short interval due to the unsteady
nature of the simulated situation.

Figure 3-8 shows 15 min time averages of horizontally averaged profiles of the
potential temperature 6 and corresponding profiles of the Richardson number

2 2\71
Ri=9(®, 061 oq) (@j J{@j (3.40)
0\oz 1+0.61-q oz 0z 0z

for the simulations CBL_DN and CBL_D. Ri has been calculated from three dimensional
model output by a generic post processing tool developed by Fock (2012, source:
memi_post.m) and is bounded to the interval [-5, 0.1999]. The same limiting interval
for the Richardson number has traditionally been used by METRAS-RANS for the
calculation of exchange coefficients (Schliinzen et al. 19964, p. 26), but these limits
have been recalibrated for METRAS-RANS recently (Hoffmann 2012, p. 62; Schliinzen
etal. 20123, p. 24).

The shapes of the potential temperature profiles (Figure 3-8 (a)) are very similar for
both simulations: A super adiabatic layer near the surface is topped with a well-mixed
neutral stratified layer above, which lays under a stable layer which follow the initial
temperature profile. The Richardson number increases correspondingly fastest with
height near the surface and reaches positive values above the entrainment zone
(Figure 3-8 (b)).

Even though both Richardson number and potential temperature profiles look very
similar for both cases small difference exist in the results of the simulations CBL_D and
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CBL_DN: Using the sign change of the Richardson number as a measure for the

boundary layer height
z(Ri): z, — z with (Ri(z))=0 (3.41)

gives a 5.6 % higher boundary layer height in the modified simulation CBL_D (Table
3-3, Figure 3-8). Hence, the boundary layer height is slightly larger for the case CBL_D.
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Figure 3-8: Horizontal averaged profiles in the developed convective boundary layer
averaged over 15min (01:15 - 01:29) of the potential temperature (a) and
Richardson number (b) for the model experiments CBL_DN (marked in blue) and
CBL_D (red). The characteristic height z;(Ri) is drawn by an up down arrow (b).

Table 3-3: Null of Richardson number (Figure 3-8), position and value of (relative)
maxima of the variance of vertical wind and potential temperature (Figure 3-9),
position and value of minimum of the resolved heat flux (Figure 3-10) for a 15 min
average (01:15 to 01:29) from the results of simulations CBL_D and CBL_DN.

CBL_D — CBL_DN x
z,(Ri) 568 m 538 m

Z max(o?) 690 m 670 m

08 (Zmaxa)) 0.0224 K> 0.0198 K>

Z max(o?) 200 m 200 m

62 (Zimax(o)) 0.789 m? s 0.763 m? s
z,(HF) 640 m 640 m
HF(z=640m) | -10.1 W/m? -11.2 W/m?

The simulations CBL_D and CBL_DN are also very similar (Figure 3-9) in variance
profiles of vertical wind speed o%(z) and of potential temperature c3(z). Similar to
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the profiles of the first moments, these second order moments have been calculated
from horizontal layers over the entire model domain. They also apply the same 15 min
time averaging. The results of CBL_D has a slightly larger (13.3 %) maximum of &}

(Figure 3-9 (b), Table 3-3) than those of CBL_DN in the entrainment zone. The
maximum is also located at a 3 % higher altitude. The maximum of &2 shows higher

values for CBL_D (3.4 %) as well, but this maximum is located at the same height for
both simulations (Figure 3-9 (a), Table 3-3). The finding that both z; and max(c?%) are

lager in CBL_D than in CBL_DN is somehow consistent with mixed layer similarity
theory, because according Arya (1995) it can be assumed that o, is proportional to

the convective velocity scale w.=(z;-g/T,-(w'0"),)/3, introduced by Deardorff
(1972). At the upper part of the boundary layer slightly higher values for % are

observed for the case CBL_D (Figure 3-9 (a)). All these findings also suggest that the
boundary layer for the case CBL_D shows a slightly more intense growth rate.

(a) (b)
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Figure 3-9: Variance of vertical wind speed (a) and potential temperature (b) for the
model experiments CBL_DN (blue) and CBL_D (red). The variances are calculated
individually for each model level averaged over 15 min (01:15 - 01:29). Up down

arrows visualize the characteristic heights z,...., (a) and z,..: (b).

The covariance of the vertical wind speed and the potential temperature is the
resolved vertical heat flux in kinematic units. The resolved heat flux is transformed to

caloric units by multiplication by the density p and the specific heat capacity of dry air
c, at constant pressure.

HF(z)=c,{p)- <(e(z) ~{6(2)))- (w(2)- <W(z)>)> (3.42)

The resulting averaged flux profiles (Figure 3-10 (a)) are also quite similar for CBL_DN
and CBL_D. The minimum of the resolved heat flux (3.42) could serve as an alternative
measure to define the boundary layer height

z;(HF): z; > z withmin(HF(z)) (3.43)
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which results in the same z;(HF) = 640 m for both simulations. The minimum values of
HF(z = z;) themselves differ (Table 3-3).

Overall, the comparison of CBL_N and CBL_D shows that sensitivity on the details of
the subgrid scale model is quite small. One main reason for the similar results is the
dominance of the resolved vertical heat flux over the subgrid scale heat flux (Figure
3-10). This finding is desirable for a LES model as the concept of large eddy simulation
implies that its outcome should not depend very much on the subgrid scale exchange,
as most of the fluxes should be resolved by the simulation (Raasch 2010, personal
communication). But on the other hand it also means that the stability term kept in
widely used Deardorff (1980) closure might be a historic relict of simulation on coarse
grids which might be unnecessary for large eddy simulation with higher resolution
(Fedorovich 2010, personal communication). Thus the case distinction in the time split
approach for the integration of the dissipation term (Section 3.1.3, Appendix A) might
be avoidable complexity.

The low impact of the subgrid scale model can also be caused by numerical diffusion,
e.g. if the numerical exceeds the physical diffusion. An investigation on the influence of
different numerical methods is provided in Section 3.3.2.
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Figure 3-10: Resolved (a) and parameterized (b) vertical heat flux with length scale 1 = A
(CBL_D, marked in red) and | = f(A,Ngv) (CBL_DN, blue). The parameterized vertical
heat flux (b) is plotted twice to allow two different scales on the abscissa. Both
drawings in (b) have the same physical units (e.g. [Wm-2] on the x and [m] on the y-
axis). The characteristic height zi(HF) is drawn by an up down arrow (a).

3.3.2 Sensitivity on applied numerical methods

Different numerical schemes are available in METRAS. In this work mainly the
standard schemes recommended for METRAS-RANS have been used. Exceptions are
the new time discretization for the TKE equation (Section 3.1.3) and the choice of the
advection scheme for the momentum equation.
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The influence of the advection scheme is investigated with the CBL test case described
in Section 3.2.1. The reference case is the default setting - a 2" order central scheme
including an additional the 7 point Shapiro (1971) filter (CBL_CDF, —). This run is
compared with the same setup but using a 2rd order ENO scheme (Schroeder et al.
2006; Harten et al. 1987) without a filter (CBL_ENO, =).

The cross section of vertical wind shows thicker structures for CBL_CDF than for
CBL_ENO (Figure 3-11). This indicates a higher overall diffusivity in CBL_CDF, which is
due to the employed Shapiro filter in CBL_CDF. The spectra in Figure 3-12 show that
lower frequencies are less resolved in CBL_CDF than in CBL_ENO. Both simulations
look physically convincing. Even though this test setup does not reveal which setup is
closest to nature, the choice of the ENO scheme for METRAS-LES has the advantage
that this setup shows smaller total numerical diffusion at small scales, which increases
the effective model resolution based on the available methods. Leaving out the filter in
the central scheme, as alternative to reduce model diffusivity, is not advisable, as some
artificial diffusion is needed for stability reasons (Schultze 2013). Therefore, the ENO
scheme is recommended for METRAS-LES. For all other numerical methods the default
schemes of METRAS are also applied in METRAS-LES. The used schemes are listed in
Table 3-1.

y [km]
y [km]
w [m/s]

Figure 3-11: Horizontal cross section of vertical wind speed at 70 m above the surface
for the model experiments CBL_ENO (a) and CBL_CDF (b).
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Figure 3-12: Spectra of vertical wind speed at 70 m above the surface after 30 min
integration time for the model experiments CBL_ENO (blue) and CBL_CDF (red).
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3.3.3 Sensitivity on vertical grid spacing and extension

Regarding the vertical grid spacing and extension two different points should be
clarified:

In order to allow relative flat model domains in simulations of growing CBL it is
worth knowing at what boundary layer height interactions with the model top
occur, which disturb the results. Thus an experiment is performed to determine
the minimum required distance between the top of the model domain and the
top of a simulated CBL for undisturbed simulations. This investigation is
intended to judge on the required vertical grid extent for idealized simulations
with METRAS-LES, like those shown in the previous sections.

For the incoming shortwave radiation, important for the simulations in Chapter
4 and 5, METRAS assumes the model top at typical mid latitude tropopause
heights (Schliinzen 2014, personal communication). Thus the simulation of
diurnal cycles in Chapter 4 and 5 requires a vertical extent of the model domain
representative for the whole troposphere. To fulfill this demand, but avoiding
unnecessary computational costs, vertical grid stretching might be usable. In
the following it is investigated, if grid stretching can be applied to simulations of
the CBL with METRAS-LES without disturbing the simulation results. This
investigation is intended to judge if grid stretching is feasible for simulations
with METRAS-LES.

To test the model results for their sensitivity on the vertical grid extension and
stretching the simulations of the CBL case have been repeated with varied vertical
grids. The reference simulation (CBL_104, —) uses the same equidistant vertical grid as
the simulations discussed in Sections 3.2 to 3.3.2 and is repeated in two modifications:

One simulation is carried out with the half number of vertical grid cells keeping
the vertical grid size the same (CBL_052, —). This setup is suitable to investigate
the model response on a limited vertical grid domain and on the Rayleigh
damping (e.g. Schliinzen et al. 2012a, p. 53) applied to the upper six> model
levels. The simulation time has been extended to 3 h continued surface heating
to investigate the model behavior in the unphysical limit when the convective
plumes hit the upper boundary.

The second sensitivity experiment (CBL_036, —) extends the vertical grid to
11533 m, which is in the order of typical tropopause heights in the mid-
latitudes. The number of grid cells is limited to 36 and vertical grid stretching is
used. Only the lowest 200 m of the grid for simulation CBL_036 use the same
20 m vertical resolution as the simulations CBL_052 and CBL_104. This

5 Standard setup in METRAS-RANS, compare se_ewical.f90 line 211-238 METRAS 2.0.4
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provides a way to investigate the model behavior in regions with coarse
resolution. The stretching factors used are taken from the default setup for
METRAS-RANS.

Grid parameters for all three configurations are summarized in Table 3-4. A drawing is
given in Figure 3-13. Only the upper levels of the stretched grid are distinguishable in
Figure 3-13 to keep the figure at reasonable size / the drawn lines at visible width.

120007
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0

Figure 3-13: Vertical model levels used for sensitivity study on vertical grid: CBL_104
(blue), CBL_052 (red) and CBL_036 (green). Corresponding grid parameters are
provided in Table 3-4.

Table 3-4: Grid parameters for the sensitivity studies on vertical grid spacing and
extension. The index « - used to describe vertical levels - is increasing from the
surface towards the model top. A drawing of the grids is given in Figure 3-13.

CBL_104 —| CBL_052 — CBL_036
No. of vertical levels 104 52 36
Height of model grid zz | 2080 m 1040 m 11533 m
Lowest damping layer z; 1960 m 920 m 5533 m
Vertical grid spacing
forz<200m 20 m 20m 20m
forz>200m 20 m 20m Azy=max(Azr:x1.22,1000 m)

Vertical cross sections of instantaneous model states of potential temperature and
vertical wind speed are shown in Figure 3-14 and Figure 3-15. The shown time slices,
0:45 h, 1:45 h and 3:00 h, are equivalent to a time integrated heat flux (Section 3.2.1)
of 326-103 Jm2, 760-10% Jm—2 and 1.3-106 Jm-2, respectively, prescribed (Section

3.1.4) at the surface.

All three simulations show similar structures after 0:45 min: Rising plumes are
shallower than the top of the flattest model domain (1040 m; CBL_052). The individual
locations are different between the three simulations, which means that the different
vertical grids can be understood as a way to create independent realizations of an
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ensemble. After 1:45h simulation time horizontal inhomogeneities above 1040 m
become visible in the simulations CBL_104 and CBL_036 (Figure 3-14 (e) - (f), Figure
3-15 (e) - (f)). Hence, an influence of the lower model domain is possible for the
simulation CBL_052 at least from 1:45 h onwards. This influence becomes clearly
visible in the cross sections at 3:00 h integration time, when interaction with the
model top seems to cause larger plume structures (Figure 3-15 (g) - (h)) and higher
average potential temperatures (Figure 3-14 (g) - (h)) in CBL_052 than in CBL_104.

The influence of the vertical grid stretching can be judged by comparing the cross
sections from the simulation CBL_036 with those of CBL_104 (Figure 3-14, Figure
3-15). Beside the missing small scale structures the results of CBL_036 and CBL_104
are remarkable similar. This provides some first evidence that vertical grid stretching
can most likely be used for simulations of CBL with METRAS-LES without disturbing
the model results.
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Figure 3-14: Vertical cross section of potential temperature taken in east west direction
(1300 m northwards of the southern boundary) after 0:45h (a) - (c), 1:45h (d) -
(f) and 3:00 h (g) - (i) integration time. For CBL_52 (a,d,g) the white space in the
area above 1 km represents the end of the model domain, while for CBL_104(b,e,h)
and CBL_036 (c,f,g) the white areas are caused by the selected color scale.
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Figure 3-15: Vertical cross section of vertical wind speed taken in east west direction
(1300 m northwards of the southern boundary) after 0:45h (a) - (c), 1:45h (d) -
(f) and 3:00 h (g) - (i) integration time. For CBL_52 (a,d,g) the white space in the
area above 1 km represents the end of the model domain, while for CBL_104(b,e,h)
and CBL_036 (c,f,g) the white areas are caused by the selected color scale.

The temporal development of area averaged profiles is investigated in terms of
characteristic heights, to provide a more quantitative analysis of the influence of the
vertical grid. These characteristic heights, which have been introduced in Section 3.3.1,
characterize

* the minimum of the resolved heat flux, i.e. z;,(HF)
= the null of the Richardson number, i.e. z;(Ri)
* the maximum of the variance of the vertical wind speed, i.e. Z.xx2)

* the secondary maximum of the temperature variance, i.e. Z,.o1)
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Figure 3-16 shows time series of the four characteristic heights together with the
(scalar) model levels of CBL_032. The time series are calculated from instantaneous
three dimensional model variables written out at an interval of 60 s.
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Figure 3-16: Scalar model levels for the grid of CBL_052 are drawn as horizontal lines,
the times 1:15 and 2:15 are marked by vertical lines together with the time series of

the characteristic heights (a) zi(HF) , (b) z,.:)» () zi(Ri) and (d) z,.c:) -
Up to an integration time of 1:15 h (marked by vertical line in Figure 3-16 (a), (c¢) and
(d)) all four characteristic heights show a similar development in CBL_104, CBL_052
and CBL_032. This is consistent with the ad hoc judgment based on vertical cross
sections after 0:45 (Figure 3-14 (a) - (c) and Figure 3-15 (a) - (c)).

The characteristic heights z,,.), z;(Ri) and z;(HF), which all characterize the height

of the CBL, start to deviate between CBL_104 and CBL_054 after 1:15 h integration
time or correspondently after 543 x 103 ] m2 heat supply. This indicates that the
simulations of CBL with METRAS-LES are not affected by the top of the model domain,
as long as the top of the CBL, measured by zi(HF) here, stays approximately below
55% of the domain height z; (Grid parameters are provided in Table 3-4.). The
deviation of CBL_054 from CBL_104 is first detectable in the upper part of the modeled
atmosphere. After 2:15 h (977 x 103 | m2) also lower parts of the model atmosphere
are affected by the domain size, which can be seen from the increase in spread of
Zpae, 1N Figure 3-16 (b). Approximately z,,.., is at 25 % and z;,(HF) at 65 % of the

domain height of CBL_054 at this time (Table 3-5). Hence, if z{(HF) grows above 65 %
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of the domain height the simulation will be disturbed by the artificial upper boundary
also within the lowest 25 % of the domain.

The required vertical grid extend, can also be characterized in terms of required space
between the entrainment zone and the lowest damping layer. Numbers are given in
Table 3-5. The simulation used in the previous sections used the vertical grid from
CBL_104 and only data from the first 90 min. Therefore with the analysis from above it
can be concluded, that besides experiment CBL_054 no other simulation presented in
this chapter should be disturbed by the model top.

Table 3-5: Characteristic heights for the reference run CBL_104, visually interpolated to
the 2 times 1:15 and 2:15 from Figure 3-16. Normalization is done with the domain
height z; = 1040 m and the height of the lowest absorbing layer z. = 920 m, both
taken from the “flat grid” experiment CBL_052.

1:15 h simulation time 2:15 h simulation time

vA (za-2) /Za 7/ 7 Z (za-2) /Za 7/7Z
z(HF) | 600m 035 0.58 700 m 0.31 0.67
Zmax(t) 200 m 0.78 0.19 240 m 0.74 0.23
z,(Ri) 585m  0.36 0.56 618 m 0.33 0.59
Zmax(o}) 670 m 0.27 0.64 730 m 0.20 0.70

The stretched grid in CBL_036 causes that the characteristic heights z;(HF), z;(Ri) and
Zmax(o3) INCTease in larger steps, as the number of vertical grid levels is not sufficient to

show a continuous evolution in Figure 3-16. Especially the characteristic heights z;(HF)
and Z,,..2), Which only depend on the variances and covariances at model levels, jump

to the next model level in CBL_032 whenever the corresponding curves for the higher
resolved simulation CBL_104 reach the next grid level available in the CBL_032 grid.
This shows how the stretched grid reduced the possible resolution without disturbing
the resolved scales in an unphysical manner. For zj(Ri) the agreement between
CBL_032 and CBL_104 is less pronounced, as this quantity depends on vertical
gradients. The characteristic height Zz,.(., is comparable between CBL_032 and
CBL_104 for the whole simulation period and does not show a stepwise development,
as it stays in the well-resolved region. This confirms the conclusion that the stretched
grid does not impact the simulation of CBL with METRAS-LES, as long as only the well
resolved model levels are analyzed.

This analysis shows that besides the obvious loss of details in regions with coarse
resolution there is no harm in using stretched grids in METRAS-LES.
3.4 Conclusions

In this chapter results from developing and testing METRAS-LES have been presented,
using simulations of free convective boundary layers above a flat and homogeneous
surface as test case. Model development include:
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» The derivation and implementation of a new implicit method for calculating the
dissipation term in the SGS closure (Deardorff 1980) to overcome numerical
problems with the existing explicit scheme, which caused unphysical negative
SGS TKE (Section 3.1.3). A derivation for the implicit method could not be found
in the literature and is thus given in detail in Appendix A.

* A modification of the surface layer scheme of METRAS to allow consistent
prescription of heat fluxes at the model surface (Section 3.1.4).

» Exploration and implementation of metrics suitable for interpretation of LES of
CBL (spatial spectra, variance profiles, characteristic heights).

Model tests of METRAS-LES show that:

= Vertical grid stretching is harmless for simulation of CBL with METRAS-LES, as
long as only the well resolved parts are analyzed (Section 3.3.3).

* For the used CBL test case a model top z: with twice the altitude as the depth of
the CBL, measured by the characteristic height z;,(HF), is sufficient to ensure
that no distributions by the upper model boundary occur (Section 3.3.3).

» The stability dependence of the length scale in the Deardorff closure has only
little influence and seems to be negligible compared to other influencing factors
(Section 3.3.1).

» The effective model resolution of METRAS-LES is in the order of 6 - 8 Ax
(Section 3.2.3) and using the ENO scheme for momentum advection is of
advantage to resolve small scales (Section 3.3.2).

The available open boundary conditions seem to work sufficiently for the given
problem. This point is of general interest for the development of non-idealized
atmospheric LES models, as the use of periodic boundary conditions limits model
applications to simulations with periodic or semi periodic atmospheric conditions. As
the aim of the development of METRAS-LES is to contribute to the step from applying
LES for cyclic or semi cyclic landscapes to arbitrary heterogeneous terrain, the applied
open boundary conditions might be an important feature as the landscape or the
incoming large scale weather conditions might be far from being cyclic.

The performed model improvements correct some severe shortcomings of the model
from Fock (2007). The performed studies show that the LES extension of the model
METRAS can simulate the development of unsteady convective boundary layers
reasonable, also compared to other LES models. Hence, the further developed
METRAS-LES extends the range of physical phenomena investigable with the
Multiscale Model System M-SYS.
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4 LES above a city with simplified surface cover

This chapter introduces and tests the model features like detailed treatment of surface
cover and orography, which are needed to advance the use of METRAS-LES from
simulations above flat homogeneous terrain (Chapter 3) to simulations above
heterogenic urban areas. A short review of related literature, model features and of
topographic data, is provided in Section 4.1, including a definition of a new surface
class mapping based on the CORINE land cover data. Model simulations are analyzed
for the inner city and harbor area of Hamburg (Section 4.2 and 4.3) to demonstrate the
applicability of METRAS-LES above heterogeneous surfaces and to study convective
boundary layers above Hamburg. Model sensitivities regarding variations of the
surface and the SGS modelling are analyzed in Section 4.3 to extract differences
between METRAS-LES and METRAS-RANS and to provide guidance for further model
development.

To allow a gradual increase of model complexity, to increase comparability with the
results from Chapter 3 and to simplify sensitivity experiments simulations in this
chapter still neglect the influence of humidity and use relative simple surface data.
Further refined simulations of convective situations simulated with METRAS-LES for
the model domain are discussed in Chapter 5.

4.1 LES above heterogenic surfaces

4.1.1 Heterogeneous surfaces in LES modelling

Recently, large eddy simulation above complex, none idealized terrain became more
popular in the atmospheric modelling community. Some of the meteorological services
try to extend their atmospheric models into the turbulence permitting regime, to tune
their parameterizations or to learn how to produce forecasts at very small scale (e.g.
projects like HD(CP)2¢ or The GREY Zone Project 7).

Basu et al. (2008) simulate a diurnal cycle driven by a heat flux calculated with Monin
Obukhov similarity theory from temperatures observed at two heights during the
Wangara experiment (e.g. Hess et al. 1981). Botnick and Fedorovich (2008) show
diurnal cycles of convective boundaries based on observed heat and moisture fluxes in
Lamont, Oklahoma. Patton et al. (2005) coupled an LES model with a land surface
model to analyze the influence of idealized surface heterogeneities on wet and dry
planetary boundary layers. For urban areas LES studies performed with obstacle
resolving models often neglect effect of thermal stratification and focus on neutrally

6 http://hdcp2.zmaw.de
7 http://www.knmi.nl/samenw/greyzone
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stratified situations (e.g. Letzel et al. 2012). Wang (2009) investigates the influences of
urban circulations on convective boundary layers with idealized large eddy
simulations prescribing different heat fluxes for urban and rural areas.

LES studies of convective boundary layers above an urban area are provided in the
following parts of this thesis. The focus is on free convective situations with zero large
scale wind forcing, which can be successfully simulated with METRAS-LES (Chapter 3)
using the implemented radiative boundary conditions described in Schliinzen et al.
(2012a, p. 54). Thus, no further work on prescription of resolved turbulent
fluctuations on the lateral boundaries is needed here. Attempts to add fluctuations to
the normal components of the wind vector at inflow cells of METRAS-LES are
discussed in Philipp (2013). Such modifications would be needed to extend the studies
presented here to atmospheric situations, in which large scale advection plays an
important role.

4.1.2 Temperature and humidity at the surface of METRAS

The following review of the surface temperature and surface humidity scheme
available in METRAS summarizes (and partly corrects) Schliinzen et al. (2012a,
p.49 - 51), Schoetter (2013, p. 67 - 68), Bohnenstengel (2012, p. 109 - 115) and
Gierisch (2011, p. 10 - 11). It is intended to explain how atmospheric variables at the
surface are modeled via settings of surface characteristics. Additionally it may help to
understand why the calculation of an artificial surface temperature was a suitable
modification to allow prescribed heat fluxes in idealized simulations with METRAS-
LES (Section 3.1.4).

In order to simulate a diurnal cycle and to fulfill the surface energy budged

Spetjt Lyerj +H,+E;==Q; (4.1)

net,j net,j

the following prognostic equation for the surface temperature is calculated

oT, . 2nk._. T, —-T._.
sfe, j S,J sfc, j soil

= S . +L +H +E —nv ———— 4.2

ot Vshsoil,j ( net,j ' “net i 5.J hsoﬂ’j J (4.2)

separately for each (SGS) surface class. Multiple surface classes can be used within one
grid cell. For each surface class (denoted by index j) not only surface temperatures Ty
but also the fluxes are calculated individually. Surface fraction weighted averages of
these SGS fluxes are than provided to the prognostic atmospheric model variables.
Equation (4.2) uses the force restore method (Bhumralkar 1975; Deardorff 1978) to
handle the ground heat fluxes Qy;. The soil temperature Ts is kept constant at a depth
hsoit, j = (ksj- 86000 s)05 during the whole integration period. Thermal diffusivity ks; and
thermal conductivity vs; are prescribed per surface class, but the same constant deep
soil temperature Tsi is used for all classes. The absorbed shortwave radiation is
determined by the surface class specific albedo 4j, i.e. calculated by Syetj = Si(1 - 4;). The
incoming short wave radiation S, dependents on the solar zenith angle and cloud
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conditions. The longwave radiation budgets Lne;j use the Stefan-Boltzmann law, and
are therefore functions of the 4th power of the surface temperature. The sensible and
latent heat fluxes are calculated with the surface layer scaling variables, i.e. by

H} =Cp pO u*rj 9*»]' (4'3)
E;=l,pou., q., (4.4)

The calculation of the temperature scaling variable 6+; involves the calculation of
vertical temperature gradients, which uses the surface temperatures according
Equation (4.2). The fluxes of momentum and humidity are influenced by the surface
temperatures indirectly via the stability functions (Equations (3.36) - (3.37)), which
use 0+; in the Obukhov length (Equation (3.31)). The momentum roughness length zo
over water surface classes is adjusted to the wind conditions as functions of the
friction velocity u~ The used roughness lengths for the scalar fluxes are set to
Zoyx=0.1"-zo for most surface classes and to a roughness Reynolds number (uxzo / v)
dependent modification of zp to parameterize urban and water classes as
hydrodynamic rough surfaces. Further details and references for these roughness
length adjustments can be found in Schliinzen et al. (20123, p. 21 - 23).

In order to calculate values for the specific humidity at the surface the following
prognostic equation for the bulk soil water availability o is calculated

E,
oL, - P+ t
_ (4.5)
at pwatervvk,j

using the turbulent moisture flux E; / I, and the precipitation rate P.8 Initial values for
0; are prescribed individually for each surface class. Following Deardorff (1978) the
specific humidity at the surface is than calculated as

qsfc,j = 0‘j qsat (Tsfc,j) + (1 - aj) qu (46)

In Equation (4.6) gz, is the specific humidity in the first atmospheric model level and

qsat( Tsfej) the saturation humidity for the surface temperature.

With the above briefly introduced equations, heterogeneous surface cover / land use is
represented in the model by a finite set of surface classes. For each surface class the
values of albedo 4, thermal diffusivity ksj, thermal conductivity vs;, initial soil water
content jin, soil water saturation Wk; and a roughness length zg; are prescribed as

8 The turbulent moisture flux in Equation (4.5) is documented incorrectly in Schliinzen et al.
(1996a) / Schliinzen et al. (2012a), but implemented correctly in the model.
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constants or class specific functions. This approach requires a mapping between
appropriate topographic data to surface classes used by the model.

4.1.3 Specification of surface characteristics

Surface physics of the used METRAS version distinguishes surface characteristics for a
set of 10 surface classes in the calculation of fluxes at the surface. The 10 standard
classes (Schliinzen et al. 1996b) have been redefined for the model region based on the
CORINE Land Cover 2000 data (EEA 2000). As 39 CORINE land cover classes occur in
the model domain, aggregating of these classes was needed. The new mapping from 39
to 10 classes, named METRAS_URBAN in the following, has been defined as a look-up
table (Appendix D.1) and is based on the CORINE data description and cross checks
with satellite images in the visible spectral range, taken from Google Earth. The
physical parameters for the new METRAS_URBAN classes (Table 4-1) are set by expert
judgment and in consistency with the values of METRAS standard surface classes
described in Schliinzen et al. (1996b, p. 25). The resulting map (Figure 4-1 (a)) shows
only little details, i.e. the heterogeneity of the city is clearly underestimated. This is an
effect of the granularity of the CORINE classification, which is much coarser than the
desired grid resolution. The applied aggregation, as well as the rastering from the
original shape representation (ESRI 1998) to the model grid, has only negligible
influence on the degree of map detail. Due to the low granularity of the CORINE data
86.1 % of the grid cells are characterized by one single surface class (Table 5-3). The
13.9 % of grid cells with multiple surfaces classes are arranged along the borders of
the main surface classes (Figure 5-2 (b),) Figure 4-1 (a)). Some artificial modification
of the land use has been added to the map (Figure 4-1 (b)) to model the natural surface
heterogeneity and to study the model sensitivity on small-scale surface cover
variations (Section 4.3.1).

(a) (b)

-
o
-
o

9
8 8
7 7
6 6
E s E s
Ty T af
3 ]
2 2
1 115
1 2 3 456 7 8 9 10 1 2 3 456 7 8 9 10
x [km] x[km]

Figure 4-1: Main surface class in the model area (Hamburg, Germany) based on
(a) CORINE data and (b) with random variations at grid scale (Section 4.3.1).
The surface class mapping METRAS_URBAN (Appendix D.1) is used to set these
classes. A color scale is provided together with the used physical surface
characteristics in Table 4-1.
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Table 4-1: Physical surface characteristics for the surface class mapping
METRAS_URBAN: Albedo A, thermal diffusivity ks thermal conductivity vs, soil
water vailability o, (initial value for prognostic Equation (4.5)), saturation value
Wi for soil water content W, and momentum roughness length z,. The mapping
from the CORINE land use classes is given in Appendix D.1. f; is a function of zenith
angle (Schliinzen et al. 2012a, p. 50). Following suggestions of Clarke (1970), fz is a
function of the friction velocity u, (Schliinzen et al. 2012a, p. 22).

Surface class mapping Ao ks Vs Clini Wi Zo
METRAS_URBAN [m2s1] | [J (Ksm)-l] | [mm1] [m] [m]
Water B | 1.5x107 | 100 0980 | 100 |f
Mudflat 1 0.10 | 7.4x107 | 2.20 0.980 0.322 | 0.100
Harbor & Industry 2 0.20 | 2.3x10¢ | 4.60 0.050 0.081 | 0.600
Mixed Vegetation 3 0.20 |52x107 |1.33 0.200 0.138 | 0.040
Meadows 4 0.20 | 5.2x107 | 1.33 0.400 0.015 | 0.020
Traffic B8 |012 [23x10% | 4.60 0.05 0.015 | 0.005
Bushes B8 |020 [52x107 |1.33 0.300 0.081 | 0.100
Mixed forest . 0.15 | 8.0x107 | 2.16 0.300 0.121 | 1.000
Inner city B 015 [23x10¢ | 4.60 0.025 0.484 | 1.400
Urban B 015 |14x106 | 293 0.050 0.968 | 0.700

4.1.4 Orography and computational grid

As almost every city includes at least some orography, it might be important to include
orography in an LES model intended for urban climate studies. The strategy followed
in this thesis to extend the application range of a MeM into the LES regime has the
advantage that handling of orography is usually already build into such models. For the
chosen model METRAS simulating the flow over a mountain ridge, and comparing
model results with an analytical solution (Lilly and Klemp 1979), is a standard test
(e.g. Schliinzen 1996, p. 63 - 68) frequently applied. Simulations of flow over steep
terrain with METRAS have been analyzed by Niemeier and Schliinzen (1993).

In the model, orography is accounted for by transforming the model equations (Section
3.1.1) in a terrain following coordinate system (Gal-Chen and Somerville 1975;
Schliinzen 1988, p. 104ff.). This coordinate system uses a vertical coordinate defined
as

z=zxy) (4.7)

=z
2 (x0,y)

During the initialization phase, the model starts from flat terrain and slowly increases
the terrain to the final values via diastrophism (Schliinzen et al. 2012a, p. 65).

Figure 4-2 illustrates the vertical coordinates and shows that the deviation from the
Cartesian system is largest at the surface height z; and disappears at the model top z.
Please note that the example shown in Figure 4-2 is selected from a mountainous
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region to allow better visualization. Especially the ratio z: / max(zs) = 10.5 has a much
larger value than in the inner city model domain of Hamburg, where the ratio
Z: / max(zs) is only 0.0035.

Figure 4-2: Selected model levels of the terrain following coordinates used in METRAS.
Note, the axis are scaled differently and the vertical grid stretching is not shown.
For demonstration reasons this example is taken from a METRAS orography
created by Gierisch et al. (2013) showing a mountainous region (South-North cross
section of Spitsbergen / Olav V Land).

The orography used for the model region is taken from the digital elevation model
derived from the Shuttle Radar Topography Mission (SRTM) (Farr et al. 2007) and is
shown in Figure 4-3.

z[m]

x [km]

Figure 4-3: Orography in the model domain on a 50 m horizontal grid. Water grid cells,
defined as those grid cells characterized by a water cover of at least 50 %, are
drawn in blue regardless of their height above sea level.

The model domain (Figure 4-1, Figure 4-3) has a horizontal extension of 10 x 10 km?
with a horizontal grid spacing of Ax = Ay = 50 m. The vertical grid spacing is Az = 20 m
up to an altitude of 1.450 m. Above this altitude vertical grid stretching has been used
with the same stretching parameters as used in the simulation CBL_036 (Table 3-4).
The model top z; is at 11.196 m. Compared to the simulations in Chapter 3, further
differences of the vertical grid are caused by the included orography, i.e. due to
zs(x,y) # 0 in Equation (4.7).
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4.2 CBL above an urban area

4.2.1 Model setup for selected case study

The simulated situation represents an idealized clear sky summer day, without any
large scale wind forcing. Thus, it represents one possibility for an autochthonous
weather situation, which is of special relevance for the urban climate (VDI 1997) and,
therefore, commonly investigated in urban climate assessments performed by
environmental consultants (e.g. Funk et al. 2012).

Starting from a resting, stably stratified atmosphere the development of a convective
boundary layer is simulated with METRAS-LES, using Equation (4.2) to calculate the
surface temperature used to determine the energy fluxes at the surface. For
comparability with the experiments discussed in Section 3 these simulations are also
performed without considering moisture. The initial profile is calculated with the one-
dimensional model METRAS-1D (Schliinzen et al. 2012a, p. 63 - 65) using an initial
surface pressure pse=1013.06 hPa, an initial potential temperature at the surface
Osrc = 290.15 K and an initial potential temperature gradient " = —0.003 Km, as in the
simulations discussed in Sections 3.2 - 3.3. The initial profiles are calculated for zero
background wind. For numerical reasons METRAS-1D uses a minimum wind speed of
0.1 m s'1 in the calculation of the friction velocity according to Equation (3.32). The
final wind speed calculated at the end of the one-dimensional initialization run is
0.00004 m s at the height z, of the lowest model level and even lower above. This is
an appropriate approximation for the intended zero wind conditions. The balanced
profiles of the one-dimensional model are used as start values for the three-
dimensional simulations.

The undisturbed surface map (Figure 4-1 (a)) is used with the physical surface
parameters according Table 4-1 and the orography shown in Figure 4-3. The model
does not include detailed thermodynamics for the upper water layers of lakes or
rivers. Instead the temperature of the water bodies are set to a constant value of
290.16 K throughout the whole simulation. This water temperature Twater iS
climatologically representative for May and September (Figure C-1). A diurnal cycle of
the water temperatures is neglected, because the average diurnal cycle of water
temperatures is only a few tenth of a Kelvin (Figure C-2). The soil temperature T, has
been set to the water temperature. Thus any differences in temperatures between land
and water are caused by a changing surface temperature (Equation (4.2)) over the
land due to radiative forcing and resulting heat fluxes.

The simulation with these specifications is named HH_CORINE in the following. It is
used to check the ability of METRAS-LES to simulate a CBL with the surface energy
balance based calculation of surface fluxes using an urban like surface map with
modest, but non flat, terrain. This prove of concept simulation, presented in Section
4.2.2 and 4.2.3, is additionally used to demonstrate some characteristic atmospheric
features found for free CBL simulations for the investigated model region. HH_CORINE
serves as reference simulation for the sensitivity studies following in Section 4.3.
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4.2.2 Temporal development of characteristic heights

It is common in boundary layer meteorology to visualize the time development of
convective boundary layers by graphs showing time vs. height of the entrainment zone
(e.g. Stull 1988, Figure 1.7). Thus, as an intuitive introduction to the temporal

development of the simulation HH_CORINE, time series of the characteristic heights
z,(HF), z z;(Ri) and z have been analyzed (Figure 4-4). Using theses derived

quantities, introduced in Section 3.3, summarizes the model state over all grid cells.
Example profiles, which explain the physical meaning of the characteristic heights, are
given in Figure 3-8 (b) for z;(Ri), in Figure 3-10 (a) for z;(HF) and in Figure 3-9 for the
positions of the variance maxima z,,,.., and z

max(c?) ? max(o?)

max(o;) *

The characteristic heights have been derived from profiles calculated from
instantaneous model variables written at all model levels every 10 minutes. This 10
minute output interval has been chosen to keep the involved data volume manageable.
The characteristic heights might fluctuate in time, as they are from instantaneous
model results, which are not temporally averaged. The profiles, represented by the
characteristic heights, are calculated based on spatial averages on model levels, i.e. on
heights with constant n according Equation (4.7). This geometric choice necessarily
influences the results of the analysis. One alternative would be the interpolation to
constant heights above sea level. This method would be computationally more
expensive and it is not clear if it would be beneficial here, as the physical influence of
the surface may be better understandable at model levels, which take the distance to
the surface into account. Furthermore the differences should be relative small due to
the moderate terrain (Figure 4-3). Thus, the simpler approach, i.e. calculating the
profiles on model levels, is chosen here.
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Figure 4-4: Diurnal cycle of characteristic heights (same as in Figure 3-16) for the
simulation HH_CORINE using the map / model domain shown in Figure 4-1 (a).

A clear diurnal cycle can be seen in all four characteristic heights (Figure 4-4). The
development in the morning of the first simulation day, which is initialized with
horizontal homogeneous atmospheric conditions, shows similarities to the boundary
layer growth in the experiments with forced heat fluxes (Figure 3-16). During the night
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convection breaks down, which results in low values for z,(HF) and in a large scatter
for the other characteristic heights. The second day is characterized by a more rapid
development of the convective regime, with some overshooting of the entrainment
height, characterized by z;(HF). This can be explained with a well-mixed residual layer
remaining from the previous day, which favors the development of higher convection.

The observed diurnal cycle is a direct consequence of the warming of the surface
during the day and can be seen as an first proof that simulations of CBL with METRAS-
LES can not only be forced by directly prescribing heat fluxes (Section 3.1.4) but also
by calculation of a surface temperature based on the surface energy balance scheme
(Section 4.1.2).

Additionally, Figure 4-4 provides insight into the different characteristic heights as
measure themselves: The height of maximum potential temperature variance, zu ),

is the least fluctuating characteristic height during the first day, but it shows largest
scatter during the night. Compared to z;(HF), z..() appears to be a less reliable

measure of the height of the convective boundary layer as can be seen from its two
fluctuating maxima during the second day. A relative smooth behavior is seen for
zi(Ri), which might be explained by the fact that it includes vertical gradients and thus

more data than the other characteristic heights. The height of the maximum vertical
wind speed variance, z_ does not fall to lower levels during the night. z;,(HF)

ax(czw)
clearly distinguishes between day and night, which makes it relative intuitive.
Therefore z(HF) may be favorable over zi(Ri) and z,,) and is therefore chosen

.. for further model analysis in the remainder of this text.

together with Z (ol

4.2.3 Spatial features in a CBL above Hamburg

In contrast to the simulations with prescribed homogeneous heat fluxes in Chapter 3,
the simulation HH_CORINE is performed over a somehow heterogenic surface. The two
rivers Elbe and Alster cross the model domain causing a land water contrast. Other
spatial differences in surface cover like between build up and vegetated area exist as
well. These spatial variations of the surface cover and the orography may influence the
simulated atmosphere due to different heat and momentum fluxes. Therefore, the
introductive analysis of the simulation HH_CORINE is extended from the time
development of characteristic heights (Section 4.2.2) to a more spatial orientated view.
This allows to check the physical plausibility of model results further and to
investigate how main topographic features influence the spatial structure of the
simulated convective boundary layer above the inner city and harbor area of Hamburg.

Figure 4-5 (a) shows the instantaneous real temperature at 10 m above ground level at
12:00 LST of the first simulation day. For this time the average 10 m air temperature
above all land grid cells is 0.71 K higher than the average 10 m air temperature over all
water grid cells. Here, and in the rest of this thesis, water (land) grid cells are defined
as grid cells which have at least 50 % SGS water (land) coverage. The average height
above sea level of the land grid cells is 5.2 m higher than the average height of the
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water grid cells. Following the dry adiabatic lapse rate g /c, = 0.0098 Km1 (e.g.
Bohren and Albrecht 1998, p. 108 - 109) one would expect 0.05 K lower temperature
over the land cells of the model domain. The simulated higher air temperature over
land are an effect of heating the land surface by the solar radiation and provide an
example how the surface scheme influences the atmospheric model results.

As spatial temperature difference between land and water covered areas causes
thermal driven circulations (e.g. Fock and Schliinzen 2012; Pielke 2003) and METRAS
is able to simulate sea breeze circulations (Schliinzen 1990) one can expect the
existence of river breeze circulations in the model results. In fact the streamlines
(Figure 4-5 (a)) and wind vectors (Figure 4-5 (b)) mainly indicate onshore wind,
approximately perpendicular to the riversides. The divergence of the horizontal
components of the wind field, analyzed for an altitude of 10 m above ground level in
Figure 4-5 (b), reveal a divergent wind field over the Alster and parts of the Elbe. This
also suggests that a river breeze effect likely exists in the modeled atmosphere.
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Figure 4-5: Horizontal cross section at 10 m above ground level, taken from
instantaneous model output at 12:00 LST of an idealized convective day above
Hamburg. Real temperature and curved stream lines are shown in (a), the
divergence of the horizontal wind field and wind vectors in (b). The dotted line in
(a) marks the position of the South North cross section shown in Figure 4-6.

In addition to the offset in average temperature between land and water, spatial
structures are visible in the temperature field, which are caused by convective flow
pattern, e.g. hot spots of warmer air occur at locations where the streamlines converge
(Figure 4-5 (a)). The maximum 10 m temperature is 2.4 K above the mean 10 m
temperature over land for the temperature field shown Figure 4-5 (a). The actual
positions of the warmer grid cells vary in time due to the stochastic nature of the LES
results (not shown here). Cellular structures, which indicate convective motion, are
visible in the divergence of the horizontal wind field over land (Figure 4-5 (b)).

Cross sections of real temperature for lowest 600 m are shown in Figure 4-6 for
different times of the first simulated day. The position of this south (left) - north
(right) cross section is marked in Figure 4-5 (a). At 6:00 LST only little spatial
differences are visible (Figure 4-6 (a)), indicating that convection has not started.
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For later output times an increase in temperature and occurring horizontal
inhomogeneities can be found in the model results (Figure 4-6 (b) - (d)). The relative
narrow vertical structures characterized with higher temperature than the
surroundings are related with updrafts, which mix air warmed at the surface to higher
elevations. Above the water bodies, like the dammed Aufdenalster, warming of the air
is reduced during the day, which explains the lower near surface temperatures in the
northern part of the cross section shown in Figure 4-6 (c) - (d). Besides influences of
the surface cover on the temperatures are also influenced by the orography. For
example due to different surface elevation heating takes place at different heights

(Figure 4-6 (b)).
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Figure 4-6: Instantaneous values of real temperature at 6:00 LST (a), 9:00 LST (b),
12:00 LST (c) and 15:00 LST (d) for the first simulation day of simulation
HH_CORINE. Only the lowest 600 m are shown. The x-z cross sections are taken in
south north direction along the dotted line drawn in Figure 4-5 (a).

The analysis of single output time steps and physical reasoning suggest that a river
breeze circulation may exist in the model results in addition to the convective flow
pattern. To prove this hypothesis and to characterize the mean state of the spatial
circulation pattern occurring in the model domain, averaged divergences of the
horizontal wind fields are analyzed for 10 m, 100 m and 750 m above ground level
(Figure 4-7). The averages have been taken arithmetically over all available model
output written between 9:00 LST and 18:00 LST from both simulation days. A regular
output frequency of 10 min has been used for this analysis. To show more details, the
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750 m level is shown with two different color axes (Figure 4-7 (c) - (d)). This analysis
reveal the existence of a near surface convergence zone, which forms between river
Elbe and water areas of the dammed Alster in the model results. This feature can also
be seen from instantaneous horizontal cross sections (Figure 4-5), but become clearer
in averaged analysis. The reason are merging river breeze fronts of Elbe and Alster
over the inner city, which are connected with sinking motion and divergent wind fields
over the water bodies. The convergence happens at lower altitudes. In the rising air
above the near surface convergence the average horizontal flow field is already
divergent at 750 m (Figure 4-7 (d)).
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Figure 4-7: Divergence of horizontal wind field at 10 m (a), 100 m (b) and 750 (c,d)
above ground level. Arithmetic average from 10 min model output of simulation
from 9:00-18:00 LST of both simulation days of HH_CORINE.

The simulations suggest that thermal driven river breeze circulations likely have an
influence on the atmospheric state in the inner city of Hamburg under fair weather low
wind conditions, which otherwise support development of a convective boundary
layer during the day. This may influence temperature, humidity and air pollution by
horizontal transport directly, but may also create an indirect effect via the thermally
caused ventilation. A quantification should not be taken from the analysis presented
here, due to the simplified model setup. Influences of river breezes on flow pattern
above urban areas are also known for other cities (e.g. Ryu and Baik 2013). An
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additional analysis of the influence of Elbe and Alster on the atmosphere under
convective conditions is presented in Chapter 5.

4.3 Variation of simulation techniques

4.3.1 Sensitivity on small scale surface class variations

Characteristic features of the simulated atmosphere are triggered by the underlying
surface cover (Section 4.2.3), but the land use data available in CORINE are not
detailed enough, to provide a realistic surface heterogeneity at the used horizontal grid
size of 50 m (Figure 4-1 (a), Section 5.1). Nevertheless, this idealized setup allows to
test the model response on additional surface cover heterogeneity at grid scale: In a
sensitivity experiment the reference simulation (HH_CORINE, —) is repeated with the
surface class disturbances (HH_NOISE, —), shown in Figure 4-1 (b). In the disturbed
map 10 % of the land grid cells have been modified randomly, by replacing the
occurring surface classes with other classes, which seem reasonable for the different
city quarters. All other model input, including the initial profiles, is the same in both
simulations.

Instantaneous horizontal cross sections of potential temperature are shown in Figure
4-8, taken at 15:00 LST of the first simulation day in both experiments. Selected
heights are 10 m (Figure 4-8, top), 100 m (Figure 4-8, center) and 1000 m (Figure 4-8,
bottom) above ground level. The spatial structures are similar in HH_CORINE (Figure
4-8, right) and HH_NOISE (Figure 4-8, left). Both simulations show reduced convection
above the water bodies and the largest positive temperature fluctuations above the
inner city, which is due to the thermal and roughness properties of the occurring
surface classes (Figure 4-1, Table 4-1). In both setups the influence of the ground
decreases with height, apparently at similar rates. In 1000 m above ground level a
direct influence of the surface on the potential temperature is hardly recognizable

(Figure 4-8, (e) - ().

The time development of the characteristic heights z;(HF) and z,,.,;, is very similar

for the simulations HH_CORINE and HH_NOISE during the first day, but shows some
more active development for HH_NOISE during the second day (Figure 4-9). Even
though it seems plausible that additional surface heterogeneity may trigger more
atmospheric mixing, this cannot concluded certainly from this analysis. Some model
instabilities occurs during the night as the model has difficulties in handling the
occurring stable stratifications in LES mode. Therefore the “initial conditions” after the
less reliable simulated night may show larger differences between the simulations
HH_CORNE and HH_NOISE. Thus the results for the second day are more uncertain
than those for the first day. Furthermore the surface changes have not made in a
surface fraction conserving way. This means, the total energy conversion by surface
cooling or heating might be slightly different between the two simulations.
Hypothetical the similarity of the time development might be more similar for the
second day, if this surface modifications would have been made in an energy
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conserving way. But surface cover conserving topography experiments following in
Chapter 5, do not support this hypothesis.
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Figure 4-8: Potential temperature at 10 m (a,b), 100 m (c,d) and 1000 m (e,f) above
ground level taken at 15:00 LST of the first simulation day from the simulation

HH_NOISE (a,c,e) and HH_CORINE (b,d,f).

Besides the structural and temporal similarity of the two simulations, it is clear, that
they represent different solutions in the sense of independent members of an
ensemble. Thus modification of 10 % of the surface classes at randomly chosen grid
cells is a sufficient method to create an independent ensemble member. Such a
modification seems not very large compared with the uncertainties, which occurs in
the surface data anyway. Typical error sources are limited details of the data sets
(Figure 4-1), combination in groups of land use / surface cover classes (Appendix D.1)
and rastering to the computational grid. Further uncertainties arise from assigning the
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physical parameters (Table 4-1) to the individual classes and the applied physical
model (Section 4.1.2). Hence, land use driven ensembles, implemented by disturbed
maps, seem to be a reasonable approach to deal with the stochastic nature of LES
results in (urban) modelling. The capability of defining surface cover based ensembles
could be particular important for the simulation of non-stationary situations, as for
these situations statistical converging results are not obtainable by expansion of the
simulation length.
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Figure 4-9: Development of the characteristic heights z(HF) (a) and Z..z) (b) as
simulated in the experiments HH_CORINE (red) and HH_NOSIE (blue).

4.3.2 Sensitivity on surface layer TKE parameterization

The investigated situations are mainly controlled by the processes occurring near the
surface. Therefore model assumptions and constants used to describe physical
processes in the surface layer influence the model results. In the following they should
be analyzed for the influence of the near surface parameterization of the subgrid scale
turbulent kinetic energy. In the lowest atmospheric layer subgrid scale turbulent
kinetic energy is parameterized with

€= (”j (4.8)
C

Equation (4.8) has been derived for the neutral Prandtl layer (Detering 1985, p. 25) in
the context of a RANS turbulence closure. The same or similar equations have been
used by Raasch (1988, p. 35), Lenderink and Holtslag (2004) and Gross (2010) to set
the subgrid scale TKE. The value of ¢ in the surface layer TKE parameterization is
derived from measured or simulated data. METRAS-RANS uses ¢ = 0.5, which is also
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the number provided by Therry and Lacarrere (1983) based on measurement data.
Lopez (2002) found an optimal value ¢ = 0.55 for obstacle resolving simulations with
MITRAS-RANS by comparison with wind tunnel data and cites values between 0.4 and
0.61 from literature. Detering (1985: 26-27) cites values between 0.27 and 0.61
depending on atmospheric stability, with the lowest values valid for unstable
stratification. The LES model PALM (Raasch and Schroéter, 2001), in the version used in
the intercomparison study presented in Section 3.2.3, uses c¢=0.1 but has a
commented code line? to experiment with using ¢ = 0.4.

Equation (4.8) is used in METRAS-RANS to guarantee a continuous matching for the
fluxes calculated from the surface layer parameterization and those calculated with the
Prandtl-Kolmogorov closure (Appendix B). The similarity between the RANS and the
LES closure (Fock 2007) makes it apparent to try the same approach also for LES
mode. Unfortunately, this is impossible which will be explained in the following,
because this helps to understand the experimental setting of c. One might expect that
trying to adjust the length scale A and adding other stability correction terms to the
diffusion coefficients for the LES SGS model (Section 3.1.2) could allow to derive
Equation (4.8) in analogy to what is done in Appendix B for the RANS closure. Taken
this analogy further one might expect that the formulation of the exchanges
coefficients (Equation (3.6)) would cause ¢ = cx = 0.1.

However, for LES mode the fundamental assumption (Equation (B.1) and Equation
(B.13)) made for the flux matching is not suitable. The surface fluxes (right hand side
of Equation (B.1) and (B.13)) should not balance with the subgrid scale fluxes (left
hand side Equation (B.1) and (B.13)). Instead they should balance with the sum of the
resolved fluxes plus the subgrid scale fluxes. This is a consequence of the concept of
LES, which aims to simulate parts of the turbulent fluxes at resolved scales. Thus,
sticking to the approach from Appendix B would require to include resolved fluxes on
the left hand side of equation (B.1) and (B.13). Thus, for LES mode Equation (4.8) is
empiric without proper closed theoretic foundation.

As in LES less energy should be contained in the SGS motions than in RANS (Figure
2-1), one could hardly argue that the SGS turbulent kinetic energy should be larger in
METRAS-LES than in METRAS-RANS. Thus setting the variable ¢ in METRAS-LES to
values smaller than 0.5 (used in METRAS-RANS) seems to be wrong from the
reasoning given above. It is not clear, which value for ¢ should be used for
METRAS-LES. To assess the sensitivity on the parameter c in Equation (4.8), the case
HH_NOISE (Section 4.3.1) has been run with four different values for ¢ (Table 4-2).
Simulation results are provided in Figure 4-10, Figure 4-11 and Figure 4-12.

9 In PALM Equation (4.8) is set in subroutine prandtl_fluxes.f90, in METRAS-LES in the
subroutine se_sgsm_deardo.f90 and in METRAS-RANS in the subroutine se_tke_sink.f90.
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Vertical cross sections of potential temperature deviations are shown in Figure 4-10.
Largest differences are visible near the surface. The simulation HH_TKE_0.1 shows
relatively homogeneous temperature fields. With increasing ¢, and thus decreasing
turbulent kinetic energy smaller and warmer updrafts are visible.

Table 4-2: Parameters and names for sensitivity experiments on variations of ¢
(Equation (4.8) in surface layer TKE parameterization.

| HH_TKE_0.1 | HH_TKE_0.3 ‘ HH_TKE_0.5 ‘ HH_TKE_1.0
0.1 0.3 0.5 1.0
11.1-u? 4. y? 1-u?

e(z=z,= 10 m) ‘ 100-u?

N WA~ O

[K]

N WA~ O

4 6 [K]
x [km] x [km]

Figure 4-10: Vertical cross section of potential temperature deviation at y =7 km
and 11:00 LST for the experiments with (a) ¢=0.1 (HH_TKE_0.1), (b) c=0.3
(HH_TKE_0.3), (c) c¢=0.5 (HH_TKE_0.5) and (d) c=1.0 (HH_TKE_1.0). The
position of the vertical cross section is marked by a black line in Figure 4-11.

To have a closer look into the effect near the surface, horizontal cross sections of real
temperature at 10 m above ground are shown in Figure 4-11. The temperature field
shows a notable response to the value for ¢ used in Equation (4.8). In simulation
HH_TKE_0.1 (Figure 4-11 (a)) the 10 m temperature is considerably influenced by
surface cover and orography. For example, colder areas are visible over the landfill
Georgswerder (position in Figure 4-11 (a): x=7.8km, y=3km). This hill has an
altitude of 40 m and is the point of highest elevation in the model domain (Figure 4-3).
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This and similar effects seem to decrease with increasing values for c¢ (Figure
4-11 (b) - (d)). Instead stronger influence of convective flow structures occurs.
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Figure 4-11: Real temperature at 10 m above ground (lowest model level) at 14:00 LST
for the experiments with (a) ¢ = 0.1 (HH_TKE_0.1), (b) ¢ = 0.3 (HH_TKE_0.3),
(c) c=0.5 (HH_TKE_0.5) and (d) ¢ = 1.0 (HH_TKE_1.0).

The observed behavior can be explained by the decrease of subgrid scale diffusion
from case HH_TKE_0.1 (¢ = 0.1) to case HH_TKE_1.0 (c = 1.0). In simulation
HH_TKE_0.1 resolved structures of the convective boundary layer are strongly
suppressed near surface due to large diffusion coefficients.

As the SGS turbulent kinetic energy is also mixed to the model levels above the surface
layer, the setting of c is not only important for the model results in the lowest model
level. Figure 4-12 shows horizontal cross sections of real temperature at 100 m above
sea level taken from instantaneous model output for 14:00 of the first simulated day.
The simulated structures are more diffuse in case HH TKE 0.1 than in case
HH_TKE_0.5.

In summary this sensitivity study shows that the variable ¢ needs to be suitably
selected as the resulting SGS diffusivity influences the results of METRAS-LES
considerably. Setting c to ck = 0.1 is not desirable for METRAS-LES since it produces a
too strong coupling to the surface, which was in parts demonstrated here.
Furthermore it results in a quite diffusive model setup. In order to determine a more
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optimal value comparisons with data from measurements or results from direct
numerical simulation would be needed.
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Figure 4-12: Horizontal cross sections in x-y direction of real temperature in 100 m
above sea level for the experiments with (a) ¢ = 0.1 (HH_TKE_0.1), (b) ¢ = 0.3
(HH_TKE_0.3), (c) ¢=0.5 (HH_TKE_0.5) and (d) ¢ = 1.0 (HH_TKE_1.0). Linear
interpolation has been applied to calculate the value at 100 m above sea level from
model levels. Instantaneous values are shown for 14:00 LST of the first simulated
day.

4.3.3 Sensitivity on subgrid scale model (LES / RANS)

As a further sensitivity study a variant of the simulation HH_NOISE has been repeated
with three different model versions: METRAS-LES, METRAS-RANS (Schliinzen et al.
2012a) and METRAS-PCL (Schliinzen and Bigalke 2010), which is the M-SYS
component deployed for environmental consulting. The aim of this model
intercomparison is to investigate differences between the LES and RANS solutions for
the simulation of a CBL above Hamburg. The simulation with METRAS-LES uses the
SGS closure described in Section 3.1.2 (HH_LES, —). The simulation with METRAS-
RANS (HH_RANS, —) uses the Prandtl-Kolmogorov closure (Schliinzen et al. 20123,
p. 26 — 27) but with switched off counter gradient term to allow larger similarity to the
simulation with METRAS-LES. The simulation with METRAS-PCL (HH_PCL, —) uses a
first order RANS turbulence closure, which includes a counter gradient term
(Schliinzen and Bigalke 2010, p. 4). The simulation HH_PCL may be influenced by
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additional model differences, as it is performed with METRAS-PCL, which is based on
an older M-SYS model version.

The three models are compared regarding the spatial variability of real temperature at
10 m above ground level for the period from 7:10 LST until 12:10 LST for the first
simulation day. The analysis is based on instantaneous model output. The output
interval is 10 min for HH_LES and HH_RANS and 6 min for HH_PCL. For the analysis
horizontal averages, taken over the complete model domain at 10 m above ground at
each individual output time step, are subtracted from the values at each grid cell. This
filters the diurnal cycle of the temperature. Frequency distributions are calculated
from this filtered temperature fields using all available time steps (Figure 4-13 -
Figure 4-15).
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Figure 4-13: Deviation of 10 m real temperature from horizontal average calculated
from 50 output times between 7:10 LST and 12:10 LST taken from the simulation
HH_PCL. Percentiles of this distribution are marked in blue, percentiles from
HH_RANS (Figure 4-14) in green and percentiles from HH_LES (Figure 4-15) in red.
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Figure 4-14: Deviation of 10 m real temperature from horizontal average calculated
from 30 output times between 7:10 LST and 12:10 LST taken from the simulation
HH_RANS. Percentiles of this distribution are marked in green, percentiles from
HH_PCL (Figure 4-13) in blue and percentiles from HH_LES (Figure 4-15) in red.
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Figure 4-15: Deviation of 10 m real temperature from horizontal average calculated
from 30 output times between 7:10 LST and 12:10 LST taken from the simulation
HH_LES. Percentiles of this distribution are marked in red, percentiles from HH_PCL
(Figure 4-13) in blue and percentiles from HH_RANS (Figure 4-14) in green.

The smallest temperature range is found in the distribution of the simulation HH-PCL
(Figure 4-13). The difference between the 5 and the 95 percentile is only 0.8 K. For the
simulation HH-RANS (Figure 4-14) a wider distribution is found. Here the difference
between the 5 and the 95 percentile is 1.1 K. For the simulation HH_LES (Figure 4-15)
the widest distribution is found with 1.77 K difference between the 5 and the 95
percentile. Thus in this analysis the spatial temperature range provided by METRAS-
LES is more than twice as large as the one simulated by METRAS-PCL. The distribution
for HH_LES is skewed to the right, because near surface warmer air concentrates in
relative small updrafts (e.g. Figure 4-8 (a)) and the sinking of cooler air happens more
smoothly in the centers of convective cells and over water.

4.4 Conclusions

This chapter proves that the application range from METRAS-LES can be extended
from the simulation of developing CBL above flat, homogeneous and constantly heated
surfaces (Chapter 3) to the simulation of complete diurnal cycles of free convective
situations above heterogeneous surfaces heated by the time and location dependent
incoming solar radiation (Section 4.2.2).

Simulating of a second day is possible, even though the model results for the night are
not completely reliable, because the LES approach breaks down with the used
resolution for stable stratification. This limitation may decrease the comparability of
simulation results for the second simulation day. Therefore, most model analysis
presented in this chapter concentrates on the time from 9:00 LST to 18:00 LST of the
first simulation day.

In addition to proving that the usage of the thermodynamic surface scheme from
METRAS-RANS (Section 4.1.2) allows successful simulations of time dependent CBL
with METRAS-LES (Section 4.2.2 - Section 4.3.2), the presented simulations show that
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inclusion of modest orography is possible in simulations performed with METRAS-LES
(e.g. Figure 4-6).

For calculation of surface boundary values in simulations above a somehow
heterogeneous area representing the city of Hamburg, CORINE land cover data have
been mapped to surface classes (Section 4.1.3, Appendix D.1). Smaller modifications of
surface cover seem to be a suitable trigger for ensemble simulations of CBL (Section
4.3.1). This is especially important, because limited knowledge about surface
characteristics at grid scale allows a large degree of freedom in describing the surface.
Thus, using surface cover driven ensembles seems to be an appropriate approach for
urban climate modelling in general, not only for performing large eddy simulations
above urban areas.

The parameterization of the subgrid-scale turbulent kinetic energy in the surface layer
has an important contribution to the overall diffusivity of the model and thus on the
resolved scales (Section 4.3.2). Conceptual differences between the LES to the RANS
approach show that this parameterization can only be used in the RANS model to
enforce continuous fluxes at the top of the surface layer (Section 4.3.2, Appendix B).
Switching between the RANS and the LES approach demonstrates that LES increases
the spread of simulation results (Section 4.3.3), which might be helpful for urban
applications dealing with representativity or with the exceedance of short time
extreme values.

Numerical studies of the diurnal cycle of a convective boundary layer were used to
understand some characteristics of CBL above the inner city and the harbor area of
Hamburg. Under calm wind conditions the development of CBL is supported by the
model. Additional to the convective motions, already seen in the simulations of
Chapter 3, the model simulations include river breeze circulations. The resulting
atmospheric conditions include therefore combined influences of convection motions
and river breeze circulations. A near surface flow convergence occurring between the
Elbe River and the artificial lake Aufdenalster is found in model results, averaged from
9:00 LST to 18:00 LST (Section 4.2.3). The river breeze influence might be important
for flow and temperature structures under free convective conditions and therefore
most likely contribute to the local climate of the city of Hamburg.

For interpretation of the results of this Chapter it should also be noted, that the
simulations are still quite idealized. For example moisture is still neglected, which
influences the buoyancy and the energy exchanges at the surface. The used CORINE
land cover data does not provide a detailed map at 50 m resolution (Section 4.1.3). To
check the importance of map details finer grained surface data have been used for
model experiments in Chapter 5.
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Chapter 4 showed diurnal cycles of CBLs above the city of Hamburg, simulated with
METRAS-LES. The map used for these model experiments is very coarse and
underestimates the surface heterogeneity.

The influence of the granularity of the used surface data on the simulation of
convective situations above the inner-city and harbor of Hamburg is investigated in
the following Chapter. This is intended to answer the question to what extent details of
topographic data are relevant for simulations of convective boundaries above
heterogeneous urban areas. The needed level of detail is discussed along the
requirements to evaluate model simulations for urban applications. The performed
model experiments are based on more detailed topography data (Section 5.1), which
are artificially simplified (Section 5.2) to analyze the influence of surface heterogeneity
and to continue the discussion of topographic influence on the atmosphere above the
inner-city of Hamburg during convective conditions (Section 5.3).

5.1 Detailed topography data for Hamburg

5.1.1 Mapping of surface classes

Detailed surface classes for the Hamburg inner-city and harbor region have been
derived from the ATKIS Basis-DLM (AdV 2009a). The shapes in the original ATKIS data
set are overlapping and thus non-exclusive for certain areas. To exploit the full
heterogeneity of these data, some reordering was needed to get the smallest shapes in
the foreground. The reordered data have been rastered to a 12.5 m grid, which served
as input for the derivation of surface classes at the model resolution of 50 m. Hence, 16
raster cells could be used to calculate the SGS distribution of surface classes within one
model grid cell.

As for the CORINE data (Section 4.1.3), a remapping from the land use orientated
ATKIS classification to 10 physical meaningful surface classes was needed. A tabular
description of the original ATKIS classes has been compiled by Kirschner (2009),
based on the official data documentation (AdV 2003). Both, description and
documentation, are not always intuitive in the terms of physical processes like heat or
momentum fluxes, acting at the land air interface. Therefore samples of all occurring
classes have been checked against satellite pictures in the visible spectral range to
perform an expert judgment for the physical classification. Figure 5-1 shows the main
surface classes resulting from the newly defined mapping. The detailed mapping is
provided in Appendix D.2 and is called METRAS_URBAN_A in the following. Table 5-1
contains the surface characteristics for the METRAS_URBAN_A classes. Compared to
the surface classes in the METRAS_URBAN mapping (Table 4-1), the
METRAS_URBAN_A mapping results in one additional urban class and drops one
vegetation class for that, i.e. it includes the class suburban but not the class mixed
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forest. The mapping METRAS_URBAN_A is tailored for the ATKIS classes occurring in
the inner-city of Hamburg. Mappings of ATKIS data for other model domains may need
some adjustments.

Table 5-1: Physical surface characteristics for surface classes in METRAS_URBAN_A, like
those given in Table 4-1 for the METRAS_URBAN classes .The mapping from the
ATKIS classes towards the METRAS_URBAN_A classes is given in Appendix D.2.

Surface classes for mapping Ao ks Vs o Wi Zo

METRAS_URBAN_A [m?s1] |[JK!sim?!] | [mm!]| [m] [m]
Water 0 fi 1.5x107 100 0.980 | 100.0 fo

Mudflat 1 0.10 | 7.4x 107 2.20 0.980 | 0.322 | 0.100
Harbour & Industry B 0.20 | 2.3x10* 4.60 0.050 | 0.081 | 0.600
Mixed Vegetation 3 0.20 | 5.2x107 1.33 0.200 | 0.138 | 0.040
Meadows 4 0.20 | 5.2x107 1.33 0.400 | 0.015 | 0.020
Traffic B 0.12 | 2.3x10* 4.60 0.050 | 0.015 | 0.005
Bushes L) 0.20 | 5.2x107 1.33 0.300 | 0.081 | 0.350
Sub Urban 7 0.15 | 1.0x 10 293 0.050 | 0.968 | 0.700
Urban 8 0.15 | 1.4x10* 4.60 0.050 | 0.484 | 1.400
Urban Compact . 0.15 | 2.3x10°¢ 4.60 0.025 | 0.300 | 2.000

y [km]

x [km]

Figure 5-1: Main surface classes in model domain on a 50 m horizontal grid. The surface
classes are based on ATKIS data using the surface class mapping METRAS_URBAN_A
(Appendix D.2). A color scale is provided together with the used physical surface
characteristics in Table 5-1.

The mapping METRAS_URBAN_A assigns 91 ATKIS classes to 10 model classes, while
the mapping METRAS_URBAN only assigns 42 CORINE classes to 10 model classes. The
distribution of the SGS surface classes for the model domain is provided in Table 5-2:
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58.8 % of the total model domain is covered by built-up areas (class: 2, 5, 7, 8 and 9),
21.4 % by water (class: 0) and 19.8 % by vegetation (class: 1, 3, 4 and 6).

Table 5-2: Distribution of subgrid scale surface classes (Table 5-1) in the model domain
shown in Figure 5-1.

Class 0 [%] Class 0 [%]
Water 0 21.4 | Traffic 5 19.8
Mudflat 1 0.8 Bushes . 4.5
Harbour & Industry . 17.2 Sub Urban 7 11.2
Mixed Vegetation 3 13.7 Urban . 5.8
Meadows . 0.8 Urban Compact . 4.8

The number of SGS surface classes per grid cell has been determined for the ATKIS
based map (Figure 5-1) and the CORINE based map (Figure 4-1 (a)), to compare the
granularity of these maps quantitatively. As expected, more SGS surface classes exist in
the METRAS_URBAN_A map (Figure 5-2 (a)) than in the METRAS_URBAN map (Figure
5-2 (b)). More than 55 % of all grid cells in the METRAS_URBAN_A map have two or
more surface classes, while more than 86 % of all grid cells of the METRAS_URBAN
map have only one unique surface class (Table 5-3).

Number of SGS surface classes

Figure 5-2: Map of number of subgrid scale surface classes for the map (Figure 5-1)
based on ATKIS data / the mapping METRAS_URBAN_A (a) and for the map (Figure
4-1 (a)) based on CORINE data / the mapping METRAS_URBAN (b). The
corresponding frequency distribution is given in Table 5-3.

Table 5-3: Frequency distribution of the number of subgrid scale surface classes per
grid cell for the METRAS_URBAN_A (Figure 5-2 (a)) and METRAS_URBAN (Figure
5-2 (b)) maps.

map 1 surface 2 surface 3 surface 4 and more surface
class / cell | classes / cell | classes / cell classes / cell

METRAS_URBAN_A 44.1 % 39.0 % 14.8 % 21%
METRAS_URBAN 86.1 % 13.7% 0.2 % 0.0 %
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5.1.2 Correction of orography data

Orography data have been taken from the digital elevation model ATKIS DGM5
(AdV 2009b). These orography data are less noisy than the SRTM data used for the
simulations discussed in Chapter 4. They are used here for a better representation of
the real orography due to higher resolution of the data. A plot of the ATKIS DGM5
based model orography with 50 m horizontal resolution is provided in Figure 5-4 (a).

The original ATKIS DGM5 data include some inconsistencies in the surface heights of
the river Elbe: Stripes with more than 1 km width and a maximal surface height
deviation of approximately 1.5 m exist in the data. Most likely these stripes are an
effect from merging the data from laser scans measured at different times without a
sufficient tide10 correction. To correct the erroneous data, heights of all water grid cells
in the southern half of the model domain have been set to zero. This correction is not
applied to the northern half of the domain to keep the different height for the Alster,
which is ca. 3 m above sea level and not influenced by tidal flow. Height changes of the
Elbe due to tidal effects are ignored in all simulations presented in this thesis.

5.2 Model experiments with varied surface heterogeneity and
orography

5.2.1 Creation of modified maps

Four different surface class maps have been created, based on the METRAS_URBAN_A
mapping introduced in Section 5.1.1. Each of the four surface class maps (Figure 5-3)
has been used once with the real orography and once with flat terrain (Figure 5-4).
Thus a set of eight simulations is available to analyze the effects of orography and
surface heterogeneity on CBL above Hamburg. The individual surface class
experiments are explained and named below. For the naming of the experiments with
flat terrain the suffix “_F” is added to the names used for the surface class experiments.

The reference simulation ORIG / ORIG_F (— / —=) uses the original surface classes
resulting directly from the METRAS_URBAN_A mapping (Figure 5-3 (a)). This map is
modified by redistributing the surface classes of all land grid cells randomly to define
the simulation setup MIX_ L / MIX_L_F ( / ——, Figure 5-3 (b)). Here, and in the
following, land grid cells are defined as grid cells, which have less than 50 % SGS water
coverage. The SGS surface class distribution of all land grid cells, as calculated from the
ORIG map, is provided in Table 5-4. This distribution still includes 2 % water
coverages, due to the definition of land grid cells. The setup HOMO / HOMO_F
(— / ——, Figure 5-3 (c)) uses this surface class distribution at each land grid cell.

10 The mean tidal range at the gauge in Hamburg St. Pauli is 3.64 m, based on data taken from
2001-11-01 until 2010-10-31 (WSV 2014).
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Thus HOMO / HOMO_F uses an artificially homogenized land surface, which exhibits
the same SGS surface class distribution as the other setups. The setup MIX_A / MIX_A_F

(— / —-—, Figure 5-3 (d)) redistributes the surface classes from all grid cells of the

ORIG setup randomly, including the water grid cells.

@

y [km]

y [km]

Figure 5-3: Main surface classes for the simulations ORIG/ORIG_F (a), MIX_L/MIX_L_F
(b), HOMO/HOMO_F (c) and MIX_A/MIX_A_F (d). The color scale for (a), (b) and (d)
is provided in Table 5-4. For (c) a separate land color is chosen, to illustrate that it is
an artificial surface, using the SGS surface class distribution provided in Table 5-4.

Table 5-4: Surface class distribution for land grid cells (water coverage smaller 50 %) in
Figure 5-3 (a), (b), (d). Subgrid scale fractions are included in the listed
percentages. This surface class distribution is used for all land grid cell in the

y [km]

(b) - -

@

simulations HOMO and HOMO_F (Figure 5-3 (c)).

x [km]

Class 0 [%] Class 0 [%]
Water 0 2 | Traffic B | 24
Mudflat 1 Bushes . 6
Harbour & Industry . 22 | Sub Urban . 14
Mixed Vegetation . 17 | Urban .
Meadows . 1 | Urban Compact .
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The total domain averaged surface cover of individual classes from the reference map
ORIG is conserved in all three surface class modification scenarios (MIX_L, HOMO and
MIX_A). Conserving the total surface covers preserves the domain averaged surface
characteristics, which is important for the comparison of the different simulations. For
example this causes the same overall albedo of the model domain, which is needed to
have the same amount of solar radiation for heating the surface during the day. The
number of SGS surface classes (Table 5-3) is conserved in the redistribution scenarios
MIX_L and MIX_A, but not in the homogenized setup HOMO. The surface flux averaging
scheme (Schliinzen et al. 2012a, p. 20) is used for all four surface class setups, the
parameter averaging scheme (Schliinzen et al. 2012a, p. 19) is not used.

The experiments MIX_L and MIX_A redistribute the surface classes only, but not the
orography. There are only two states of orography, the original or flat terrain. Figure
5-4 shows the orography together with all possible water masks resulting from the
different surface class scenarios.
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Figure 5-4: Orography and water masks for (a) the simulation setups ORIG, MIX_L and
HOMO, for (b) ORIG_F, MIX_L_F and HOMO_F, for (c) MIX_A and for MIX_A_F (d).
Grid cells with atleast 50 % water coverage are marked in blue.
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5.2.2 Description of model setup

The basic setup describes the simulation of a developing CBL over the course of a day,
using the atmospheric input parameters described in Section 4.2.1. Zero large scale
wind is assumed. In order to get a setup with little diffusion, c=1 is used in Equation
(4.8). The main distinction from the simulation setup introduced in Chapter 4 is the
usage of different topographic maps to describe surface class and elevation. For each of
the eight maps specified in Section 5.2.1 one simulation over 43 hours integration time
has been performed, using 05:00 LST as initialization time. The starting date is the 15t
July, which influences the calculation of solar radiation within the model (Schliinzen et
al. 20123, p. 93 - 97). For this date sunrise in Hamburg is at 04:01 LST and sunset at
20:33 LST.11

For performance reasons a major different model version (pre-release version of
METRAS 2.1.1) has been used here, compared to the model version used for the
simulations presented in Chapter 3 and Chapter 4 (METRAS-LES development based
on METRAS 1.3). The used pre-release version of METRAS 2.1.1 differs only in
technical details from the METRAS 2.1.1 release. It includes all tested METRAS-LES
features and many other developments. For example it includes a restructured
handling of SGS surface classes, which would in principle allow to use more than 10
surface classes, a basic loop parallelization (Augustin et al. 2008), a parallel solver for
the pressure equation implemented by Bockelmann (2013, personal communication)
and a refined sea ice model.

Besides using refined and modified topography data (Section 5.2.1) the setup used
here differs from the setup used in Chapter 4 by inclusion of humidity. Thus a more
complete model is used, which includes more physical processes. For example
moisture fluxes influence the energy exchanges at the surface and where the moisture
content of the air modifies buoyancy. During model initialization a homogeneous
relative humidity of 50 % was assumed for the whole model domain. This value is
chosen in consistency with urban climate assessments for Hamburg performed by
Funk et al. (2012). Time series of volume integrated model variables show, that in
none of the performed simulations condensation takes place during the first 19 h of
time integration. Therefore, focusing in the analysis on the first simulation day
guaranties a cloud free situation. This is helpful for more robust sensitivity studies, as
occurrence of clouds can create larger feedbacks. Such feedbacks can complicate the
analysis of single run sensitivity studies and may require larger ensembles to provide
robust results. Nevertheless, for the sake of completeness results from the second day

11 These times for sun rise and sunset have been calculated independently from the calculation
in the model. Times listed here are calculated based on internet query for sunrise and sunset
times in Hamburg at July 15t (Wolfram|Alpha 2014) and the time difference of 50 min
between LST and UTC available from metadata in the NetCDF model output.
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are presented as well, even though some isolated clouds form in some of the
simulations.

5.3 Model results with varied surface heterogeneity and orography

5.3.1 Sensitivity on instantaneous values of meteorological variables

To provide an introduction to the different model solutions gained from the
simulations of the topography experiment (Section 5.2) instantaneous cross sections
of real temperatures are shown for 10 m (Figure 5-5) and 150 m (Figure 5-6) above
ground level. These model snapshots are taken from the simulations of the orography
experiment (defined as simulation set ORIG, ORIG_F, MIX_L, MIX_L_F, HOMO, HOMO_F,
MIX_A and MIX_A_F) at 12:00 LST of the first simulation day.

The temperature fields above land are structured by convective flow fields. The 10 m
cross sections of the simulations ORIG, ORIG_F, MIX_L, MIX_L_F, HOMO and HOMO_F
(Figure 5-5 (a) - (f)) show large similarities among each other and a clear influence of
the water surfaces. In principle these model solutions are similar to the results from
the simulations presented in Chapter 4 (only partially shown here). For the
simulations MIX_A and MIX_A_F, which also redistribute the water cells, structural
difference from the reference solution ORIG (Figure 5-5 (a)) can be seen in the model
results (Figure 5-5 (g) - (h)). Here the simulations are more similar to the results from
Chapter 3, even though differences exist due to influences of orography and the mosaic
distribution of surface classes.

At 150 m above the ground the same similarity between the setups ORIG, MIX_L and
HOMO is found (Figure 5-6 (a), (c), (e))- In contrast to the temperature fields near the
surface, more differences between the simulations with flat and real orography are
visible. For example there is an edge in the temperature field associated with the
slopes north of the Elbe valley in all simulations with orography (e.g. Figure 5-6 (e),
x=0-2km, y=6-8Kkm). The pure orographic effect is visible from the experiment
MIX_A, which leaves out the additional thermal driven surface effects, due to the mixed
surface classes (Figure 5-6 (g)). This orographic influence is mainly an effect of the
terrain following analysis. Higher altitudes above sea level are visible by areas with
lower air temperatures. This influence would be less pronounced in fields of potential
temperature, because the vertical gradient of potential temperature can be expected to
be (near) neutral in the CBL above a super adiabatic surface layer. Similar to the 10 m
temperature fields the main structural difference among the eight simulations is
between the two experiments redistributing the water surfaces (MIX_A/MIX_A_F) and
the other six experiments.
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Figure 5-5: Real temperature at 10 m above ground level at 12:00 LST of the first
simulation day for the experiments ORIG (a), ORIG_F (b), MIX_L (c), MIX_L_F (d),
HOMO (e), HOMO_F (f), MIX_A (g) and MIX_A_F (h).
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Figure 5-6: Real temperature at 150 m above ground level at 12:00 LST of the first
simulation day for the experiments ORIG (a), ORIG_F (b), MIX_L (c), MIX_L_F (d),
HOMO (e), HOMO_F (f), MIX_A (g) and MIX_A_F (h).

The above given introduction into the model results indicates that the land water
contrast may have a larger impact on the model results than the smaller scale surface
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heterogeneities and the orography. More quantitative assessments of the topography
experiment are following in the next sections. Besides providing a first impression of
the experiment outcome, the shown examples demonstrate, that a CBL situation above
the city of Hamburg can be simulated also with the major changed model version of
METRAS-LES. The principle findings from the validation and sensitivity experiments
discussed in Chapter 3 and Chapter 4, should also hold true for the experiment results
discussed in the following.

5.3.2 Sensitivity of averaged values of meteorological variables

In the following it is investigated to what extent domain averaged model results are
sensitive on the topography experiment described in Section 5.2. In the context of
urban climate applications such analyses might be interesting for questions, which do
not require or allow further spatial distinction. An example might be the estimating of
biometeorological indices for an urban population, which is only described by a
homogeneous population density. From a modelling perspective the domain averaged
analysis investigates to what extent spatial details of surface data are needed in
simulations performed for such questions. Additionally, analyzing the topography
experiments in terms of domain averages provides further possibilities to discuss
physical mechanism acting in CBL situations on the atmosphere above Hamburg.

Sensitivity of real temperature

As a first step, area averaged real temperatures at 10 m above ground level have been
calculated for all eight simulations. Figure 5-7 shows time series of these arithmetic
averages, taken (a) over all grid cells, (b) over all land grid cells and (c) over all water
grid cells. Additionally, all values between the 5 and 95 percentiles are marked in
Figure 5-7 for the simulations ORIG () and MIX_A_F (" ), to provide a measure of
the distribution width. The percentiles are also separately analyzed for all grid cells
and the land and water grid cells alone. The time series in Figure 5-7 are calculated
from instantaneous model output, written every 10 min. They show smooth diurnal
cycles, which do not fluctuate in time. Thus, temporal fluctuations occurring in the
model solutions are local and balance each other in this domain averaged analysis.

The area averaged air temperatures show similar diurnal cycles for nearly all
experiments, especially during the first day. Only the two scenarios MIX_A and
MIX_A_F, which redistribute the water grid cells from the rivers Elbe and Alster within
the model domain, show lower averages of the 10 m temperatures over all grid points.
Similarly, the 5 and 95 percentiles over land are at lower levels in the simulation
MIX_A_F compared to the simulation ORIG. The opposite effect is visible for the water
cells, i.e. the absence of connected water areas causes higher temperature peaks over
water. Due to the dominance of the land cells (Section 5.1.1) the lower values are also
visible in the domain averages and percentiles.
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Figure 5-7: Real temperatures at 10 m above ground level for the topography

experiment defined in Section 5.2.1. Time series show spatial arithmetic averages
over all grid cells (a), over all land grid cells (b) and over all water grid cells (c). The
shaded area include 90 % of all values and are bounded by the 5 and 95 percentiles

from the simulation ORIG (red) and MIX_A_F (blue).

The differences of the area averaged temperatures from the area averaged
temperature of the reference simulation ORIG have been calculated. Arithmetic means
of these differences have been calculated over all available (daytime) output times in
the interval from 09:00 LST to 18:00 LST. For the simulation MIX L_F, the last
considered model output is 17:10 LST of the second day, due to numerical instabilities
in the model. The missing 50 min are ignored in the analysis of this simulation. All
other simulations are complete. The resulting daytime mean temperature differences
are provided in Table 5-5 as quantitative summary of the differences in the area
averaged time series.
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Table 5-5: Temperature difference and difference between 5 and 95 percentiles of real
temperature, analyzed from the topography experiment. Given values are time
averages calculated from spatial averages / percentiles taken over all grid cells
(white), all land grid cells (green) and all water cells (blue) at 10 m above ground.
Time averaging is done from 9 LST to 18 LST. Red font colors mark values lower
than occurring in the reference experiment. Bold font marks differences to the
reference experiment of at least 0.2 K for the mean difference and 10 % for the
normalized percentile difference.

T - Toric [K] Pos,95(T) [K] Posos(T) /
Pos.95(Toric)
dayl day2 | dayl day2 | dayl day2
9-18h 9-18h| 9-18h 9-18h | 9-18h 9-18h

ORIG 0.0 0.0 1.3 1.2 1.00 1.00
only land 0.0 0.0 1.1 1.0 1.00 1.00
only water 0.0 0.0 1.0 1.0 1.00 1.00
ORIG_F 0.0 0.0 1.4 1.3 1.08 1.08
only land 0.1 0.1 1.1 1.1 1.03 1.03
only water 0.0 0.0 1.1 1.0 1.02 0.99
MIX_L 0.0 0.3 1.3 1.1 0.97 0.92
only land 0.0 0.2 1.0 0.9 0.90 0.88
only water 0.0 0.3 1.1 1.0 1.05 0.99
MIX_L_F 0.0 0.1 1.3 1.3 1.04 1.03
only land 0.0 0.1 1.0 1.0 0.90 0.93
only water -0.1 0.0 1.1 1.1 1.08 1.03
HOMO 0.0 0.0 1.3 1.2 1.00 0.99
only land 0.0 0.0 1.0 1.0 0.92 0.93
only water -0.1 0.0 1.1 1.0 1.06 1.00
HOMO_F 0.0 -0.2 1.4 1.3 1.07 1.06
only land 0.0 -0.1 1.0 1.0 0.93 0.93
only water -0.1 -0.2 1.1 1.0 1.06 1.00
MIX_A -0.2 -0.1 1.0 0.9 0.76 0.75
only land -0.3 -0.2 1.0 0.9 0.88 0.87
only water 0.1 0.2 0.9 0.9 0.91 0.87
MIX_A_F -0.2 -0.2 0.9 0.9 0.73 0.72
only land -0.3 -0.2 0.9 0.9 0.84 0.84
only water 0.1 0.1 0.9 0.9 0.88 0.85

Table 5-5 also provides the mean daytime difference between the 5 and 95 percentiles
for each experiment as absolute and as normalized values. The normalization with the
percentile distance of the reference simulation ORIG has been done prior time
averaging. Thus due to rounding effects the given normalized values can slightly
deviate from values, which could be received by normalization of the absolute
percentile differences given in Table 5-5. The tabular comparison distinguishes the
analysis for all grid cells, for the land grid cells and for the water grid cells, as done in
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the time series. All values, which are reduced by 10 % (percentile difference) or 0.2 K
(mean difference) compared to the reference experiment ORIG, are marked in bold in
Table 5-5, to support the interpretation of the results. Likewise any reduction
compared to the experiment ORIG is marked by red font color.

The domain averaged temperatures in the experiments ORIG_F, MIX_L, MIX_L_F, HOMO
and HOMO_F are very similar, especially for the first simulation day (Figure 5-7). For
these experiments the daytime average temperature differences from the reference
simulation show at most deviations of -0.1 K for the average over the water cells
during the first simulation date (Table 5-5). Hence, homogenizing the surface classes
over land and flattening the orography does not influence the area averaged 10 m
temperature in any important way for the simulated CBL situation.

For the experiments MIX_A and MIX_A_F, which also redistribute the water surfaces, an
effect on domain averaged temperature can be seen in Figure 5-7, also for the first day.
For this day, their daytime mean 10 m temperature is 0.2 K lower than in the reference
simulation (Table 5-5). This decrease of temperature happens over land only, while
over water a smaller increase acts in the opposite direction. The 0.2 K lower domain
averaged temperature is small compared to the amplitude of the simulated diurnal
cycle, which is in the order of 5 K (Figure 5-7). However, it is not small compared to
the spatial distribution within the domain, as the differences between the 5 and 95
percentiles are in the order of 1 K during daytime (Table 5-5).

A small reduction of the temperature distribution width, characterized by the
difference of the 5 and 95 percentile, is found over land in the redistribution /
homogenization experiments MIX_L, MIX_L_F, HOMO and HOMO_F, going along with a
small increase over water (Table 5-5). The reductions compared to the reference
simulation ORIG are smaller than 10 % for nearly all analysis periods. Like for the
mean values the influence on the distribution width is largest in the experiments
MIX_A and MIX_A_F, which show a reduction of approximately 25 % in the daytime
percentile difference compared to the reference simulation ORIG.

The redistribution of the water cells has stronger effects on the domain average and
distribution width of 10 m real air temperature, than all other performed topography
experiments. The results suggests, that for a realistic simulation of domain averaged
statistics of 10 m air real temperature the correct spatial distribution of water surfaces
should be kept, as only keeping the correct distribution of water surfaces leads to
different model results.

Sensitivity of sensible heat flux

To investigate the physical reasons for the lower average temperatures in the
experiments MIX_A and MIX_A_F, time series of domain averaged sensible heat fluxes
have been calculated (Figure 5-8). Similar to the analysis of the 10 m temperature, the
5 and 95 percentiles for the experiments ORIG and MIX_A_F are also shown in Figure
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5-8 and summarizing daytime averages of mean differences and percentile differences

are provided in Table 5-6.
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Figure 5-8: Same as Figure 5-7 but for the sensible heat flux in the surface layer.

Consistent with the findings for temperature the experiments MIX_A and MIX_A_F
show lower domain averaged mean sensible heat fluxes, while the other experiments
are more similar to each other. The reductions of the heat fluxes over land are in the
order of 10 W m for the experiments MIX_A and MIX_A_F (Table 5-6), but one order
of magnitude smaller for the other experiments. For the reference simulation ORIG, the
time average of the heat flux between 9:00 and 18:00 is 117 W m2 for the first and
103 W m2 for the second simulation day. Therefore the maximum change over all grid
points is 7.7 %, found for MIX_A_F at the first day.

The distribution width, measured by the difference between 95 and 5 percentile, does
not decrease for the land cells in the experiments MIX_L and MIX_A_F. Instead lower
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values for the 5 percentile of the heat fluxes over land (Figure 5-8 (b)) result in an
increase of the percentile difference compared to the reference simulation. The
experiments HOMO and HOMO_F, which have a homogenized land surface, show a
reduction of a little more than 20 % in the percentile distance over land. The
remaining 80 % of the spatial variability of the heat flux over land is most likely to be
explained by the variable flow and temperature fields in the simulated CBL and river
breeze regime.

Table 5-6: Same as Table 5-5 but for the sensible heat flux in the surface layer.
Corresponding time series are shown in Figure 5-8. Bold font marks difference
to the reference experiment of at least 5 W m-2 for the flux difference and 10 %
for the percentiles.

HF - Hroric Pos.os(HF) Pos9s(HF) /
[Wm2] [Wm2] Pos.95(HForic)
dayl day2 | dayl day2 | dayl day2
9-18h 9-18h|9-18h 9-18h | 9-18h 9-18h

ORIG 0.0 0.0 247 223 1.00 1.00
only land 0.0 0.0 213 192 1.00 1.00
only water 0.0 0.0 74 67 1.00 1.00
ORIG_F 0.0 0.6 247 222 1.00 1.00
only land 0.0 0.7 212 191 1.00 1.00
only water 0.2 0.3 75 66 1.02 0.99
MIX_L -1.2 -3.2 251 220 1.02 0.99
only land -1.6 -4.0 218 191 1.02 1.00
only water 0.0 -0.3 73 65 1.00 0.98
MIX_L_F -1.4 0.0 251 248 1.01 1.03
only land -1.8 -0.1 218 217 1.02 1.05
only water| 0.1 -0.2 72 70 0.98 0.98
HOMO 0.1 0.2 211 190 0.86 0.86
only land -0.4 -0.2 164 148 0.78 0.79
only water -1.5 -1.1 64 56 0.86 0.84
HOMO_F -0.3 0.3 212 191 0.86 0.86
only land -0.9 -0.2 166 148 0.79 0.78
only water -1.4 -0.9 64 57 0.87 0.84
MIX_A -8.8 -7.4 270 241 1.10 1.08
only land -11.0 -9.32 249 222 1.17 1.16
only water -1.1 -0.8 65 59 0.90 0.89
MIX_A_F -9.0 -5.9 269 243 1.09 1.09
only land -11.3 -7.5 248 222 1.17 1.16
only water -1.1 -0.6 65 61 0.90 0.91

The reduced variability in the heat fluxes over land for the setup HOMO/HOMO_F has
only little effects on mean fluxes. This indicates, that for simulations, which should
only provide mean values, the spatial details in in the surface map from Figure 5-3 (a)
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are most likely not needed. Instead a simplified map with a homogenized surface
(Figure 5-3 (c)) might be sufficient, as long as the correct percentages of the surface
class distribution and the land water contrast are kept.

Table 5-6 shows, that most simulations with flat surfaces (MIX_L_F, HOMO_L_F and
MIX_A_F) result in lower daytime fluxes for the first simulation day compared to the
respective simulations with orography (MIX_L, HOMO and MIX_A). This effect is small
(0.2 W m-2) and opposed for the second simulation day and in the simulation pair ORIG
/ ORIG_F. To check, if there is really a small effect, larger ensembles would be needed.
But it can be concluded, that the domain averaged heat flux is more sensitive on
redistributing the water cells than on flattening the moderate terrain. Thus neglecting
the terrain results in a smaller error than neglecting the proper localization of the
water areas, which is a very plausible result for simulations in the Hamburg inner-city
and harbor model domain.

Sensitivity of horizontal wind speed

The above analysis has shown, that redistributing the water grid cells randomly in the
model domain (experiments MIX_A and MIX_A_F) results in lower surface heat fluxes
over land, which may be claimed responsible for lower surface layer temperatures.
One physical explanation might be the missing river breeze circulation, caused by the
Elbe and Alster in the other experiments. The absence of this additional circulation
could cause lower wind speeds over land in the pure convective scenarios MIX_A and
MIX_A_F. Lower wind speeds would cause lower friction velocities according Equation
(3.32) and thus lower heat fluxes according Equation (3.30). To verify this hypothesis,
the same analysis as performed for temperature and heat fluxes is repeated for
horizontal wind speed at 10 m above ground level (Figure 5-9, Table 5-7).

The analysis of the horizontal wind speed confirms the hypothesis that a notable
reduction of wind speed occurs in the simulations MIX_A and MIX_A_F (Figure 5-9).
Over all grid points it is above 25 % (Table 5-7), with larger contributions over land.
Over water also the Iland modification experiments MIX L/MIX L F and
HOMO/HOMO_F show a reduced wind speed. Most likely different surface properties
of the adjacent riverside land cells contribute to that. The distribution width decreases
with similar rates as the mean values (Table 5-7). This could be seen as an indicator,
that the shape of the wind distribution keeps similar in all simulations.

Simulations to estimate domain averages of the thermally induced horizontal wind
speeds requires the correct land / water distribution. E.g. including of river breeze
effects in the simulation is needed, just including the near surface compensating flow
from convective cells in the water surface redistributing experiments underestimates
the occurring wind.
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Figure 5-9: Same as Figure 5-7 but for the horizontal wind speed at 10 m above ground

level.
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Table 5-7: Same as Table 5-5 but for horizontal wind speed at 10 m above ground level.
Bold font marks difference to the reference experiment of atleast 0.2 m st or 10 %.

ff - fforic [ m s1] (ff - fforic) / Pos.o5(ff) [m s1] Pos,osff) /
fforic Pos.95(fforic)
dayl day?2 |dayl day?2 dayl day2 | dayl day?2
9-18h 9-18h |9-18 h 9-18h | 9-18 h 9-18 h ]| 9-18h 9-18h
ORIG 0.00 0.00 0.00 0.00 1.61 1.56 1.00 1.00
only land 0.0 0.00 0.00 0.00 1.57 1.52 1.00 1.00
only water | 0.00 0.00 0.00 0.00 1.62 1.56 1.00 1.00
ORIG_F 0.00 | -0.03 0.00 -0.03 1.61 1.54 1.00 0.99
only land 0.00 | -0.02 0.00 -0.02 1.56 1.49 1.00 0.98
only water | 0.00 -0.07 0.00 -0.07 1.66 1.51 1.02 0.97
MIX_L -0.07 | -0.04 | -0.06 | -0.03 1.55 1.52 0.96 0.99
only land -0.05 | -0.03 | -0.04 | -0.03 1.48 1.47 0.95 0.97
only water | -0.12 | -0.06 | -0.11 | -0.06 1.57 1.53 0.97 1.00
MIX_L_F -0.10 | -0.09 | -0.08 | -0.08 1.50 1.51 0.93 0.94
onlyland | -0.08 | -0.08 | -0.07 | -0.07 1.44 1.46 091 0.93
only water| -0.16 | -0.13 | -0.15 | -0.13 1.51 1.48 0.93 0.93
HOMO -0.06 | -0.08 ]| -0.05 [ -0.07 1.55 1.49 0.96 0.95
only land -0.04 | -0.06 | -0.03 | -0.05 1.49 1.43 0.95 0.94
only water | -0.16 | -0.17 | -0.15 | -0.17 1.50 1.41 0.92 0.90
HOMO_F -0.08 | -0.11 | -0.07 | -0.10 1.53 1.44 0.95 0.92
only land -0.06 | -0.09 | -0.05 | -0.08 1.47 1.37 0.93 0.90
only water | -0.17 | -0.19 | -0.16 | -0.18 1.50 1.39 0.92 0.89
MIX_A -0.30 | -0.28 | -0.25 | -0.24 1.21 1.19 0.75 0.77
only land -0.34 | -0.32 | -0.28 | -0.27 1.20 1.18 0.76 0.78
only water | -0.18 | -0.14 | -0.17 | -0.14 1.25 1.23 0.77 0.79
MIX_A_F -0.31 | -0.27 | -0.26 | -0.23 1.19 1.19 0.74 0.77
only land -0.34 | -0.31 | -0.28 | -0.26 1.18 1.18 0.75 0.78
only water | -0.19 | -0.13 | -0.18 | -0.13 1.23 1.23 0.76 0.79

Sensitivity of vertical wind speed

The wind speed analysis above (Figure 5-9, Table 5-7) includes only the horizontal
wind components. Thus, the analysis of the domain averaged near surface fields is
completed by the analysis of vertical wind speed in 20 m above ground level.

Figure 5-10 shows the diurnally cycle of mean vertical wind speed over the land cells
(a) and over the water cells (b), as well as the 5 and 95 percentiles for the simulations
ORIG () and MIX_A_F (" ). In difference to the other variables (Figure 5-7, Figure
5-8 and Figure 5-9) the diurnal cycle of the percentiles is much more dominant than
the diurnal cycle of the mean values, because up and down winds balance each other in
the spatial average. This indicates that the vertical wind speed is more influenced by
convective plumes than by an organized river breeze circulation. The same reason
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explains, why there is no relevant difference visible in the distribution width between
the experiments ORIG and MIX_A_F.
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Figure 5-10: Vertical wind speed at 20 m above ground level for the topography
experiment defined in Section 5.2.1. Spatial arithmetic averages are shown as time
series over (a) all land grid cells and (b) over all water grid cells. The 5 and 95
percentiles from the simulations ORIG (red) and MIX_A_F (blue) are marked by
shaded areas.

The y-axis in Figure 5-10 does not allow to compare the mean values between the
different simulations. Thus Figure 5-11 shows the mean values at a proper scale.
Providing averages above land cells (x, 0) and above water cells (0, +) in one figure
gives the opportunity to analyze the occurring thermal circulations in the time domain:
During daytime on average rising motion occurs over land and sinking motion over the
water areas. During night signs reverse and the difference between rising and sinking
motion decrease. Hence, circulations during night are weaker than during the day,
which is also supported by the horizontal wind speed (Figure 5-9). The reasons are the
missing convection during the night and the fact that land sea breeze like circulations
are normally weaker during night than during day (e.g. Bock et al. 2002, p. 179).

The distribution of vertical wind speed is different over water than over land. The
strongest downward motions are approximately the same over both surfaces, which
can be seen from the 5 percentile (Figure 5-10). The different 95 percentiles over land
and water show that upward motion is suppressed over the colder water areas.
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An effect of orography can be seen during nighttime: Downslope winds towards the
lower rivers cause an additional mass flow which needs to be balanced by upward
motion above the low-lying rivers Elbe and Alster in simulation ORIG, MIX_L and
HOMO. During daytime all mean values over land are similar for all members of the
topography experiment. This indicates, that the details of the topography are not
important to simulate the vertical motions under convective conditions.
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E |50 ORIG_F
% 0,02 MIX_L
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00 HOMO_F
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o0e MIX_A_F

LST[h]

Figure 5-11: Vertical wind speeds from topography experiment (Section 5.2) shown as
arithmetic average over all land cells (x, O) and over all water cells (o, +).
Simulations with flat terrain are marked by (©, 0O0). Related percentiles are provided
in Figure 5-10.

5.3.3 Sensitivity of vertical extension and structure of boundary layer

In Section 5.3.2 model results from the topography experiment (Section 5.2) have been
analyzed as averages from all (or selected) grid cells near the surface. To extent the
discussion to higher elevations, characteristic heights (Section 3.3.1) have been
calculated from instantaneous model output with an output interval of 10 min. This
analysis incorporates data from all grid cells of the model and is intended to
investigate how topography affects the vertical structure of the daytime CBL above the
model area. Only times between 9:00 and 18:00 LST are examined, because convection
breaks down during night (Figure 5-11). Also, the LES modus may not be justified for
the used model resolution (Section 5.1.1) during nocturnal, stably stratified conditions.

Time series of the height of the CBL, as measured by the characteristic height z;(HF),
are shown in Figure 5-12. The presented time series are moving averages using a
symmetric window of two hours, which also use data before 9:00 LST and after
18:00 LST. The moving averages are needed for better comparison of the topography
experiments, because z;(HF) fluctuates on the output interval of 10 min. Time series of
the characteristic heights at all output time steps are presented in Appendix E to
demonstrate how this fluctuating variable is fitted by the moving average (Figure E-1).
Additionally moving standard deviations are shown for the simulations ORIG and
MIX_A_F.
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Figure 5-12: Moving average (MAV, MathWorks 2013) for the height of the minimum of
the resolved heat flux for all topography experiments defined in Section 5.2.1. Solid
lines mark the simulations including orography, dashed lines the simulations with
flat terrain. Moving standard deviations (MSTD, D’Errico 2014) are shown as
shaded areas for the simulations ORIG (red) and MIX_A_F (blue). MSTD and MAV
use a two hour centered window to filter the data points shown in Figure E-1 and
one hour of data before and after the shown interval.

Figure 5-12 shows, that the experiments MIX_A and MIX_A_F exhibit a delayed
boundary layer development in the morning, but also delay the decrease of z(HF) in
the afternoon. For the first day this delay is about half an hour. For the second day the
quantification is more uncertain, which can also be seen by the larger spread of the
other experiments. The delay in MIX_A and MIX_A_F is most likely caused by the
decreased heat fluxes (Figure 5-8) for the experiments, for which the water surfaces
are redistributed within the model domain.

In consistency with the findings from Section 5.3.2 the analysis of zi(HF) shows, that
the influence of orography is smaller than the influence of surface class distribution.
Further on, the analysis suggests, that the correct localization of water surfaces does
not only affect the near surface statistics, but also modifies the time development of
the complete CBL and impacts the lowest 1 - 2 km of the atmosphere. One application
where such details might be relevant could be the assessment of urban air quality,
because the height of the boundary layer is important for the volume, in which
pollutions can be mixed. A delayed CBL development in the morning can cause longer
periods of pollution load due to near surface emissions. Therefore the existence of Elbe
and Alster may eventually be helpful for improving the morning air quality in
Hamburg, by supporting the growth of convective boundary layers. Nevertheless, it
should be noted, that this hypothesis on possible impact on air quality is speculative
based on the presented model experiments. Further studies would be needed to check
its validity.
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The characteristic height z(HF) provides a measure for the top of the CBL. For
comparison the structure of the simulated CBL the height of the maximum vertical
wind variance z,,, .z, is calculated as second characteristic height (Figure 5-13). The

time delay found in the analysis for z;(HF) for the simulations MIX_A and MIX_A_F can
also be found in this second characteristic height. The experiments MIX_L/MIX_L_F and
HOMO/HOMO_F show somehow larger values for z,,.z, than the reference

simulation ORIG. From the presented analysis it is unclear if there is a clear physical
reason or if that is a random result, which just shows the spread of possible solutions.
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Figure 5-13: Same as Figure 5-12, but for height of maximum variance of vertical wind.
The data points used for the moving averages / standard deviations are provided in
Figure E-2. The range of the vertical axis in Figure 5-13 covers 5/12 = 0.42 of the
range used in Figure 5-12. This accounts for the median ratio between these two
characteristic heights as it has been calculated from the simulation results between
9:00 and 18:00 (Table 3-1).

Daytime median of ratios of the two characteristic heights z(HF) and z,,,.,;, has been
calculated to check, if the CBL vertical structure differs between the experiments
(Table 5-8). The ratios do not differ a lot, but it is noticeable, that the simulations
MIX_A and MIX_A_F have smaller ratios. Thus the bulge of the vertical wind variance is
not only located at absolute lower altitudes (Figure 5-13), but also relative within the
developing CBL. This could be caused by the lower heat fluxes and the missing river
breeze circulations in these simulations.

Table 5-8: Median of the ration Z ot / z,(HF) between 9:00 and 18:00.
| ORIG ‘ ORG_F | MIX_L | MIX_L_F ‘ HOMO_L | HOMO_L_F ‘ MIX_A | MIX_A_F

0.40 | 0.42 0.42 0.41 0.42 0.41 0.39 0.38
0.40 | 0.39 0.42 0.43 0.40 0.41 0.39 0.37

DAY1
DAY2
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5.4 Conclusions

This chapter investigated the role of topography details for simulating diurnal cycles of
free convective boundary layers above the inner-city and harbor area of Hamburg.
Model experiments based on modifications of surface classes and topography (Section
5.2.1) have been analyzed (Section 5.3). For the experiments in this chapter all model
developments done for METRAS-LES have been included into a recent version of
METRAS. This helps to sustain features contributed by this thesis in the M-SYS code for
the future.

The preparation of the model experiments lead to interpretation and analysis of
orography data (Section 5.1). Additional outcome of this preparation of geographic
data, which goes beyond the pure creation of the needed maps (Figure 5-3 and Figure
5-4), can be summarized as follows:

* A new mapping from land use orientated ATKIS Basis-DLM classes to physical
classes suitable for simulations with M-SYS has been defined (Appendix D.2).

* An analysis of maps, based on ATKIS and CORINE data, show that on a 50 m
grid considerable more grid cells include SGS surface classes for the model
domain in Hamburg (Section 5.1.1). This provides a quantitative measure for
the additional granularity of the ATKIS data.

* Inconsistencies in the heights of the Elbe could be identified in the digital
elevation model ATKIS DGM5. These inconsistencies can easily be overlooked in
the visualization of the data for larger domains, but should definitely be
corrected for high resolution data usage.

» Distributions of surface classes have been determined for the inner city and
harbor area of Hamburg (Table 5-2 and Table 5-4).

The performed topography experiment has the following outcome: The main
differences are between the simulations MIX_A / MIX_A_F and all other simulations.
Temperatures and horizontal wind speeds at 10 m and sensible heat fluxes in the
surface layer are lower in the experiments MIX A / MIX_A_F compared to all other
experiments (Section 5.3.2). Additionally the height of the convective boundary grows
at lower rates (Section 5.3.3). This is an effect of the missing thermal circulation
systems in the experiments MIX_A / MIX_A_F. The same reduction effect is visible in
the land homogenization and mixing experiments (HOMO / HOMO_F, MIX_L /
MIX_L_F), but on smaller scales (Table 5-6, Table 5-7).

The physical principle should be the same for the reduction in MIX_L, MIX_L_F, HOMO,
HOMO_F, MIX_A and MIX_A_F. There might be two reasons for the different scales. First
lower water temperatures than land temperatures could cause that distributing of
water cells reduce horizontal temperature gradients more effectively. The second
reason could be larger water patches.
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6 Overall summary and Outlook

This thesis followed two main topics - investigating questions regarding the urban
climate of Hamburg and extension of METRAS for large eddy simulation. The scientific
question followed up is than understanding the structure and development of
convective boundary layers above Hamburg.

As technical basis the transformation of METRAS-RANS to METRAS-LES is targeted
first. The conceptual step for transferring a RANS model into an LES model is applying
a different filter (Section 2.3.1). In praxis this means that a SGS model suitable for LES
is needed. Simply reducing the grid sizes will not turn a RANS model into an LES
model. An example for this is provided in Section 4.3.3: The temperature distribution
gained from the LES model has a wider range and a different shape than the
temperature distribution from the RANS solution. For METRAS-LES the implemented
SGS model is described in Section 3.1.2. A new implicit time integration for the
dissipation of SGS TKE has been derived, to stabilize the calculation of the SGS model
(Section 3.1.3, Appendix A). Some sensitivity studies suggest that parts of the used
closure may contain unneeded complexity (Section 3.3.1) and others show that the
TKE parameterization applied in the surface layer, has quite large impact on the filter
properties of the closure (Section 4.3.2). A corrected method to prescribing heat fluxes
has been implemented METRAS-LES (Section 3.1.4). This model steering is used in
model intercomparison and sensitivity studies, which are used to increase the trust in
the model and to discover suitable model parameters for simulations of CBL above flat
terrain (Chapter 3).

The application of METRAS-LES above heterogeneous non-flat (Section 4.1.4) urban
areas is tested in Chapter 4. Here the available surface scheme from METRAS (Section
4.1.2) can be used, which requires a map of surface classes (Section 4.1.3). Reusing of
the similarity theory based surface scheme also for LES provides stability dependent
calculation of surface exchange processes. But this approach is not without problems,
because not all used concepts of surface layer similarity are strictly valid in the LES
concept. An example provides the non-applicability of the flux matching concept
(Section 4.3.2, Appendix B). The model applications over a simplified map of Hamburg
(Figure 4-5) show, that under CBL conditions river breeze circulations likely occur
over Hamburg (Section 4.2.3) and that grid scale variations of the surface classes of 10
% of the grid cells are sufficient to trigger independent ensembles (Section 4.3.1).

The simulation of the CBL above the map with simplified surface cover showed
interesting interactions with the underlying harbor city, even though the map is
obviously quite coarse. This motivates to continue the studies of CBL above Hamburg
with refined surface data. For the ATKIS data a finer surface mapping has been defined
(Section 5.1.1, Appendix D.2). This mapping METRAS_URBAN_A is not only used for the
studies presented in this thesis. Instead it served as starting point for a modified
mapping to more than 10 classes, valid for the metropolitan region of Hamburg on
coarser grid resolutions (Schliinzen et al. 2012b) and also used by Hoffmann (2012),
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Schoetter (2013), Flagg et al. (2014a,b) and Fischer (2014). Modification of map details
(Section 5.2) helped to investigate the influence on map details on the CBL. It is found
that the heterogeneity provided in the surface class map as well as the orography can
be neglected for area averaged analysis of temperature, wind and heat fluxes within
the surface layer. But redistribution of water surface creates modification of the model
results, which are most likely caused by a reduction of 10 m wind speed by 25 % due
to the missing mesoscale circulations (Section 5.3).

In order to bridge the gap between RANS mesoscale modelling and obstacle resolving
microscale modelling, the presented modelling with METRAS-LES can only be a first
step. Next steps will be maturing the presented simulations by comparison of model
results with measurement data. For example one could enlarge the domain to include
the Hamburg Weather Mast (Briimmer et al. 2012), which includes turbulence
measurements. The near surface processes are very uncertain in the model. Besides
looking into fine adjustment of parameters, one should think about how processes can
be represented alternatively. Other steps might be nesting METRAS-LES in mesoscale
simulations and using the LES results as boundary conditions for obstacle resolving
models. This later step seems to be a fundamental task to bring the urban simulations
to higher resolutions. Simply increasing the resolution in the current setup will not be
sufficient, as larger buildings would need to become resolved. Hence, much additional
work will be needed to reach the far-reaching aims formulated on the first pages of
this thesis. Both RANS and LES modelling still need improvements. Therefore, the
answer to the question if LES is needed or if RANS is sufficient for urban modelling,
cannot be given here.

Besides all incompleteness and left over uncertainties, some facts about the urban
climate of Hamburg could be found as well: River breeze will likely exist in Hamburg
for calm wind, fair weather conditions. In this case a daytime convergence between
Alster and Elbe will possibly exist. Related effects should be studied in more details,
also with modified atmospheric input and with fine-tuned surface characteristics. In
the presented study a relative low water temperature of 17 °C is used. So this might be
also a candidate for different settings.

This work is intended to improve the understanding of modelling the atmosphere at
the scales needed for investigations of the urban climate. Hopefully, it adds to the
related knowledge, as modelling is a useful tool to understand qualitatively and
quantitatively how the atmosphere responds to urban areas. Such understanding is
needed by urban planners and decision makers to (re)build the cities in a way, which
is good for their inhabitants.
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Appendix A: Implicit method for dissipation of TKE

A.1 Application to METRAS-LES

The numerical method developed for the calculating of the dissipation term in the SGS
TKE equation applied in METRAS-LES (Section 3.1.3) includes the integration of
Equation (3.27). Details of the integration are presented below. Equation (3.28) is
derived in in Appendix A.1.1 and Equation (3.29) is derived in Appendix A.1.2.

A.1.1Grid length scale

For the case that I and c, are constant, e.g. | is described by the grid length scale
I:A:(Ax-Ay-Az)l/3 the method explained in Section 3.1.3 requires only the
integration of

o S .

Solving the integrated equation

1L 1 _Gp (A.2)

\Jentt A /éml 21

for the finial value e™! provides the needed diagnostic Equation (3.28) for the subgrid
scale turbulent energy at the end of the time step

ent= : s =en = . . (A.3)
1 c.At cht\/ enl  cZAtZentl
+ = 1+ +
‘[éml 21 l 4[2

which has been implemented into the model.
A.1.2 Atmospheric length scale

For stable conditions the length scale I is modeled according by Equation (3.16) as a
function of the Brunt Vaisala frequency and the subgrid scale turbulent energy

1=0.76-\E / Ny (A.4)

Using (A.4) and taking into account that c,(I) is described by Equation (3.24), the

differential Equation (3.27) for calculating the dissipation of SGS turbulent kinetic
energy writes as

0.19+0.74

n+1
et __ _ (A.5)
ot 0.76-&m1 / Ny

0765 /My |y
A




Appendix A: Implicit method for dissipation of TKE 93

aéml

R énﬂ W
=—0.25-Nyy -em1 —0.74-% (A.6)

Hence the resulting integral is
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With the help of the solution for the indefinite integral

I 1 2In(vx) 2In(a+bvx) .

const (A.8)
ax + bx3/2 a a

provided by Wolfram|Alpha (2010) it can be easily seen that integral (A.7) is solved by

_2In(yem1) 2In(a+bver1) 2In(ver1) , 2In(a+ byer)
a a a a

At

(A.9)

Solving Equation (A.9) for em1 delivers the searched implicit solution (3.29) for the
dissipation term as can be seen from a few algebraic transformations:

Ln+1 pn+l
lna+bA e =1r1a+b e —gAt
\/gm—l \/?"*1 2
pn+l
U with c=ndfover™ a,, (A.10)
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a=ém (exp(c)-b)
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~ (exp(c)-b)?

n+l

o[>

Resubstitution of a, baccording Equation (A.7) and resubstitution of ¢ according
Equation (A.10) results in
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Which is the second solution implemented in the model (Equation (3.29)).
A.2 Application to MITRAS

The method for integrating the dissipation term developed for METRAS-LES (Section
3.1.3 and Appendix A.1) can be ported to the microscale model MITRAS-RANS. MITRAS
uses a different parameterization for the dissipation term than METRAS-LES. Thus the
integration of Equation (3.26) needs to be modified:

The turbulence model in MITRAS parameterizes the dissipation by the 3/2 power of
the turbulent kinetic energy:

S ) (A12)
k(1+x /A)-f(RI)

where A =100, cm = 0.55 and f(Ri)=1-5Ri is used for Ri>0 and f(Ri)=1 else. Hence

Equation (A.12) can be simplified written as

23/2

€=const — (A.13)
1(Ri)
Using Equation (A.13) in Equation (3.26) means that only the simple equation
~ 3/2
*onil en+l
apoo‘—e:_poa*cl(—) (A.14)
ot 1(Ri)

needs to be solved. p,, a* and I(Ri) are assumed to be constant within one time step,

hence solving the integral

J.Agym (§n+1)—3/2 dérﬁ-l __ (o} J-t+Atdt
I(Ri)*:

and solving the result for e"! provides the an analytic solution for the dissipation of
turbulent kinetic energy, which has been implemented into MITRAS:
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Appendix B: TKE in the surface layer and flux continuity

It is possible to show that e =u’ /¢* (Equation (4.8)) can be used in MITRAS-RANS to

ensure that fluxes are continuous between a Monin Obukhov similarity theory based
surface layer parameterization and the subgrid scale fluxes calculated from the TKE
based RANS closure above. Lopez (2002) showed this for neutral stratification. This
derivation is repeated here for the Prandtl-Kolmogorov closure of METRAS-RANS
(Schliinzen et al. 20124, p. 26 - 27) and extended for non-neutral stratification. Further
references and a discussion of applicability of the same concept for METRAS-LES are
provided in Section 4.3.2.

B.1 Momentum flux matching in METRAS-RANS

For simulations with METRAS-RANS it is important that fluxes are matching at the
interface between the first and the second atmospheric grid cell (Liipkes and
Schliinzen 1996). For this matching the limit values of the parameterizations for the
surface layer fluxes and those from the subgrid scale model at higher levels need to be
equal at the matching height. In the following, equations from the scientific
documentation of M-SYS / METRAS-RANS (Schliinzen et al. 2012a) are cited with
Sci-doc (x.y).

The desired equality of the momentum fluxes at the interface between the first and the
second atmospheric grid layer can be expressed by the limits

ou' ou
lim , K—-=lim . K— B.1
ZiZP aZ ZTZP aZ ( )
Here lim  represents the limit value for the flux formulation from above the surface
layer at height z,, while lim , represents the limit values for the fluxes coming from

below z, at height z,. It can be written by using the definition of the diffusion
coefficients according Sci-doc (3.55) as

— ou ou
lim cINef(Ri)-— |=lim , K— B.2
zizp( 1 f( ) azj 21z, oz ( )
Here c; is set to 0.5, the mixing length [ is defined according Sci-doc (3.56) and f(Ri) is

a short notation for

FOR) (1-5Ri) for Ri>0 (B.3)
)= .
(1-16Ri)"* for Ri<O0
For the limit value at z,, lim , , the flux can be written with Sci-doc (3.36)
—ou KU.Z Ou
lim | |cVe=f(Ri)|=—="= B.4
o N (R |- S22 (5.4
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In METRAS-RANS Equation (B.4) is fulfilled by adjusting the value of e according
Equation (4.8). Thus Equation (B.4) is solved for e which is then set in the model:

— KZU,
% = {4),“ f(Ri)e, lim,,, (1)} (5:5)

The limit of the mixing length I/ according Sci-doc (3.65)

KZ
lim [)=Ilim =Kz B.6
Z»LZP( ) Z‘sz(l'FK(Z—Zp)/}\,j ( )

cancels the with the numerator. Therefore, Equation (B.5) can be written as

2
e = t (B.7)

" (9a(2/L) ¢, f(RD)

The general connection (Sci-doc (3.16)) between z/L and Ri

Ri :5‘%’ (B.8)
L,
which also implies sgn(Ri)=sgn(z /L), as ¢, >0, allows to rewrite (B.3) in terms of
the stability parameter z / L

FRD= f(z/1) = (1-5zL"¢,0.%) for z/L>0 (B.9)
(1-16zL"¢,0,)* for z/L<0 '
The profile functions in (B.7) and (B.9) are defined with Sci-doc (3.15)
o (1-162")" for z/L<0 (5.10)
" 1+52L"  for z/L>0
o (1-162L")"" for z/L<0 B.11)
= :
1+5zL" for z/L>0

Using Equation (B.10) and Equation (B.11) in Equation (B.9) shows that f(z/L)=¢,',
independently of z/L. Therefore fand ¢» cancel in Equation (B.7), which simplifies to

e, = (B.12)

Equation (B.12) provides momentum flux matching for the Prandtl-Kolmogorov
closure regardless of atmospheric stability. This independence from stability is
enforced by the choice of the function f{Ri).
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B.2 Heat flux matching in METRAS-RANS

The derivation for the heat flux matching

| 80
—lim , K— B.13
s, Ko (B.13)

K
0z

can be done in analogy to the momentum flux matching (Appendix B.1). Using
Sci-doc (3.37) in Equation (B.13) results in

lmiK@:M&@
o0z ¢, Oz .

(B.14)

The formulation of the diffusion coefficients (Sci-doc (3.55)) includes a different
formulation of the stability term

(1-5Ri) for Ri>0

B.15
(1-16Ri)"* for Ri<O0, (8.15)

fUﬁ)={

which cancel out the same way, as shown above, due to the stability functions in
surface layer (Sci-doc (3.15)).

Therefore, the flux matching can also be forced for the heat fluxes by setting the TKE
according to Equation (B.12), which forces the diffusion coefficients to values that
cause the same fluxes as those provided by the parameterizations in the surface layer.
The same holds true for moisture fluxes, as they use the same stability functions and
exchange coefficients as the heat fluxes.
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Appendix C: Water temperatures in Hamburg

As parts of this thesis have shown that the water surfaces can have important
influences on the atmospheric state for low wind situations, a short overview on
available measurements of water temperatures in the metropolitan region of Hamburg
is provided here. The short climatological data analysis presented below can serve as a
reference to set water temperatures in further modeling studies of the urban climate
found in Hamburg.

Among other parameters the “Wasserglitemessnetz (WGMN)” operated by the “Institut
fir Hygiene und Umwelt” monitors water temperatures for the most important waters
of Hamburg. The data are provided onlinel? for different sites, with a time resolution of
10 min. First data range back to 1988. But not all sites have such long history. The
following analysis concentrates on the measurements of water temperatures
measured at three different sites in the river Elbe (Blankenese, Bunthaus,
Seemannshoft) and one site in the Alster (Lombardsbriicke). Data for sites of small
water streams (Ammersbeck, Tarpenbek, Wandse) are not discussed here. The
geographical coordinates of the analyzed sites can be found in Table C-1.

Table C-1: Selected measurement sites of the WGMN providing water temperatures for
waters in Hamburg. Time period of analyzed data set, location in longitude and
latitude and the number of complete days is given.

. . . latitude / ]
station time periode ] #days with Twaterday)
longitude

Blankenese 1988-05-01 53.555925° N 5807
Elbe 2010-06-31 9.804675°W

Bunthaus 1988-05-01 53.461651° N 4642
Elbe 2010-06-31 10.064324° W

Seemannshoft 1988-05-01 53.540186° N 5198
Elbe 2010-06-31 9.880625° W

Lombardsbriicke 1993-12-03 53.557134° N 4122
Alster 2010-06-31 9.997993° W

Daily (arithmetic) mean values have been calculated from downloaded 10 min values.
Days with missing values have been ignored from further analysis, leaving days in
corresponding to a range of 11 - 15 years (Table C-1.). Based on these daily mean
values, monthly averages have been calculated over the whole available time series for
all four stations (Figure C-1). The temperature measured in the Alster seems to be a bit
lower than those measured in the Elbe. Possible physical reasons can be a stronger

12 http: / /www.hamburg.de/wasserguetemessnetz
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vertical mixing in the Elbe due to larger flow velocities, or reduced thermal heating
caused by shading through the bridge for the Alster site. Nevertheless, all available
daily means have been used for calculating the annual averages, regardless if the data
for the particular day were available for all four sites or not. Therefore differences
between averaged temperatures can also an effect of the different statistical samples.
To provide some measure for the uncertainty of the analyzed annual cycle, monthly
averaged standard deviation for the water temperature at the Blankenese site have
been drawn as error bars in Figure C-1.

Older water temperature measurements taken between 1951-1965 (republished by
Rosenhagen et al. 2011) show similar annual cycle and a temperature in the Elbe
which is 0.7 °C higher in the annual mean than in the Alster. The summer maximum in
this older measurements is 19.8 °C for the Elbe and thus lower than in the recent
analysis. This may be due to changed environmental conditions, but possible
influences measurement methods or changed locations should be taken into account.

With this analysis of the annual cycle of water temperature in Hamburg the ad hoc
chosen water temperature of 17 ° C in the simulation presented in Section 4 and 5 can
be seen as characteristic for May or September.
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Figure C-1: Monthly mean water temperatures for the rivers Elbe and Alster measured
by the WGMN. The error bars show the +/- standard deviation of daily means for
the water temperature in Blankenese.

Deviations of the 10 min values from the daily means have been averaged over the
whole available time series to create an averaged diurnal cycle (Figure C-2). The
shaded areas indicate the corresponding standard deviations. The weak diurnal cycle
has also been found for similar analysis for individual seasons (not shown here). The
stronger diurnal cycle in the Alster is most likely an effect of weaker vertical exchange
through mechanical mixing compared to the Elbe.
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Figure C-2: Annual mean diurnal cycle of water temperature for the rivers Elbe and
Alster measured by the WGMN. The shaded areas show the +/- standard deviation
of difference to the mean temperature.

The assumption of constant water temperatures made in the simulations in Section 4
and 5 is supported by the weak diurnal cycles, as the uncertainties made by the other
model assumptions should have larger effects. Nevertheless, with the presented
analysis it would be easy to implement an average diurnal cycle into the model.
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Land use / surface cover classes have been mapped from the original data sets to a set
of surface classes used in the model. The mapping used in Chapter 4 is given in
Appendix D.1. The mapping used in Chapter 5 is given in Appendix D.2.

D.1 CORINE data for METRAS-LES - mapping table METRAS_URBAN

Due to the relative small amount of CORINE classes and the dominance of only few
classes for the whole model domain (Figure 4-1) the mapping is straight forwards,
under the constrain that 10 classes were needed as result. The mapping is only
checked for inner city and harbor area of Hamburg. Other regions may need a modified

mapping.
Further details about the data and a map can be found in Section 4.1.3.

Table D-1: Mapping of CORINE classes to the classes 0 - 6 in Figure 4 2
(METRAS_URBAN).

METRAS_URBAN CORINE Land Cover
# Description # Description
0 Water 511 Water courses
512 Water bodies
521 Coastal lagoons
522 Estuaries
523 Sea and ocean
1 Mudflat 411 Inland marshes
412 Peat bogs
423 Intertidal flats
2 Harbor & industry 121 Industrial or commercial units
123 Port areas
3 Mixed vegetation 142 Sport and leisure facilities
211 Non-irrigated arable land
212 Permanently irrigated land
221 Vineyards
241 Annual crops associated with permanent crops
243 Land principally occupied by agriculture, with
significant areas of natural vegetation
333 Sparsely vegetated areas
334 Burnt areas
335 Glaciers and perpetual snow
4 Meadows 132 Dump sites
231 Pastures
5 Traffic 122 Road and rail networks and associated land
124 Airports
131 Mineral extraction sites
133 Construction sites
142 Sport and leisure facilities
222 Fruit trees and berry plantations
223 Olive groves
321 Natural grasslands
331 Beaches, dunes, sands
332 Bare rocks
6 Bushes 141 Green urban areas
142 Sport and leisure facilities
222 Fruit trees and berry plantations
321 Natural grasslands
324 Transitional woodland-shrub
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Table D-2: Mapping of CORINE classes to the classes 7-9 in Figure 4-1
(METRAS_URBAN).

METRAS_URBAN CORINE Land Cover
# | Description # Description
7 | Mixed forest 244 Agro-forestry areas
311 Broad-leaved forest
312 Coniferous forest
313 Mixed forest
8 Inner city 111 Continuous urban fabric
9 Urban 112 Discontinuous urban fabric

D.2 ATKIS data for METRAS-LES - mapping table METRAS_URBAN_A

The details of the ATKIS data allows to draw a detailed map (Figure 5-1) of the
innercity of Hamburg at the model resolution from 50 m, even after aggregation of
land use / surface cover classes. The mapping METRAS_URBAN_A from ATKIS to
model classes, includes subjective expert judgment of the predominant physical
function of classes occurring in the ATKIS data set. This judgment is needed as the
ATKIS data are classified according usage, which is not always a well suited
classification for numerical modelling. A generalization of the METRAS_URBAN_A
mapping to other regions might be possible for most classes. However, due to the
subjective and tailored nature of the classification process, required for both the
original ATKIS classification and for the remapping METRAS_URBAN_A, careful cross
checks should be performed prior using the METRAS_URBAN_A mapping for other
model domains.

Further details about the data and a map can be found in Section 5.1. Example
locations are given in Table E-1 to E-3. Judgments have been done on more than one
location. Some of the mapped ATKIS classes do not exist in the used model domain,
Mapping for this classes are given without an example location.

Table D-3: Mapping of ATKIS classes to the classes 0 - 1 in Figure 5-1.

METRAS_URBAN_A | ATKIS®-Basis-DLM Example
# | Description # Description Location
Translation Orig. German Longitude Latitude
0 | Water 2314 Sedimentation Absetzbecken 9°55'6.643"E 53°29'0.157" N
tank
2345 Swimming pool | Schwimmbecken 10°3'56"E | 53°32'55.708" N
3402 Port basin Hafenbecken 10°0'53.735"E 53°31'54,25" N
5101 River Strom, Fluss, Bach 9°59'30.2"E | 53°32'20.679" N
5102 Canal Kanal 10°1'56,976"E | 53°33'3,753"N
5103 Canal Kanal (Wasser- 10°4'34.267"E | 53°30'3.744"N
wirtschaft)
5104 |Tidal creek Priel 10°6'53"E | 53°28'35.191" N
5105 Spring Quelle 10°2'37.703"E 53°35'14.8" N
5112 Inland lake Binnensee 10°0'43.221"E | 53°34'27.566" N
5304 Lock chamber Schleusenkammer 9°59'4,933"E | 53°28'53.514" N
5372 Tide lock Kammerschleuse 9°52'5.967"E | 53°31'44.896" N
1 | Mudflat 4106 Swamp Sumpf, Ried 10°2'10.524"E | 53°28'38,991"N
4111 | Wet ground Nasser Boden 10°2'45.797"E | 53°28'21.509" N
4181 Swamp: grass Sumpf: Gras 10°0'16.295"E | 3°33'30.599"N
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Table D-4: Mapping of ATKIS classes to the classes 2 — 4 in Figure 5-1.

METRAS_URBAN_A | ATKIS®-Basis-DLM Example
# | Description # Description Location
Translation Orig. German Longitude Latitude
2 |Harbor and 2112 |Industrial area |Industriefliche 10°1'10.758"E 53°32'40.802" N
Industry 2123 |Refinery Raffinerie 9°57'25.021"E 53°30'48.488" N
2124 | Dockyard Werft 9°57'48.742" E 53°32'22.643"N
2126 | Power plant Kraftwerk 9°57'0.743"E 53°29'28.273" N
2127 | Transformer Umspannstation 9°58'4.98"E 53°30'47.475"N
station
2128 |Headgear Forderanlage 9°58'9.907"E 53°30'52.153"N
2129 |Clarification Klaranlage 9°56'32.778"E 53°32'9.483" N
plant
2131 |Exhibition area |Ausstellungs- 9°58'42.818"E 53°33'44.22"N
geldnde
2133 | Heating plant Heizwerk 9°46'23.74"E 53°35'44.477"N
2134 | Water works Wasserwerk Not available in used data set.
2135 | Waste treatment | Abfallbehand- 10°7'13.769" E 53°35'4.714" N
plant lungsanlage
3301 |Airport Flughafen 9°59'21.956"E 53°31'18.683" N
3302 |Airfield Flugplatz 9°56' 38.745" E 53°31'38.297"N
2317 | Chimney Schornstein 9°59’59.647" E 53°29'9.542" N
2323 | Dock Dock 9° 58 31.506"E 53°32’12.34"N
5373 |Flood barrier Sperrwerk Not available in used data set.
3 |Mixed vegetation| 2132 | Market garden | Girtnerei 10°1'32.274"E 53°35'31.128"N
2202 | Leisure facility | Freizeitanlage 10° 3'54.692" E 53°33'17.463"N
2211 | Open-air theater | Freilichttheater 9°58'59.339"E 53°31'6.117"N
2212 | Outdoor Freilichtmuseum 9°59'0.212"E 53°31'3.123"N
museum
2223 | Shooting range | Schief3stand 9°59'10.871"E 53°31'2.112"N
2225 |Zoo Zoo 10°3'24.549"E 53°30'50.9"N
2228 | Camping ground | Campingplatz 9°59'24.428"E 53°30'36.89"N
2302 | Dump Halde 10°7'25.557"E 3°26'18.517"N
4101 |Farmland Ackerland 10°2'8.802"E 53°28'55.472"N
4102 | Grassland Griinland 10°2'49.272"E 53°29'56.41"N
4103 | Garden Gartenland 9°57'18.349"E 53°36'0.352" N
4109 | Special crops Sonderkultur 9°52'20.344"E 53°30'16.809" N
4150 | Nursery garden | Baumschule 9°57'3.33"E 53°33'40.42"N
5371 | Pumping station | Schopfwerk 9°56'30.454" E 53°38'19.762" N
4 | Meadows 2122 | Disposal site Deponie 10°1'48.349"E 53°30'40.939" N
2222 | Sports ground Sportplatz 9°59'58.707" E 53°30'50.858" N
2230 | Golf course Golfplatz 10°4'32.461"E 53°30'28.316"N
4105 | Moor, bog Moor, Moos 10°10'48.019"E 53°43'18.772" N
5370 |Sluice Siel 10°3'0.99"E 53°34'25.706" N
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Table D-5: Mapping of ATKIS classes to the classes 5 - 9 in Figure 5-1.

METRAS_URBAN_A | ATKIS®-Basis-DLM Example
# |Description # Description Location
Translation Orig. German Longitude Latitude
5 | Traffic 2121 | Mining industry Bergbaubetrieb 10°3'44.14"E 53°34'12.776"N
2301 | Daylight mining Tagebau 9°59'50.008"E 53°34'34.112"N
3101 | Street Strafde 10°7'46.09"E 53°31'43.219"N
3103 | Plaza Platz 9°59'39.347"E 53°33'8.568" N
3201 | Railway track Schienenbahn 10°1'46.229"E 53°33'39.832"N
3303 | Runway Rollbahn 9°59'56.752"E 53°37'47.066" N
3304 | Airport ramp Vorfeld 10°0'5.84"E 53°38'2.396"N
3501 | Railway station Bahnhofsanlage 9°56'18.154" E 53°33'42.226" N
area
3503 | Transport nodes | Verkehrsknoten 10°1'51.489"E 53°31'6.287"N
3514 | Bridge Briicke 9°58'59.087"E 53°32'2.362" N
4120 | Vegetation-free Vegetationslose 9°55'1.341"E 53°30'27.06" N
areas Flache
4160 | Vegetation-free: vegetationslos: 9°58'0.747" E 53°33'49.526" N
stones, gravel Steine, Schotter
4161 | Vegetation-free: Vegetationslos: 10°15'21.105"E 53°25'17.749" N
sand Sand
4162 | Vegetation-free: Vegetationslos: 9°54'16.635"E 53°37'16.846" N
boulder Geroll
5303 | Watergate Schleuse 10°3'53.853"E 53°31'47.473" N
6 | Bushes 2201 | Sports grounds Sportanlage 10°5'19.033"E 53°33'45.724" N
2213 | Cemetery Friedhof 10°3'14.011"E 53°37'39.778"N
2224 | Bath Schwimmbad 9°57'52.969"E 53°34'23.008"N
2226 | Recreation park Freizeitpark 9°56'15.038"E 53°36'52.998" N
2227 | Green space Griinanlage 9°58'16.039"E 53°34'2.606" N
4104 | Heathland Heide 9°51'10.668"E 53°27'24.024" N
4107 | Forest Wald, Forst 9°53'49.235"E 53°34'57.47"N
4108 | Wood Geholz 9°59'37.963"E 53°31'12.995"N
Fruit tree Obstbaum- Not available in used data set.
4151 .
plantation plantage
4177 | Deciduous forest | Laubwald - Wald Not available in used data set.
4178 | Mixed forest Mischwald - Wald Not available in used data set.
4179 | Coniferous forest | Nadelwald -Wald Not available in used data set.
Swamp: bushes, Sumpf: Biische, Not available in used data set.
4180 .
shrubbery Straucher
4182 | Swamp: hardwood | Sumpf: Laubholz Not available in used data set.
Deciduous forest - | Laubwald - Not available in used data set.
4187 N
grove Geholz
Mixed forest - Mischwald - Not available in used data set.
4188 i
grove Geholz
Coniferous forest - | Nadelwald - Not available in used data set.
4189 N
grove Geholz
7 | Suburban 2111 | Open building Offene Bebauung 10°0'50.269" E 53°34'37.353"N
development
3502 | Motorway service |Raststitte 10°1'39.773" E 53°29'6.65"N
area
8 |Urban 2113 | Area with mixed Fl. gemischter 9°59'35.981"E 53°33'16.343"N
use Nutzung
9 |Urban compact |2114 | Area with FIL. besond. 9°59'10.359" E 53°34'6.193" N
functional use funktionaler
Priagung
2221 | Stadium Stadion 9°58'8.147"E 53°33'22.106"N
4199 | Currently Flache zz. 9°59'53.658"E 53°32'26.677"N
indefinable area Unbestimmbar
2150 | Industrial area: Industrieflache: Not available in used data set.
shopping mall Einkaufszentren
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Appendix E: Moving average of characteristic heights

In order to demonstrate that the 2 hour windowing is appropriate for the moving
averages used in Section 5.3.3, plots are reproduced here with inclusion of all
instantaneous values for the characteristic heights. Moving averages are only shown
for the four simulations including topography to avoid overloading the figures.

(@)

—F
16001 OO+ * -H—H—H—H-++++®+ O+ ©
+ +
+ oo ° [e]
14001 oR 1
+/fo [/ © 5 ol
=1200" of JIHS e Pt O
% ﬂ+H + ++++ + O o o++
i . +
X 1000r o
= (e}
N ¥
800
600r
9 10 11 12 13 14 15 16 17 189 10 11 12 13 14 15 16 17 18
time [h] time [h]
O ORIG O MIX_A O HOMO O MIX_L
+ ORIG_F + MIX_A_F + HOMO_F + MIX_LF
— MAV(ORIG) —— MAV(MIX_A) — MAV(HOMO) —— MAV(MIX_L)

Figure E-1: Same as Figure 5-12 but showing the individual characteristic heights used
to calculate the moving averages, leaving out the standard deviation and the moving
averages for the experiments with flat terrain.
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Theoretical concepts for validation of regional atmospheric models exist and have
been developed with and applied to the Multiscale Model System M-SYS (Schliinzen
1997; Panskus 2000; Dierer 1997; Fock et al. 2008). Additional to such
domain/application specific quality assurance strategies generic procedures for
sustainable scientific software development exits (e.g. Aruliah et al. 2012, Rouson et al.
2011). Both, specific and generic quality strategies, need to be combined to create a
trustable code base for reproducible scientific investigations. One of the desired
quality goals is usability of scientific software. Required efforts for developing research
tools are always competing with the available time for deploying these tools to gain
new knowledge. Both, scientific utilization of tools and their development are of equal
importance for the overall research outcome. During the work on this thesis some
contributions to the software toolkit of the Multiscale Model System M-SYS have been
made, which are not obvious from presented content in the other parts of this thesis,
and thus shortly summarized below.

Formerly, visualization of M-SYS results has been based either on a Fortran (Schliinzen
et al. 1996b) or a GrADS (Schréder 2007b) based plotting program. Specialized
Fortran programs were the main tool for further analyses. These tools have been
served as standard model analysis in many studies, but lack of interactivity. Working
on border cases of the model application range, i.e. exploring its behavior when
switching from RANS to LES mode, suggested to make the simulation analysis more
flexible.13 Starting from 6 routines!* from Fock (2007), a generic MATLAB toolbox for
the Multiscale Model System M-SYS has been developed (Fock 2012) to enable more
interactive exploration of model results. This M-SYS interface to a third generation
programming became widely used in many newer M-SYS applications (e.g. Gierisch
2011, Linde 2011, Hoffmann 2012, Philipp 2013, Schultze 2013 and Salim et al. 2013).
Examples for included functionality are import and visualization tools for all M-SYS
output files, calculation of derived quantities, topography manipulation tools,
organization of M-SYS data specific data structures and a model sensitivity test
according Schliinzen and Reinhardt (2007). Examples and help text are available, as
well as a style guide (Fock and Gierisch 2014). The code of this toolbox is of
comparable size to the three-dimensional model METRAS, if the higher formal order of
the used programming languages are taken into account (Table F-1 and Table F-2). The
developed MATLAB toolbox aims to enrich and accelerate the workflow for analyzing
simulation results.

13 Similar to the demands for analysis tools suitable for LES model data, targeted here, there
are special demands for analysis tools suitable to gather experimental validation data for LES
model results (e.g. Fischer 2011).

14 MemiWiki 2008-03-14: http://goo.gl/X2kePK available on request 2014-06-17.
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Table F-1: Code size of memi-matlab-toolbox (trunk rev 686, 2012-12-10), analyzed
with cloc v1.56 (http://cloc.sourceforge.net). The 3rd generation scale factor was

used unmodified, e.g. has the values which come along with cloc v1.56.

Language | Files | Blank | Comment | Code 3rdgen. | 3rd gen. equivalent
lines lines lines Scale code lines

MATLAB 153 | 1997 4246 | 10028 4 40112

HTML 91 755 447 2684 1.9 5100

XML 2 5 9 71 1.9 135

C 1 10 29 45 0.77 35

Sum 247 | 2767 4731 | 12828 3.54 45381

Table F-2: Code size of METRAS/MESIM (trunk rev 843, 2012-12-10), analyzed with
cloc v1.56 (http://cloc.sourceforge.net). The 3rd generation scale factor was used
unmodified, e.g. has the values which come along with cloc v1.5.6.

Language | Files | Blank | Comment | Code 3rdgen. | 3rd gen. equivalent
lines lines lines scale code lines

Fortran90 | 489 517 53012 | 55242 1.00 55242
bash 2 1 734 1317 3.81 5018
make 1 2 756 1014 2.50 2535
C 3 68 90 389 0.77 300
csh 1 2 81 190 3.81 724
sh 2 0 76 140 3.81 533
Sum 498 590 54749 | 58292 1.10 64 352

To ease the work with the model code customized a collection of text editor
extensions!®> has been created, which allows faster handling of model sources. One
example would be the search function memi_grep.el16, which is widely used in M-SYS
development community and from associated ocean modelers. To improve the
reproducibility of results and to increase development speed more mainstream source
code management tools have been added to the M-SYS development process.

15 https://bitbucket.org/bhf/bhf_dotemacs accessible 2014-05-01
16 http://goo.gl/8u]JZnY accessible 2014-05-01
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Latin symbols

Ce [-] Dissipation coefficient for SGS turbulent kinetic energy

Cs [] kg1K1] Specific heat capacity of soil

e [m?s2] SGS turbulent kinetic energy
el [m?s?] SGS turbulent kinetic energy at end of spitted timestep
el [m?s?] Provisional SGS turbulent kinetic energy during

spitted time step

Fi [ms2] Divergence of SGS momentum flux
F> [ms2] Divergence of SGS momentum flux
F3 [ms2] Divergence of SGS momentum flux
F [?7s1] Divergence of SGS flux of scalar quantity, i.e. of heat

and moisture fluxes

E [Wm2] Latent heat flux
H [Wm2] Sensible heat flux
j [-] Index for SGS surface class
K [ m2s1] Diffusion coefficient for SGS momentum flux
K, [ m2s1] Diffusion coefficient for SGS heat flux
k, [ m2s1] Thermal diffusivity of soil
l [m] Characteristic length scale
L [ m ] Obukhov length
Ngy, [s1] Brunt-Vaisala frequency
P [kgm2s1]  Precipitation rate
Do [ Pa] Height depending constant background pressure

P1 [ Pa] Thermal pressure deviation



List of relevant symbols and parameters 117

P: [Pa]

q- [kgkg']
Q, [?7s7]

Ri [-]

u [ms?]

up [ms-1]
u [ms?]

v [ms?]

v [ms]

w [ms]

(x',x*,%x°) [m]

(x,y,z)  [m]
Za [m]
z, [m]
Zo [m]
z; [m]
z(HF)  [m]
Zmax(ep)  [M]
Zmax(ey) [ M]
z(Ri) [m]
Zs [m]
Z, [m]
Greek symbols
. X oy oz

Ox! Ox? AR’

Dynamic pressure deviation
Specific humidity scale for surface layer

Sources and sinks of scalar quantity ¥

Richardson number
West east component of wind vector

Wind speed at first atmospheric model level

Friction velocity

South north component of wind vector

Wind vector

Vertical wind component

Model coordinates (terrain following and streched)
Cartesian coordinates

Height of lowest absorbing layer

Height of first atmospheric grid level

Roughness length

Boundary layer height

Height of minimum of resolved heat flux

Height of second maximum of temperature variance
Height of maximum of vertical wind variance
Height of null of Richardson number

Height of the surface

Top height of the model domain

—————— [-] Grid transformation coefficient



118 List of relevant symbols and parameters
o [mml] Bulk soil water availability

I' [Km1] Vertical gradient of potential temperature

A [m] Characteristic grid length scale

At [s] Length of time step

Ax [m] Grid spacing in west-east direction

Ay [m] Grid spacing in south-north direction

Az [m] Vertical grid spacing

¢ [m?s?]
n [m]

6 [K]

6, [K]

04 [K]

0. [K]

v [J(Ksm)?]

x [?]

p [kgm3]

q)x [_]
v [-]

Wx [_]

Dissipation rate of SGS turbulent kinetic energy

Vertical coordinate in terrain following system
Potential temperature
Potential temperature at first atmospheric model level

Potential temperature at the surface

Temperature scale for surface layer

Kinematic viscosity of air

Generic substitute for scalar variable
Density

Large scale density

Variance of vertical wind speed
Variance of potential temperature
Latitude

Profile function for momentum
Profile function for scalar quantities
Stability function for momentum

Stability function for scalar quantities
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Parameters

¢, =1004.67 ] kg1 K1 Specific heat capacity of dry air at constant pressure

¢, =0.1 Proportionality constant in Deardorff SGS model
c1=05 Parameter for SGS TKE in surface layer 17
g=9.81 ms= Earth’s gravitational acceleration

1,=2.5-10° Jkg™ Latent heat of vaporization of water

R=287.04 J kg1 K1 Specific gas constant of dry air
R,=461.5 Jkg1K1 Specific gas constant of water vapor
Q =7.292-10° rad s! Earth’s angular speed of rotation
k=04 Von Karman constant 18

pwater = 1000 kg m-3  Density of liquid water

17 The value is uncertain and suitable for model tuning (Section 4.3.2).
18 Baumert (2013) formulated a turbulence theory, which provides a theoretical value
Kk = (2m)1/2 = 0.399 for the traditionally used « = 0.4.
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List of relevant abbreviations and names

ATKIS

AROME

BCCS

CBL

CFD

CLESM

cloc

CORINE

DGM5

DKRZ

DLM

DNS

FAST3D-CT

FITNAH

FFT

GEM-LAM

GIS

GrADS

LES

LST

SGS

SRTM

Amtliches  Topographisch-Kartographische  Informationssystem
(Official Topographical Cartographic Information System)

Applications de la Recherche a I’'Opérationnel a Méso-Echelle
(Applications of Research to Operations at Mesoscale)

Bergen center for computational science
Convective boundary layer

Computational fluid dynamics
Conventional large eddy simulation model
Count lines of code

Coordination of information on the environment (programme of the
Commission European)

Digitales Gelandemodell 5 m (digital elevation model)

Deutsches Klimarechenzentrum (German Climate Computing Center)
Digitales Landschaftsmodell (digital landscape model)

Direct numerical simulation

LES model for contaminant transport

Flow over Irregular Terrain with Natural and Anthropogenic Heat
Sources (mesoscale model)

Fast Fourier transform

Global Environmental Multiscale - Local Area Model
Geographic information system

Grid Analysis and Display System

Large eddy simulation

Local solar time

Subgrid scale

Shuttle Radar Topography Mission
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TKE

RANS

PALM

MATLAB

MAV

MECTM

METRAS
METRAS-PCL
METRAS_URBAN
METRAS_URBAN_A
MeM

MESIM

MICTM

MiM

MITRAS

M-SYS
NORCOWE
NetCDF

UTC

VDI

WGMN

Turbulent kinetic energy

Reynolds averaged Navier Stokes

Parallelized large-eddy simulation model

Matrix laboratory (commercial programming language)
Moving average

Mesoscale Chemistry Model

Mesoscale transport and stream model

METRAS for personal computer operated under Linux
Surface class mapping (Section 4.1.3)

Surface class mapping (Section 5.1.1)

Mesoscale model

Mesoscale sea ice model

Microscale Chemistry Model

Microscale model

Microscale transport and stream model

Multiscale Model System

Norwegian Center for Offshore Wind Energy

Network Common Data Form

Universal Time Coordinated

Verein Deutscher Ingenieure (association of German engineers)

Wassergilitemessnetz (water quality measurement network)
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