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1 Introduction

A clear trend can be seen in the development of mesoscale meteorological codes
towards the usage of higher resolution numerical models incorporating multiple
physical effects in order to better describe the atmosphere, to give higher resolution
models for urban environments or to give higher fidelity forecasting. This process
is well reflected in the “urbanization” of several mesoscale meteorological models
where more and more fine scale physical effects are introduced.
The urban heat island circulation, which largely affects the ventilation and ther-
mal comfort of large cities is a good example for the urbanization of such codes.
Many researchers investigated the phenomena numerically by different purpose
developed solvers and by mesoscale meteorological models, such as MM5, Meso-
NH and WRF, which utilize urbanized canopy models and surface energy bal-
ance calculations. An excellent agreement with temperature measurements can
be achieved by using fine tuned subgrid-scale surface parameterizations however,
these models still do not allow the exact analyses of contaminant transport in an
urban atmosphere as local immission levels are strongly dependent on fine flow
structures such as urban canyon effects, building-specific lofting, and eddies in the
wakes of buildings.
Boundary conditions for the CFD domain can be taken from mesoscale simulations
by utilizing one-way or two-way model nesting. The drawbacks of this approach
are the numerical errors and model uncertainties introduced by the sudden change
in physical description and interpolation of variables between grid interfaces with
different resolutions. When both close- and far-field flow features are important,
it may be more reasonable to use a single framework for the physical description
for the entire domain.
There is another potential approach however for going towards fine scale namely
when modern computational fluid dynamical (CFD) solvers are adapted to handle
mesoscale effects. General purpose CFD solvers are already widely used in urban
studies such as in the modeling of the ventilation of urban areas, pollution trans-
port studies, wind farm design or calculation of wind loads on different human
made constructions. These solvers are capable of handling complex topography,
building structures and they have wide variety of turbulence and physical models,
effective numerical techniques and parallelization.
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In order to further extend these wide range of functionalities a model transfor-
mation has been developed (Kristóf, Rácz and Balogh, 2009) for general purpose
CFD solvers to make them capable of handling mesoscale effects. The atmospheric
stratification, the Coriolis force and baroclinicity are taken into account by using
additional source terms in the conservation equations of the solver.
The model uses only a single unstructured grid, and a uniform physical description
for close- and far-field flow avoiding interpolation errors and model uncertainties
due to model nesting. The authors intended purpose, furthermore, is to create
a more general method, which is easy to implement in any CFD solver allowing
programmable user defined volume sources in the governing equations. This new
approach can be applied in several areas of practice, but before the application
of the method, it is an important step to validate the model and to understand
the capabilities of the technique. Therefore the model validation of the different
modules representing the different source terms applied to the governing equations
will be presented with each focusing on one important element of the model.
In the first set of cases the focus was on the proper implementation of the Coriolis
force, the compressibility model and the implementation of the energy equation
source term. The model was validated with the analytical solution of the Ekman
spiral, a well-known two-dimensional benchmark solution of a spreading density
current for testing compressible fluid solvers and with the results of a water-tank
experiment involving thermal convection in a stratified medium. The latter vali-
dation cases have the advantage of that they have more control over the measured
parameters due to the nature of the measuring device. However, they have low
and limited Reynolds number range, the cases are mainly hydrostatic, the vertical
extent is limited to a certain height, and turbulence modeling is limited to a fixed
turbulence viscosity model.
The purpose of the second part is to further extend the validation cases character-
ized by non-hydrostatic and strong nonlinear situations. Differences compared to
previous validations are the complex topography, the extended simulation domain
height, incorporating the tropopause, and that all of the source terms are acti-
vated. Results of gravity wave simulations compared against the corresponding
analytic solution, small scale water-tank experiments and full scale observations
will be presented. The simulation of such cases has been found to be ideal for
testing and evaluating mesoscale numerical models due to the presence of complex
flow patterns and wave breaking phenomena.
The transformation method in its early state essentially handled dry adiabatic
processes, however several applications require the inclusion of a proper moisture
model. In the third part the extension of the current transformation method with
a humidity transport and phase change model will be shown accompanied with the
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validation against the rise of idealized two-dimensional dry and wet thermals and
a full scale three dimensional wet cooling tower plume formation characterized by
different environmental stratifications.
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2 Results

General purpose computational fluid dynamical (CFD) solvers are frequently used
in small-scale urban pollution dispersion simulations without taking into account
a large extent of vertical flow. Vertical flow, however, plays an important role
in the formation of local breezes, such as urban heat island induced breezes that
have great significance in the ventilation of large cities and consequently could
be an important factor in civic design. The effects of atmospheric stratification,
anelasticity and Coriolis force must be taken into account in such simulations.
A transformation method described by Kristóf et al. [91] was implemented in order
to prove the applicability of general purpose CFD solvers for modeling stratified
atmospheric flows and thermal convection. In order to accomplish this, a set of
test cases was defined for investigating each effect separately. Investigations were
based on non- dimensional quantities characteristic for the geometry and of the
stratification, each case focusing on one key element of the transformation method.
Firstly the source term acting on the energy equation was investigated by using
large eddy simulation on laboratory scale water tank experiments simulating urban
heat island circulation phenomena. This is a core element since it is responsible
for the treatment of atmospheric stratification. It was shown with temperature
profiles and PIV data that with this new modeling approach thermal circulation
phenomena can be modeled with an accuracy reasonable in the engineering prac-
tice. The behavior of the dynamical model core was further investigated with
the simulation of a nonlinear density current in an atmospheric scale. Using this
example the significance of taking into account compressibility effects was demon-
strated with regard to the model results, moreover it was shown that the effect of
compressibility can also be taken into account with this new method.
It is not common in the literature that one uses CFD solvers for the modeling of
internal gravity waves, except a solver specific implementation. This area however
has a great engineering significance from the point of view of aviation hazard, re-
duction of damages caused by severe downslope windstorms or the estimation of
the location of future wind-farms. Simulation of gravity wave propagation more-
over allows the investigation of flows characterized by wide range of hydrostatic
and nonlinear states and gives a good opportunity for the evaluation of model
performance. It was shown that the transformation method is applicable to the
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modeling of gravity waves and with this established the modeling of atmospheric
problems of this class using engineering tools. However by modeling atmospheric
scale gravity waves using the original transformation formulation of Kristóf et al.
(2009) a significant deviation from measurement results was found in terms of
horizontal velocity and potential temperature field, therefore a refinement of the
source terms of the original transformation method was proposed by using a vari-
able temperature reference profile. It was shown based on the simulation of full
scale downslope windstorm phenomena that the application of the improved trans-
formation method leads to more reasonable model results relevant for engineering
practice than the original formulation. A series of validation cases were defined for
models that incorporate gravity wave phenomena. Model performance was demon-
strated with the simulation of a hydrostatic and linear gravity wave propagation
based on nondimensional quantities of hydrostatic and nonlinear states compared
first to the analytic solution of the flow field.
The model performance was quantitatively evaluated with the simulation of the
laboratory scale phenomena, concerning the measured and simulated wavelengths,
amplitudes and the appearance of nonlinear structures. The model evaluation for
λ/h gave a correlation coefficient of 0.95, fractional bias 0.317, normalized mean
square error of 0.12, a hitrate value of 0.75 and 100% of predictions within a factor
of two of observations. The equivalent results for A/h were 0.99 (R), 0.21 (FB),
0.05 (NMSE), 1 (HR), and 100% (FAC2) that corresponds to excellent model
performance for both variables.
Furthermore it was shown that pressure based CFD solvers using the improved
transformation method are able to predict full atmospheric scale nonlinear gravity
wave propagation and the accompanying downslope windstorm event, where the
compressibility of the air also plays an important role. It was demonstrated that
with this novel method a similar accuracy can be reached compared to widely
used mesoscale meteorological codes. The model evaluation statistics for potential
temperature (Θ) gave a correlation coefficient of 0.96 and fractional bias –0.056,
normalized mean square error of 0.01, a hit rate value of 0.56, and 100% of pre-
dictions within a factor of two of observations. The equivalent results for horizon-
tal velocity (U ) were 0.154 (R), –0.07 (FB), 0.396 (NMSE), 0.29 (HR) and 0.7
(FAC2). The poor prediction and hitrate value for the horizontal velocity is due
the horizontal shift in the overall flow pattern. Recommendations for the statis-
tical evaluation states however that results should be judged based not only on
performance measures but together with the overall flow pattern.
The original formulation proposed in [91] essentially handles dry adiabatic pro-
cesses. However practical applications require the modeling of moist dynamics.
The built in models in general purpose CFD solvers for the treatment of moisture
are not compatible with the Bousinesq density model used by the transforma-
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tion method or they require a density based solver. Therefore a new method was
developed where the advantages of the original transformation method was com-
bined with an efficient bulk microphysical model for describing phase change and
moisture transport. The presented technique is novel in the CFD field since it
allows both the computation of micro- and mesoscale stratified flows in a single
framework with arbitrary stratification and moist dynamics with reasonable com-
putational efforts due to the bulk microphysical approach. The model performance
of a multi-moment bulk microphysical scheme in a general purpose pressure based
CFD solver was demonstrated, where the number of activated condensation nuclei,
the condensed water droplets and the total water content was described with ad-
ditional scalar equations. The number of activated droplets was estimated based
on heterogeneous nucleation. Supersaturation was calculated based on the local
thermodynamic field variables.
The implemented microphysical model is suitable in such cases where the temper-
ature of hydrometeors does not reach the freezing level, e.g. in numerical experi-
ments of cumulus clouds with lower vertical extent. It was demonstrated with the
simulation of two-dimensional dry rising thermal calculations that the CFD model
is able to predict the evolution of interfacial eddies of thermals and less sensitive to
the changes in the predefined viscosity than widely used mesoscale meteorological
codes. Secondly it was shown that the model extended with mesoscale and moist
dynamic capabilities is able to predict the shape and hydrometeor properties of
wet rising thermals. Model results are in line with previous calculations with slight
over prediction in the liquid water field. This novel combination of the mesoscale
transformation method and bulk microphysical approach makes pressure based
CFD solvers capable of predicting moist dynamics with arbitrary ambient stratifi-
cation. The model performance was demonstrated with the simulation and on-site
measurement of temperature, liquid water content and vertical velocity field of a
full scale cooling tower plume dispersion study. Results indicate that this new
approach reproduces the measurement data, and the model is valid for different
environmental conditions, from stable to conditionally stable stratification from
low to high ambient wind shear.
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3 Thesis points

The scientific results of the present work are summarized in the following thesis
points.

1. Thesis: Modeling stratified atmospheric flows and
thermal convection – proving the technical viability
and accuracy of a new modeling approach

General purpose computational fluid dynamics (CFD) solvers are frequently used
in small-scale urban pollution dispersion simulations without a large extent of
vertical flow. Vertical flow, however, plays an important role in the formation of
local breezes, such as urban heat island induced breezes that have great significance
in the ventilation of large cities and consequently could be an important factor in
civic design. The effects of atmospheric stratification, anelasticity and Coriolis
force must be taken into account in such simulations.
a) A transformation method described by Kristóf et al. [6] was implemented
in order to prove the applicability of general purpose CFD solvers for modeling
stratified atmospheric flows and thermal convection.
b) A set of test cases was defined for separate effect investigation, based on non-
dimensional quantities characteristic for the geometry and of the stratification,
each case focusing on one key element of the transformation method.
c) The source term acting on the energy equation was investigated by using large
eddy simulation on laboratory scale water tank experiments simulating urban heat
island circulation phenomena. It was shown with temperature profiles and PIV
data that with this new modeling approach thermal circulation phenomena can be
modeled with reasonable accuracy relevant for engineering practice.
d) The behavior of the dynamical model core was investigated with the simulation
of a nonlinear density current in an atmospheric scale. Using this example the
significance of taking into account compressibility effects was demonstrated with
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regard to the model results, moreover it was shown that the effect of compressibil-
ity can be taken into account with reasonable accuracy with this new method.

Publications related to this thesis statement:[6, 5, 4, 2, 8, 1, 10, 9]

2. Thesis: Modeling internal gravity waves by using
a pressure based CFD solver

It is not common in the literature that one uses CFD solvers for the modeling of
internal gravity waves, except a solver specific implementation. This area however
has a great engineering significance from the point of view of aviation hazard, re-
duction of damages caused by severe downslope windstorms or the estimation of
the location of future wind-farms. Simulation of gravity wave propagation more-
over allows the investigation of flows characterized by wide range of hydrostatic
and nonlinear states and gives a good opportunity for the evaluation of model
performance. It was shown that the transformation method is applicable to the
modeling of gravity waves and with this established the modeling of atmospheric
problems of this class using engineering tools.
a) By modeling atmospheric scale gravity waves using the original transformation
formulation of Kristóf et al. (2009) a significant deviation from measurement
results was found in terms of horizontal velocity and potential temperature field,
therefore a refinement of the source terms of the original transformation method
was proposed by using a variable temperature reference profile.
b) It was shown based on the simulation of downslope windstorm phenomena that
the application of the improved transformation method leads to more reasonable
model results relevant for engineering practice.
c) A series of validation cases were defined for models that incorporate gravity wave
phenomena. Model performance was demonstrated with the simulation of a hy-
drostatic and linear gravity wave propagation based on nondimensional quantities
of hydrostatic and nonlinear states.
The model performance was quantitatively evaluated with the simulation of the
laboratory scale phenomena concerning the measured and simulated wavelengths,
amplitudes and the appearance of nonlinear structures. The statistical model
evaluation showed excelent model performance.
Furthermore it was shown that pressure based CFD solvers using the improved
transformation method are able to predict full atmospheric scale nonlinear grav-
ity wave propagation and the accompanying downslope windstorm event. It was
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demonstrated that with this novel method a similar accuracy can be reached com-
pared to widely used mesoscale meteorological codes.

Publications related to this thesis statement:[12, 13, 3, 7]

3. Thesis: Modeling phase change and moisture
transport with a bulk microphysical model using a
general purpose pressure based CFD solver

The formulation proposed in [6] essentially handles dry adiabatic processes. How-
ever practical applications require the modeling of moist dynamics. The built
in models in general purpose CFD solvers for the treatment of moisture are not
compatible with the Bousinesq density model used by the transformation method
or they require a density based solver. The presented technique is novel in the
CFD field since it allows both the computation of micro- and mesoscale stratified
flows in a single framework with arbitrary stratification and moist dynamics with
reasonable computational efforts due to the bulk microphysical approach.
a) The model performance of a multi-moment bulk microphysical scheme in a
general purpose pressure based CFD solver was demonstrated, where the number
of activated condensation nuclei, the condensed water droplets and the total water
content was described with additional scalar equations. The number of activated
droplets was estimated based on heterogeneous nucleation. Supersaturation was
calculated based on the local thermodynamic field variables.
b) The implemented microphysical model is suitable in such cases where the tem-
perature of hydrometeors does not reach the freezing level, e.g. in numerical exper-
iments of cumulus clouds with lower vertical extent. It was demonstrated with the
simulation of two-dimensional dry rising thermal calculations that the CFD model
is able to predict the evolution of interfacial eddies of thermals and less sensitive to
the changes in the predefined viscosity than widely used mesoscale meteorological
codes. Secondly it was shown that the model extended with mesoscale and moist
dynamic capabilities is able to predict the shape and hydrometeor properties of
wet rising thermals. Model results are in line with previous calculations with slight
overprediction in the liquid water field.
c) This novel combination of the mesoscale transformation method and bulk mi-
crophysical approach makes pressure based CFD solvers capable of predicting
moist dynamics with arbitrary ambient stratification. The model performance
was demonstrated with the simulation and on-site measurement of temperature,
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liquid water content and vertical velocity field of a full scale cooling tower plume
dispersion study. Results indicate that this new approach reproduces the mea-
surement data, and the model is valid for different environmental conditions, from
stable to conditionally stable stratification from low to high ambient wind shear.

Publications related to this thesis statement:[6, 12, 11, 3]
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