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Cover figure: the vertical slice of streamwise velocity at 200m distance in normal direction under
stably stratified condition (GABLS1 case, the scale shown in the figure have constant interval of 50m)
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Abstract
In current study, several fundamental and inherent problems in original Deardorff subgrid model are
identified under stably stratified condition. It is found that the mixing length parameterization in this
subgrid model is at the root of a long trouble problem of grid size sensitivity in large-eddy simulation
(LES). A new formulation of mixing length is proposed under the consideration of some basic elements
including the presence of surface, the dependence of grid size Ύ and a smoothing interpolation. The
performance of this modified scheme is remarkable regarding the improvement of the simulation quality
and accuracy. In other words, not only is the convergence of the simulated results from a range of grid
size achieved but also in the precise intensity of physical variables are modelled. The only discrepan-
cies display in the variance of temperature in the middle of boundary layer and high turbulent kinetic
energy near the surface.

To further experiment the performance of the new scheme under different scenarios, the cases of
different stability condition, an independent LES code with same modification, the cases of different
advection schemes and different prescribed parameters are explored. In very stable condition, the first
order variables from the modified scheme are in reasonable range but with some spreads compared
to the results from a dynamic code. The deviation of second order statistics shows that the proposed
formulation of mixing length meets limitations due to the complex interaction between the surface and
turbulent flow in shallower boundary layer. The modified scheme is model system independent based
on the similar improvement of simulation results in an independent LES code system. The sensitivity
of advection schemes is surprisingly hardly found in new proposed SGS model. The cases of tested
parameters further verifies the limitation of original Deardroff subgrid model.
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/
Introduction

In the field of large-eddy simulation (LES), the discretization of the domain is crucial and influential to
the simulated results. A code system with an isotropic and static mesh is usually implemented in the
numerical modelling of atmospheric boundary layer (ABL). Without the priori knowledge of the cases,
the grid size is hard to define regarding the representation of physical variables on the grid, the effect of
subgrid-scale (SGS) model and the complexity of turbulent interaction under various topography and
meteorological condition. The discrepancy of simulated value on a grid generally happens in the area
or time where the sharp gradient exists (e.g., inversion layer; heterogeneous surface). In terms of the
effect of subgrid-scale model, the dependence is related to the filter width which is set as the grid size
or relates to grid size in implicit or explicit filter function respectively. Furthermore, the requirement that
more than 80% of turbulent kinetic energy (TKE) is resolved in LES (Pope 2004) should be taken into
consideration.

The sensitivity issue of grid size in large-eddy simulation under stable boundary layer (SBL) have
been reported in many studies. In the study of Beare et al. (2006), the first intercomparison study of
large-eddy simulation involved eleven participants and displayed the sensitivity of grid size based on the
case of Global Energy and Water Exchanges (GEWEX) Atmospheric Boundary Layer Study (GABLS)
(Holtslag 2006). From then on, similar features of sensitivity are shown in turbulent statistics frommany
other studies based on GABLS1 case (Matheou (2016), Sullivan et al. (2016), Maronga et al. (2020)).
Especially, the simulation results from Sullivan et al. (2016) still displayed the grid sensitivity with the
implementation of fine resolution down to 2m, 0.78m and 0.39m. Maronga et al. (2020) attempted to
solve this issue by improvement of surface boundary layer condition. An elevated height is used to
calculate the surface flux based on flux-profile relationship. However, this approach is only practical for
the improvement of surface flux instead of vertical profiles of wind velocity and potential temperature
under stably stratified conditions.

It is well known that the dynamic subgrid model have the capability to adapt different atmospheric
condition and account for the grid size. Basu and Porté-Agel (2006) implemented a dynamic SGS
model in MATLES code system to simulate GABLS1 case and showed reasonable results even with
low resolution. Despite of the advanced dynamic model, current study put the focus on a static model.
Deardorff subgrid model (Deardorff (1980)) being a common used subgrid model is built in many numer-
ical models (list of models in Beare et al. (2006), Heus et al. (2010), Maronga et al. (2015), Gibbs and
Fedorovich (2016)). However, the limitations and improvements of Deardorff subgrid model have been
found over the years of research (Schumann (1991), Gibbs and Fedorovich (2016), de Roode et al.
(2017)). Schumann (1991) argued that operator used in the parameterizatoin of mixing length in
Deardorff SGS TKE scheme should only be used for eddy diffusivity instead of eddy viscosity because
the dissipation length scale increase with increasing shear. Gibbs and Fedorovich (2016) investigated
several adjustments of Deardorff subgrid-scale model and proposed a modified scheme considering
the dependence between the stability and eddy diffusivity. de Roode et al. (2017) presents an analyt-
ical solution of SGS TKE with the dependence on mixing length. Based on the observation of lower
Prandtl number near the surface, de Roode et al. argued the existence of excessive mixing near the
surface under Deardorff SGS model. Nonetheless, the sensitivity of grid size existing on the simulation
of Deardroff SGS model is not solved by these inspections (Jiménez and Cuxart (2005), Beare et al.
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2 1. Introduction

(2006), de Roode et al. (2017), Maronga et al. (2020)).
In the current study, the sensitivity of grid size in SBL is addressed by identifying several fundamental

issues of mixing length parameterization in Deardroff SGS TKE scheme (D80, Deardorff (1980)). A
revised mixing length formulation is proposed to tackle these issues (named D80-R). To evaluate this
new parameterization, a range of grid sizes are implemented in DALES code system (Heus et al.
2010) to simulate GABLS1 case. The simulation results are compared with the dynamic SGS model
(MATLES, Basu and Porté-Agel (2006)). To further validate the new scheme, three different surface
cooling rate cases based on GABLS1 are experimented to examine the effects of stability. To see the
independence of LES code system, the simulation results from PALM code system with D80-R scheme
are displayed. The sensitivity of numerical scheme and parameter prescribed in D80-R are explored.

This study have the following organization. The introduction is given in Chapter 1. In Chapter 2, the
modified Deadroff SGS TKE scheme is proposed based on the introduction of large eddy simulation,
description of subgrid models and investigation on mixing length scale. Followed by Chapter 3, the
description of GABLS1 and setups of GABLS1 cases for evaluation of modified Deardorff SGS TKE
scheme are detailed illustrated. The simulation results are demonstrated in Chapter 4. The model
validation and discussion are also included. Finally, the conclusion and future perspectives are given
in Chapter 5.
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Large-eddy simulation

Large-eddy simulation as an advanced numerical technique developed for the representation of tur-
bulence flow mainly in atmospheric and engineering field. The leverage of LES is that larger scale of
motions are resolved on discretized grid and smaller motions are modelled using subgrid-scale model.
A spectrum of popular used subgrid models is created and developed over the years with endeavor of
accurate represention of the turbulent flow. The subgrid model from Deardorff (1980) is a popular and
intensively used scheme. However, several fundamental issue are found with this Deardorff subgrid
model. To handle this issue, a modified Deardorff subgrid model is introduced with a new parameteri-
zation of the mixing length formulation.

This chapter firstly introduces the large-eddy simulation by elaboration of various turbulent scales
in atmosphere and the leverage of implementing LES using subgrid-scale model(Sect. 2.1). To pa-
rameterize the subgrid motions, Section 2.2 demonstrates the requirements and the different type
of subgrid-scale models. The application of LES in stable boundary layer are discussed in Section
2.3. Lastly, the modified Deardorff SGS TKE is introduced by firstly the investigation of mixing length
(Sect. 2.4).

2.1. Introduction to Large-eddy simulation
The history of turbulence can be traced back to Leonardo da Vinci (c. 1500) who attempted to sketch a
diversity of turbulence flow and named them turbolenza. In the bookWeather Prediction by Numerical
Process (1922), Richardson described the processes of turbulence development as following:

Big whorls have little whorls
That feed on their velocity;
And little whorls have lesser whorls
And so on to viscosity

The concept of turbulence development in Richardson’s perspective is that turbulence originates
from large scale motions which are easy to break into relatively smaller scale eddies. The notion here
called energy cascade will continue cascading successively for smaller eddies as well until the smaller
eddies are small enough. Finally the small scale motions dissipates to heat. A visualization of multiple
scales distribution of turbulence could be seen in Fig. 2.1 (figure taken from Schalkwijk et al. (2015)).

It was not until 1941 that Kolmogorov (1941) proposed a hypothesis that assumed the local isotropy
of the small scale turbulence and its universal properties in sufficiently high Reynolds numbers flow.
Based on this hypothesis, the relationship between length scale ›, velocity scale (›) and time scale
(›) שּ ›/ (›) to describe turbulence could be revealed at various scale in Kolmogorov energy spectrum
shown in upper panel of Fig. 2.2. The energy spectrum at sufficient large Reynolds number presents a
variety of turbulence scale from largest integral scale to smallest Kolmogorov scale . In other words,
the large scale of motions generated by the planetary or mesoscale dynamics produces energy. Then
the energy is transferring continuously as large size eddies twirl and rotate and shear to smaller scale
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4 2. Large-eddy simulation

Figure 2.1: Multiple scales of turbulence in atmosphere (Schalkwijk et al. (2015))

eddies until eddies size reach around Kolmogorov scale . The dissipation effect start to dominate and
kinetic energy dissipate to heat by small scale viscosity.

Based on Kolmogorov’s first similarity hypothesis, the small eddies within dissipation range have
universal properties that are dependent on viscosity and dissipation rate . The dimensional analysis
of these two variable to describe length scale , velocity scale , and time scale in Kolmogorov
scale gives:

שּ / /
(2.1)

שּ ( ) / (2.2)

שּ ( / ) / (2.3)

According to scaling from Kolmogorov scale to integral scale, dissipation rate at integral scale could
be approximated as:

ײַ /› (2.4)

Combined equation 2.4 with Eq. 2.1, 2.2 and 2.3, the ratio between the smallest and largest scales
could be determined as:

› / ײַ Re / (2.5)

/ ײַ Re / (2.6)

/ ײַ Re / (2.7)

One who attempts to explicitly solve full scales in field e.g. a typical atmospheric layer would assume:

ײַ 7m s , › ײַ 10 m, ײַ 1.5 ⱥ 10 m s (2.8)

The kinematic viscosity value is taken under the condition of dry air at 20ⱦC and atmospheric pressure
of 1000mb from (List et al. 1951, p. 395). The Reynolds number could be calculated:

Re = › ײַ
7m s 10 m
1.5 ⱥ 10 m s

ײַ 4.67 ⱥ 10 (2.9)

As a result, the ratio between integral scale to Kolmogorov scale and the Kolmogorov scale can be
calculated:

› / ײַ 3.17 ⱥ 10 , ײַ 0.0003 (2.10)

/ ײַ 1.47 ⱥ 10 , ײַ 0.0476m s (2.11)

/ ײַ 2.16 ⱥ 10 , ײַ 0.0066 (2.12)

In idealized case, totally around 3 ⱥ 10 grid points in three dimensional space are required to fully
explicitly represent this typical atmospheric layer, which far exceeds the capability of today’s numerical
computation. The method of fully resolving turbulence in all scales from Kolmogorov scale to inte-
gral scale is called Direct numerical simulation (DNS). The Navier-Stokes (N-S) equations have been
considered as the standard physical formulation for description of the turbulence structure and prop-
erties. When DNS is applied to integrate the N–S equations, it consumes expensive computational
resource and thus offers precise simulation dataset and fully detailed structure of the turbulence flow.
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Figure 2.2: Kolmogorov energy spectrum at high Reynolds number (upper panel), where: k: wavenumber; E(k): the energy
corresponding to wavenumber i.e. eddy size; : integral scale; : Kolmogorov scale. Different numerical method (bottom
pannel), where , , are the scale resolved explicitly by each method respectively (This figure is adapted from
(Geurts 2003, p. 59))

Frequently, DNS datasets are used for model validation, verification and improvement. Due to the
expensive requirement of DNS, the workaround is to implement parameterization model within the nu-
merical simulation. Reynolds-averaged Navier–Stokes equations (RANS) decomposes the variables in
N-S equations into averaging part and fluctuation part. Then the Reynolds stress arose from treatment
of Reynolds averaging is parameterized using turbulence closure models. The N-S equations under
the Reynolds averaging operation results in a steady equations, which require less computational re-
sources but only provide information of averaging statistics.

As a compromise between expensive DNS and simple RANS, large eddy simulation (LES) is a
method that explicitly solves larger scale motions and parameterizes the small scale motions. Com-
pared to averaging operation in RANS, spatial filter in LES is usually implemented with convolution
operator for separation of high and low frequency motions. The motions left after the filter operation
are called resolved turbulence and the small scale motion filtered out are called subgrid (SGS) turbu-
lence.

The N-S equations derived from conservation law and Newton’s law of motion (a full derivation could
be seen in (Berselli et al. 2006, p. 32-35)) for incompressible flows are known as:

+ = Ⱡ1 + + ( v Ⱡ ) + (2.13)

Where is the velocity in three dimension, t is the time, is the spatial coordinate in three dimensions,
is the density, is the pressure, is kinematic viscosity, is the Kronecker delta, is other forcing

terms. Each term in Equation 2.13 from left to right represent inertia, advection, pressure gradient
force, viscous stress, buoyancy and other forcing respectively.

After the operation of spatial filter with width Ύ , the equations turn to :
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̀ +
̀ ̀

= Ⱡ1 ̀ + ̀ + ( v̀ Ⱡ ̀ ) + ̀ Ⱡ (2.14)

The tilde above each variable means the filtered variable after the operation of spatial convolution. The
residual stress as the product of spatial filter in Eq. 2.14 are usually parameterized in order to get
closure of the N-S equation. Over the years, the research on a variety of such closure models called
SGSmodels including eddy viscosity model, similarity model and dynamic model have been intensively
explored, which will be elaborated in Section 2.2.

2.2. Subgrid Models
A proper subgrid (SGS) model has two basic requirements (Geurts 2003, p. 223). The first one is the
energy transfer between resolved large scale motion and subfilter motions. The aim of subgrid models
is to parameterize the high frequency motion part (small scale turbulence lower than filter width Ύ ) so
that total resolved and modelled turbulence in LES are consistent with realistic nature or DNS simula-
tion with high fidelity. In perspective of energy spectrum (Fig. 2.2), subgrid models serve as a bridge
which have the function of energy transfer between the resolved motions and subgrid motions. The
energy transferring from resolved turbulence to subgrid turbulence and its backscatter process should
be well captured by ideal subgrid models. In this aspect, the difference between explicitly resolving
the interaction of various scale of motions and the parameterization modelling lays in subgrid model
bypassing the heavy integration of the partial differential equation by physical assumption of the depen-
dency of the flow structure. The second requirement is that subgrid models should not be essentially
affected by the filter width. As 1/Ύ stays in inertial range, the dynamic effect of subgrid model such as
the interaction between motions should not be influenced by the filter width but the modelling subgrid
stress is dependent on filter width to agree with overall results.

From theoretical point of view, one of the major concerns for subgrid modelling is physical and
numerical interpretation of residual stress (SGS stress) term . An clear derivation of how residual
stress is decomposed into Leonard stress, cross stress and SGS Reynolds stress is shown in (Pope
2001, p. 583). The physical interpretation of each stress leads to various subgrid models discussed in
following subsection. Specifically, D80-based and D80-R schemes are introduced in a detailed manner.

2.2.1. Eddy-viscosity models
The eddy-viscosity models are probably the most often implemented type of subgrid models in LES.
Based on gradient hypothesis, the anisotropic residual-stress tensor r is assumed to depend on re-
solved strain rate tensor (Pope 2001, p. 581):

r = R Ⱡ 1
3 = Ⱡ2 ̀ (2.15)

where:

r is anisotropic residual stress tensor
R is residual stress tensor

= 0 if רּ
1 if =

is the eddy viscosity
̀ is the resolved rate of strain tensor

Based on dimensional analysis, the dimension of eddy viscosity could be taken as multiplication
of a length scale and velocity scale. The popular eddy viscosity models such as smagorinsky model
and Deardorff SGS TKE scheme or the one would be proposed shall follow this dimension.

Smagorinsky model
Smagorinsky (1963) parameterized the eddy viscosity using a simple but popular formulation:

= Ύ | ̀| (2.16)
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�E�H�H�Q �G�U�D�Z�Q �L�Q �W�K�H �V�W�X�G�\ �R�I�6�W�H�H�Q�H�Y�H�O�G �H�W �D�O������������ �� �Z�K�L�F�K �D�G�G�U�H�V�V�H�G �W�K�H �H�Q�K�D�Q�F�H�G �P�L�[�L�Q�J �G�X�H �W�R
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�P�H�W�K�R�G�V �O�H�D�G �W�R �V�K�D�O�O�R�Z�H�U �E�R�X�Q�G�D�U�\ �O�D�\�H�U �D�Q�G �V�W�U�R�Q�J�H�U �V�X�U�I�D�F�H �F�R�R�O�L�Q�J���%�D�V�X �H�W �D�O������������ �� �X�V�L�Q�J
�D �D�Q�D�O�\�W�L�F�D�O �D�S�S�U�R�D�F�K �S�U�R�Y�H�G �W�K�D�W �V�X�U�I�D�F�H �E�R�X�Q�G�D�U�\ �F�R�Q�G�L�W�L�R�Q �S�U�H�V�F�U�L�E�H�G �E�\ �W�H�P�S�H�U�D�W�X�U�H �J�L�Y�H�V �P�R�U�H
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�W�K�H �W�H�P�S�H�U�D�W�X�U�H���6�W�R�O�O �D�Q�G �3�R�U�W�p���$�J�H�O���������� �� �L�P�S�O�H�P�H�Q�W�H�G �G�\�Q�D�P�L�F �V�X�E�J�U�L�G �P�R�G�H�O �W�R �V�L�P�X�O�D�W�H �D �U�D�Q�J�H
�R�I �D�G�D�S�W�H�G �W�K�H �*�$�%�/�6�� �F�D�V�H�V �R�I �Z�K�L�F�K �W�K�H �V�X�U�I�D�F�H �F�R�R�O�L�Q�J �U�D�W�H �D�U�H �D�U�U�D�Q�J�H�G �L�Q �G�L�I�I�H�U�H�Q�W �S�D�W�F�K�H�V�� �,�Q
�F�R�P�S�D�U�L�V�R�Q���0�L�O�O�H�U �D�Q�G �6�W�R�O�O���������� �� �V�W�X�G�L�H�G �W�K�H �K�H�W�H�U�R�J�H�Q�H�L�W�\ �R�I �V�X�U�I�D�F�H �U�R�X�J�K�Q�H�V�V �L�Q �V�W�D�E�O�\ �V�W�U�D�W�L�I�L�H�G
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�I�X�Q�F�W�L�R�Q�V�� �7�K�L�V �P�R�G�H�O �L�V �Y�D�O�L�G�D�W�H�G �X�V�L�Q�J �D �F�D�V�H �Z�L�W�K �F�K�D�Q�J�L�Q�J �V�X�U�I�D�F�H �F�R�R�O�L�Q�J �U�D�W�H �R�Y�H�U �W�L�P�H �E�D�V�H�G �R�Q
�*�$�%�/�6�� �F�D�V�H���/�X �D�Q�G �3�R�U�W�p���$�J�H�O���������� �� �H�Y�D�O�X�D�W�H�G �D �G�\�Q�D�P�L�F �6�*�6 �F�O�R�V�X�U�H �P�R�G�H�O �X�Q�G�H�U �Q�H�X�W�U�D�O �D�Q�G
�V�W�D�E�O�H �F�R�Q�G�L�W�L�R�Q�� �*�$�%�/�6�� �F�D�V�H �L�V �D�G�D�S�W�H�G �Z�L�W�K �G�R�X�E�O�H �K�R�U�L�R�]�Q�W�D�O �G�R�P�D�L�Q �V�L�]�H �I�R�U �W�H�V�W�L�Q�J �W�K�H �V�W�D�E�O�H
�F�R�Q�G�L�W�L�R�Q�� �7�K�H �U�H�V�X�O�W �D�U�H �L�Q �D�J�U�H�H�P�H�Q�W �Z�L�W�K�%�D�V�X �D�Q�G �3�R�U�W�p���$�J�H�O���������� �� �D�Q�G �V�K�R�Z �O�H�V�V �J�U�L�G �V�H�Q�V�L�W�L�Y��
�L�W�\�� �,�Q �W�K�H �V�W�X�G�\ �R�I�0�D�W�K�H�R�X �D�Q�G �&�K�X�Q�J���������� ���� �D �Q�H�Z �V�W�U�H�W�F�K�H�G���Y�R�U�W�H�[ �V�X�E�J�U�L�G �P�R�G�H�O �L�V �S�U�R�S�R�V�H�G �W�R
�V�L�P�X�O�D�W�H �W�K�H �D�W�P�R�V�S�K�H�U�L�F �E�R�X�Q�G�D�U�\ �O�D�\�H�U �L�Q �Y�D�U�L�R�X�V �V�W�D�E�L�O�L�W�\ �F�D�V�H�V �D�Q�G �D �U�D�Q�J�H �R�I �J�U�L�G �V�L�]�H�� �7�R �W�H�V�W
�W�K�H �V�W�D�E�O�H �F�R�Q�G�L�W�L�R�Q�� �*�$�%�/�6�� �F�D�V�H �L�V �V�L�P�X�O�D�W�H�G �D�Q�G �W�K�H �U�H�V�X�O�W�V �D�U�H �L�Q �W�K�H �U�D�Q�J�H �R�I �S�U�H�Y�L�R�X�V �V�L�P�X�O�D��
�W�L�R�Q�V �L�Q�%�H�D�U�H �H�W �D�O������������ ���� �,�Q �F�R�P�S�D�U�L�V�R�Q�� �7�K�H �V�L�P�X�O�D�W�L�R�Q �R�I �F�R�Q�Y�H�F�W�L�Y�H �E�R�X�Q�G�D�U�\ �O�D�\�H�U �D�Q�G �V�W�D�E�O�H
�E�R�X�Q�G�D�U�\ �O�D�\�H�U �D�U�H �H�Y�D�O�X�D�W�H�G �X�V�L�Q�J �D �P�L�Q�L�P�X�P �G�L�V�V�L�S�D�W�L�R�Q �P�R�G�H�O �I�R�U �V�X�E�J�U�L�G �I�O�X�[ �L�Q�$�E�N�D�U �D�Q�G �0�R�L�Q
���������� ���� �7�K�H �*�$�%�/�6�� �F�D�V�H �L�V �D�J�D�L�Q �V�L�P�X�O�D�W�H�G �K�H�U�H �Z�L�W�K �G�R�X�E�O�H �K�R�U�L�]�R�Q�W�D�O �G�R�P�D�L�Q �F�R�P�S�D�U�H�G �W�R�%�H�D�U�H
�H�W �D�O������������ ���� �7�K�H �V�L�P�X�O�D�W�L�R�Q �U�H�V�X�O�W�V �V�K�R�Z �O�L�W�W�O�H �V�H�Q�V�L�W�L�Y�L�W�\ �W�R �J�U�L�G �V�S�D�F�L�Q�J �D�Q�G �J�R�R�G �D�J�U�H�H�P�H�Q�W �W�R �O�R�F�D�O
�V�F�D�O�L�Q�J �K�\�S�R�W�K�H�V�L�V ���1�L�H�X�Z�V�W�D�G�W���������� ������
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�G�H�Y�H�O�R�S�H�G �Z�L�W�K �U�D�S�L�G �V�S�H�H�G �E�D�V�H�G �R�Q �*�$�%�/�6�� �F�D�V�H���5�R�G�U�L�J�R �D�Q�G �$�Q�G�H�U�V�R�Q���������� �� �S�U�R�S�R�V�H�G �D �I�O�X�[��
�S�U�R�I�L�O�H �6�&�0 �E�D�V�H�G �R�Q �O�R�F�D�O �V�F�D�O�L�Q�J �K�\�S�R�W�K�H�V�L�V �D�Q�G �Y�D�O�L�G�D�W�H�G �W�K�H �P�R�G�H�O �X�V�L�Q�J �*�$�%�/�6�� �F�D�V�H�� �7�K�H



���������&�D�V�H�V �V�H�W�X�S ����

�O�R�F�D�O �V�F�D�O�L�Q�J �K�\�S�R�W�K�H�V�L�V �W�K�D�W �G�H�V�F�U�L�E�H�V �W�K�H �W�X�U�E�X�O�H�Q�F�H �V�W�U�X�F�W�X�U�H �R�I �H�Q�W�L�U�H �D�W�P�R�V�S�K�H�U�L�F �E�R�X�Q�G�D�U�\ �O�D�\�H�U
�R�U�L�J�L�Q�D�W�H�G �I�U�R�P�1�L�H�X�Z�V�W�D�G�W���������� �� �D�Q�G �H�[�D�P�L�Q�H�G �L�Q�%�D�V�X �H�W �D�O������������ �� �D�Q�G�Y�D�Q �'�R�S �D�Q�G �$�[�H�O�V�H�Q���������� ����
�%�D�V�H�G �R�Q �W�K�L�V �K�\�S�R�W�K�H�V�L�V���'�R�Q�G�D �H�W �D�O������������ �� �D�G�R�S�W �D �V�W�D�Q�G�D�U�G �6�&�0 �Z�L�W�K �D �W�X�U�E�X�O�H�Q�F�H �F�O�R�V�X�U�H �D�Q�G
�H�[�D�P�L�Q�H�G �X�V�L�Q�J �*�$�%�/�6�� �F�D�V�H�� �)�X�U�W�K�H�U�P�R�U�H�� �=�E�L�J�Q�L�H�Z �6�R�U�E�M�D�Q �L�Q�Y�H�V�W�L�J�D�W�H�G �W�K�H �W�X�U�E�X�O�H�Q�F�H �V�W�U�X�F�W�X�U�H
�X�Q�G�H�U �V�W�D�E�O�H �F�R�Q�G�L�W�L�R�Q �E�D�V�H�G �R�Q �D �.���W�K�H�R�U�\ �P�R�G�H�O �L�Q�6�R�U�E�M�D�Q���������� �� �D�Q�G�6�R�U�E�M�D�Q���������� ���� �,�Q �W�H�U�P�V �R�I �W�K�H
�F�R�P�S�O�H�[ �V�F�H�Q�D�U�L�R�V�� �W�K�H �W�U�D�Q�V�L�W�L�R�Q �R�I �G�L�X�U�Q�D�O �F�\�F�O�H �I�U�R�P �6�%�/ �W�R �&�%�/ �L�V �L�Q�Y�H�V�W�L�J�D�W�H�G �E�\ �I�L�U�V�W�O�\ �D�S�S�O�\�L�Q�J �D
�H�[�S�O�L�F�L�W �D�O�J�H�E�U�D�L�F �W�X�U�E�X�O�H�Q�F�H �P�R�G�H�O �W�R �V�L�P�X�O�D�W�L�Q�J �W�K�H �*�$�%�/�6�� �F�D�V�H �L�Q�/�D�]�H�U�R�P�V �H�W �D�O������������ ���� �,�Q���X�U�i�Q
�H�W �D�O������������ ���� �D �P�R�G�L�I�L�H�G �6�*�6 �7�.�( �V�F�K�H�P�H �L�Q �6�&�0 �L�V �S�U�H�V�H�Q�W�H�G �W�R �V�L�P�X�O�D�W�H�G �Y�D�U�L�R�X�V �F�R�Q�G�L�W�L�R�Q �L�Q�F�O�X�G�L�Q�J
�F�R�Q�Y�H�F�W�L�Y�H �E�R�X�Q�G�D�U�\ �O�D�\�H�U�� �V�W�D�E�O�H �E�R�X�Q�G�D�U�\ �O�D�\�H�U ���*�$�%�/�6���� �D�Q�G �P�R�L�V�W �F�R�Q�G�L�W�L�R�Q�� �7�K�H �F�R�X�S�O�L�Q�J �E�H�W�Z�H�H�Q
�P�H�V�R�V�F�D�O�H �P�R�G�H�O �D�Q�G �/�(�6 �L�V �L�Q�V�S�H�F�W�H�G �E�D�V�H�G �R�Q �*�$�%�/�6�� �L�Q�0�X�x�R�]���(�V�S�D�U�]�D �H�W �D�O������������ �� �D�Q�G�8�G�L�Q�D
�H�W �D�O������������ ����
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�W�L�R�Q������������ �%�D�V�H�G �R�Q �V�L�P�X�O�D�W�L�R�Q�V �R�Q �*�$�%�/�6�� �F�D�V�H�� �V�K�H�D�U �O�H�Q�J�W�K �V�F�D�O�H �L�V �S�U�R�Y�H�G �W�R �J�L�Y�H �P�R�U�H �U�H�D�O�L�V�W�L�F
�U�H�V�X�O�W�V �W�K�D�Q �E�X�R�\�D�Q�F�\ �O�H�Q�J�W�K �V�F�D�O�H �L�Q�%�X�]�]�L �H�W �D�O������������ �����:�L�O�V�R�Q �D�Q�G �9�H�Q�D�\�D�J�D�P�R�R�U�W�K�\���������� �����5�R�G�L�H�U
�H�W �D�O������������ ���� �,�Q �V�X�P�P�D�U�\�� �Y�D�U�L�R�X�V �S�D�U�D�P�H�W�H�U�L�]�D�W�L�R�Q�V �R�I �P�L�[�L�Q�J �O�H�Q�J�W�K �R�U �Q�X�P�H�U�L�F�D�O �P�R�G�H�O �H�O�D�E�R�U�D�W�H�G
�D�E�R�Y�H �D�U�H �P�D�L�Q�O�\ �Y�D�O�L�G�D�W�H�G �E�\ �*�$�%�/�6�� �R�U �H�[�W�H�Q�V�L�R�Q �R�I �*�$�%�/�6�� �F�D�V�H �Z�K�L�F�K �I�X�U�W�K�H�U �S�U�R�Y�H�G �L�W�V �I�L�G�H�O�L�W�\��
�S�R�S�X�O�D�U�L�W�\ �D�Q�G �T�X�D�O�L�W�\ �E�H�L�Q�J �J�R�O�G�H�Q �E�H�Q�F�K�P�D�U�N�� �)�X�U�W�K�H�U�P�R�U�H�� �*�$�%�/�6�� �F�D�V�H �F�D�Q �D�O�V�R �S�U�R�Y�L�G�H �L�Q�V�L�J�K�W
�W�R �P�D�Q�\ �D�S�S�O�L�F�D�W�L�R�Q�V �V�X�F�K �D�V �Z�L�Q�G �H�Q�H�U�J�\ ���3�R�U�W�p���$�J�H�O �H�W �D�O������������ �����/�X �D�Q�G �3�R�U�W�p���$�J�H�O���������� �����3�R�U�W�p��
�$�J�H�O �H�W �D�O������������ �����%�K�D�J�D�Q�D�J�D�U �D�Q�G �'�H�E�Q�D�W�K���������� �����5�R�G�U�L�J�R �H�W �D�O������������ �����;�L�H �D�Q�G �$�U�F�K�H�U���������� ���� �D�Q�G
�S�D�U�W�L�F�O�H �G�L�V�S�H�U�V�L�R�Q ���6�W�H�L�Q�I�H�O�G �H�W �D�O������������ ������
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