
ABSTRACT

WANG, YAO. Generating Realistic In
ows for Utility-Scale Wind Turbine s: A Large-
Eddy Simulation-Based Approach. (Under the direction of SukantaBasu.)

Contemporary design standards for wind turbines (e.g., the International Electrotech-

nical Commission) recommend stochastic models (e.g., the Kaimal spectral model) for

turbulence in
ow generation. These simple stochastic models are not very representative

of atmospheric boundary layer turbulence, as they do not account for the omnipresent

atmospheric stability e�ects. In this thesis, we propose a new coupled modeling approach

for the generation of high-resolution, four-dimensional, realistic,in
ow turbulence �elds.

Our primary focus is on stably strati�ed 
ows and associated low-level jets.

The workhorses behind our proposed modeling approach are: (i) a state-of-the-art,

open-source atmospheric model, called the Weather Research andForecasting (WRF)

model, and (ii) a large-eddy simulation code utilizing a tuning-free subgrid-scale model.

In this framework, the WRF model simulates atmospheric 
ows downto the mesoscale

(order of 1 km) and the turbine-scale simulation burden is carried out by the LES code.

We document the strengths and weaknesses of the proposed modeling approach with

the help of a diverse set of observational datasets and semi-empirical similarity theories

(e.g., local scaling, spectra). We also touch upon the sensitivity of our modeling results

with respect to data assimilation and grid resolutions.
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Chapter 1

Introduction

Energy is one of the most critical issues for the United States (U.S.)and the rest of

the world. Based on a recent report from the U.S. Energy Information Administra-

tion (DOE/EIA), the U.S. will need 288.2 quadrillion BTU of energy by the year 2035

annually. At that time, developing countries like China and India, whichhave strong

economic growth, together will consume almost the same amount ofenergy as the U.S.

[DOE/EIA, 2011]. Increasing energy demand from the U.S. and the developing countries

will certainly lead to an energy crisis in the near-future. Renewable energy, such as wind,

solar, biomass, etc., are showing great potential to be part of thesolution of preventing

this energy crisis to happen. According to DOE/EIA [2011], renewables are among the

fastest growing energy sources (Figure 1.1). In the U.S., renewable energy accounted for

about 8% of total energy consumption in 2009 and this number was updated to 11.7%

in 2011. In the meantime, renewable energy sources produced approximately 10% of the

electricity.

Among di�erent types of renewable energy forms, wind energy is perhaps the most

applicable energy source, due to its relatively better developed technology and more

mature market mechanism. After a phenomenal growth in the pastdecade, the total

installed capacity of global wind energy at the end of 2011 reached almost 238 GW

(Figure 1.2). Based on the projection by the Global Wind Energy Council (GWEC), this

industry will keep a high growth rate during the following four years (see Figure 1.3).

At present, the U.S. wind industry has the second largest wind energy installed ca-

pacity in the world (Figure 1.4). In 2011, it installed 6.8 GW, which is a 30%increase

from the 5.2 GW installed in 2010. With this 17% annual growth, the U.S.wind en-
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Figure 1.1: World energy consumption by fuel during 1990-2035 (quadrillion BTU).
This �gure is taken from DOE/EIA [2011].

ergy capacity was brought to a total of 47 GW. To put this number inperspective: this

amount of energy can supply electricity for over 12 million American homes [GWEC,

2011]. In 2011, 38 states in the U.S. have installed utility-scale wind projects. A few

years ago, the U.S. Department of Energy (DOE) proposed to generate 20% of the U.S.

energy from wind by the year 2030 [DOE, 2008]. Given the current political climate and

the abundant wind resource in this country (see Figure 1.5), we have good reasons to

believe that the wind industry will keep its prosperity and growth in the coming years.

The growth of wind energy is not only due to the increasing number ofinstalled

turbines, but also to the increasing scale of individual turbine (see Figure 1.6). Currently,

the total height of an onshore utility-scale turbine is in the range of100-150 m. For

example, the GE 1.5 MW (1.5sle) turbine has a total height of 118.5 m. Arecent

report from the European Union funded UpWind project, presented at the European

Wind Energy Association (EWEA) 2011 conference in Brussels, speculated that 20 MW

turbines with rotor diameters of 200 m might be operational by the year 2020.
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Figure 1.2: Global cumulative installed wind capacity during 1996-2011. This �gure is
taken from GWEC [2011].

Figure 1.3: Global wind energy market forecast for 2012-2016. This �gure is taken from
GWEC [2011].
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Figure 1.4: Global distribution of cumulative wind energy installed capacity by the end
of 2011. This �gure is taken from from GWEC [2011].
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Figure 1.5: Wind resource map of the United States at 80 m above ground
level. This map was produced by the National Renewable Energy Laboratory.
http://www.nrel.gov/gis/wind.html
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Figure 1.6: Top panel: growth of the utility-scale turbines during thepast few decades
(source: EWEA). Bottom-left panel: A 5 MW onshore wind turbine in Germany (source:
Eurotrib.com). Bottom-right panel: o�shore wind turbine installatio n using a specialized
vessel (source: MIT Technology Review). All these �gures portray the enormous size of
contemporary wind turbines, the largest aerodynamic structures ever built.
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Even though there has been such a signi�cant increase in the size ofthe turbines, the

engineering design philosophy has not changed dramatically over theyears. Figure 1.7

shows a typical 
ow chart of a wind turbine design. Clearly, wind in
owis the primary

driver for all other engineering design modules (e.g. aerodynamic, aeroelastic, and struc-

tural load calculations). Thus, it is obvious that a poorly generatedin
ow �eld will lead

to signi�cant inaccuracy in the overall design, even if one uses state-of-the-art engineering

design codes. Traditionally, the in
ow conditions are generated following design stan-

dards by the International Electrotechnical Commission (IEC) and other organizations.

However, these standards use a number of assumptions (e.g. homogeneous and isotropic

turbulence, neutral boundary layer, no directional shear). Most of these assumptions

are not valid in the case of atmospheric boundary layers (ABLs). Ina recent article,

Park et al. [2012a] discussed the fundamental limitations of the in
ow generation by the

IEC codes. We summarize some of these limitations in Table 1.1.

Figure 1.7: A typical wnd turbine design 
ow chart. This �gure is created by the
National Renewable Energy Laboratory.
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Table 1.1: Comparison of the underlying assumptions of the IEC-based in
ow generation
and boundary-layer meteorology

Assumptions of IEC Boundary-Layer Meteorology

� neutrally strati�ed condition within the

turbine rotor layer

� mostly non-neutral conditions (i.e., sta-

ble and unstable); neutral strati�cation

rarely occurs

� wind speed pro�le follows a power law

with an exponent �

� wind speed pro�le is logarithmic with

stability corrections; occasionally jet pro-

�le happens in stable boundary layers

� � equals to 0.2 � � has diurnal cycle and depends

on ABL stabilities, advection and non-

equilibrium conditions

� wind directional shear is non-existent � wind directional shear portrays a diur-

nal cycle and large shear in stably strati-

�ed conditions

� turbulence is homogeneous and station-

ary

� turbulence is frequently heterogeneous

and nonstationary

� velocity spectra are only dependent on

wind speed

� velocity spectra are dependent on

height, wind speed, and stability

� integral length scale of turbulence is uni-

form within the turbine rotor layer

� the characteristic sizes of turbulent ed-

dies decrease with increasing strati�ca-

tion

� velocity variances are uniform within

the turbine rotor layer

� velocity variances commonly decrease

with height

� simulated in
ow �elds do not portray

multifractal characteristics

� atmospheric boundary layer �elds por-

tray multifractal behavior

Given the aforementioned limitations of the present-day in
ow generation approaches,

it is not unreasonable to expect that di�erent components of wind turbines will start

failing due to fatigue loading (see examples of fatigue damage in Figure1.8) before

the end of their design life of twenty years. Unfortunately, due tothe public-domain
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unavailability of proprietary turbine damage data, such speculations cannot be easily

substantiated. However, there exist numerous anecdotal evidences. There also exists an

intriguing study by Kelley et al. [2004] who associated nocturnal atmospheric phenomena

(e.g., low-level jets, coherent burstings) with fatigue damages ofturbines and emphasized

the need for the inclusion of such phenomena in any in
ow generationframework. Last,

the following text from a recent DOE report [Schreck et al., 2008] further highlighted the

need for realistic in
ow generation:

\Current wind turbines su�er premature failures and reduced lifetimes

from those predicted during design. Such shortfalls represent uncertainty to

investors . . . A key reason for these early failures is our lack of knowledge of the

unsteady wind in
ow that approaches and then interacts with the turbine.

It is known that unsteady blade aerodynamics are the cause of unsteady

loads on blades that leads to failure, but these unsteady loads can not be

predicted if unsteady in
ow is not well characterized . . . Improvement in our

understanding and modeling of turbine wind in
ow would have an immediate

bene�cial impact in several areas of turbine design."

We would like to point out that the wind turbines can also be damaged (or even

destroyed) due to rare but extreme meteorological events (e.g.,hurricanes, tornadoes,

microbursts). In Figure 1.9 we show two such cases. These types of events are beyond

the scope of this thesis. Instead, we solely focus on nocturnal boundary layer 
ows which

are important from the standpoint of fatigue loadings.

Recently, an idealized large-eddy simulation (LES) database was created by the

Boundary-Layer Meteorology research group at North Carolina State University (NCSU).

This database was utilized by Park et al. [2012a] and Park et al. [2012b] to better un-

derstand the e�ects of nighttime stably strati�ed turbulence on turbine loads. Even

though the idealized LES-generated 
ows are superior to the IEC-based synthetic tur-

bulence, these idealized LES runs do not fully represent `real' (observed) atmospheric

turbulence. In this thesis, our main objective is to develop a new modeling framework

for the generation of realistic turbulence. The salient features ofthis framework are:

coupled mesocale-large-eddy simulation, tuning-free subgrid-scale (SGS) modeling, and

four-dimensional data assimilation (FDDA). In this thesis, we attempt to address the

following scienti�c questions:
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Figure 1.8: Left panel: wind turbine gearbox failure due to fatigue (source: National
Renewable Energy Laboratory). Right panel: wind turbine blade failure due to fatigue
in the UK (source: UK Telegraph).

Figure 1.9: Left panel: turbine failures caused by Typhoon Sangmeiat Sangnan, Fujian,
China in 2006 (source: Chinese Wind Energy Association). Right panel: turbine failures
caused by a thunderstorm event near Bu�alo Ridge, Minnesota, U.S. in 2011 (source:
National Renewable Energy Laboratory).
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ˆ Is the proposed coupled mesocale-large-eddy simulation able to capture the evolu-

tion of observed boundary layers?

ˆ Is the FDDA approach bene�cial for realistic in
ow generation?

ˆ What are the di�erences between the idealized and realistic LES 
ows?

ˆ Do the LES-generated data conform to the existing similarity relationships?

The organization of the thesis is as follows. In Chapter 2, we providebackground

information on our modeling approaches. Our proposed methodology is discussed in

Chapter 3. Model results and associated validations are provided inChapter 4 and

Chapter 5. In Chapter 6, we estimate several similarity relationships from the simulated

data and compare with observations. Finally, we provide future research perspectives in

Chapter 7.
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Chapter 2

Background

2.1 Numerical Modeling of Turbulence

In this section, we describe various methodologies which are traditionally employed for

solving the Navier-Stokes (N-S) equations. Using the Einstein's summation notation, the

N-S equations can be written as [Basu, 2012]:

@ui
@t

+
@(ui uj )

@xj
= �

1
�

@p
@xi

� �
@u2i

@xi @xj
+ Fi (2.1)

where, t is the time; x j is the spatial coordinate anduj is the velocity component in

the j direction; p is the dynamic pressure;� is the density; � is the kinetic viscosity; Fi

is a forcing term (e.g., geostrophic wind or imposed mean pressure gradient). The terms

in Equation (2.1) from left to right represent inertia, advection, pressure gradient force,

viscous stress, and forcing. In ABL 
ow simulations, the viscous stress term is often

neglected because molecular viscosity has very insigni�cant in
uence in ABL. However,

buoyancy and rotational terms are added to Equation (2.1) for ABL simulations.

Direct numerical simulation (DNS), large-eddy simulation (LES), andReynolds av-

eraged Navier-Stokes (RANS) modeling are three di�erent approaches to solve the N-S

equations. DNS is considered to be the most realistic approach, because all scales of tur-

bulent eddies will be resolved without any averaging, �ltering or other approximations.

In ABL modeling, 
ows usually have a Reynolds number (Re) on the order of� 108; this

is due to the fact that the energy-containing integral scale (L) is on the order of 1 km,

while the energy-dissipating Kolmogorov scale (� ) is on the order of 1 mm. This requires
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more than 106 � 106 � 106 grid points in a model simulation to explicitly solve the N-S

equation. With the current computational resources, it is not feasible to set up such

a simulation. Rather than resolving all scales of turbulence eddies (from integral scale

to Kolmogorov scale), RANS approach decomposes the N-S equations into mean and

turbulent 
uctuations about the mean. In the following RANS equations [Basu, 2012]:

@�ui

@t
+

@( �ui �uj )
@xj

= �
1
�

@�p
@xi

� �
@�u2

i

@xi @xj
+ Fi �

@(ui
0uj

0)
@xj

(2.2)

overbar denotes the Reynolds averaging operation. The Reynoldsstress term, ui
0uj

0

needs to be parameterized by turbulence closure models. The RANSmodel reduces the

computational expense signi�cantly. However, Alessio et al. [2010]pointed out that the

closure models of RANS have di�culties in simulating complex 
ows with pronounced

vortex shedding.

Considering the drawbacks of both the DNS and RANS approaches,a less expensive

(in comparison to DNS) while more reliable (in comparison to RANS) approach, is se-

lected for this research to process the in
ow generation. This approach, known as the

large-eddy simulation (LES) approach, solves the N-S equations with certain approxima-

tions.

2.2 Large-Eddy Simulation (LES)

LES is a technique to (explicitly) resolve the larger eddies producing turbulence and to

parameterize the smaller scales by applying a low-pass �lter. To eachof the 
ow �eld

variables, � , a �lter G is operated based on the following equation:

~� (x) =
Z a

� a
G(x � y)� (y)dy (2.3)

where � a to a denotes the entire domian. Once the scales which are smaller than the

�lter width (� f ; it is wider than or at least equal to the local grid spacing, �g) are

removed, only the resolved 
ow �eld variables (denoted with a tilde) are left for solving.

If a �lter is applied on the original Navier-Stokes equations, Equation (2.1), the �ltered
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conservation equation of momentum for high-Re ABL 
ows becomes:

@~ui

@t
+

@~ui ~uj

@xj
= �

1
�

@~p
@xi

�
@�ij
@xj

+ ~Fi (2.4)

where, ~ui are the resolved velocities withi; j = 1, 2, 3, denoting the zonal (u), meridional

(v) and vertical (w) components; ~p is the resolved pressure;x i , x j , refer to the spatial

coordinates; and the Subgrid-Scale (SGS) stress� ij is de�ned as:

� ij = gui uj � ~ui ~uj (2.5)

The SGS stress arises from the advection term of Equation (2.1) due to the inherent

nonlinearity, which does not commute/transform with the linear �ltering operation. The

e�ects of the relatively smaller scales, that are unresolved, are contributed through the

stress terms to the whole system [Basu and Port�e-Agel, 2006]. This SGS stress needs to

be parameterized by a certain SGS model which is explained in the following section.

2.3 Subgrid-Scale Models

In the literature, a suite of SGS models have been developed for theSGS stress parameter-

ization based on distinct assumptions. Two of the most widely used eddy-viscosity-based

SGS models are the Smagorinsky model [Smagorinsky, 1963] and theturbulent kinetic

energy (TKE) model [Deardor�, 1980]. Both Smagorinsky and TKESGS models apply

the combination of eddy-viscosity and resolved strain-rate tensor to parameterize the

SGS stresses,

� ij �
1
3

� ij � kk = � 2� t
~Sij (2.6)

where � t is the eddy-viscosity coe�cient, and ~Sij = 1
2

�
@~u i
@xj

+ @~u j

@xi

�
is the resolved strain

rate tensor.

The eddy-viscosity coe�cient of 1.5-order TKE SGS stress model iscomputed as

follows [Deardor�, 1980]:

� T = CK l
p

e (2.7)

wheree is the SGS TKE, andCK is the TKE coe�cient, for which the default value is
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set as 0.15 in the Weather Research and Forecasting (WRF) model. The length scale is

given by l = (� x� y� z)
1
3 .

The Smagorinsky model de�nes the eddy-viscosity coe�cient based on the following

equation:

� T = ( CS l )2 max[0; ( ~Sij
~Sij ) � P r � 1N 2)

1
2 ]: (2.8)

where CS is the Smagorinsky eddy-viscosity coe�cient,P r is the turbulent Prandtl

number with a value of 0.7, andN is the Brunt-Vaisala frequency. Equation (2.8) applies

a limitation on the stress magnitude, that is, when the increasing stability makes the N 2

large relative to the deformations, the stress equals to zero. Thislimiting behavior could

be inappropriate during strongly stable conditions, for which turbulence is weakened, but

does not vanish completely [Mirocha et al., 2010].

Although both the models are well-known and widely used, some disadvantages have

been shown for their fundamental assumptions. Since a wide rangeof CS or CK values

have been reported in di�erent scenarios (e.g., Ciofalo [1994]), the constant-coe�cient ap-

proach has proven to be one of the major limitations. This issue was discussed in Liu et al.

[2011] while explaining the WRF-RTFDDA-LES modeling system. The assumption that

turbulence dissipation balances the local scale turbulent production is considered to be

another major limitation. This assumption is inappropriate in the presence of terrain

heterogeneity or instabilities at high spatial resolutions for which the advection of TKE

can be signi�cant [Mirocha et al., 2010]. These models do not considerthe backscatter

which is the reverse 
ow of energy from smaller to larger scales (e.g.,Kosovi�c and Curry

[2000]). Additionally, the SGS stresses in these two models are related to the strain rate

in a linear way through the eddy-viscosity coe�cient. This was proved to be a limitation

from observations which showed that the eigenvectors of the stress models and strain

rate tensors are generally not aligned at the subgrid scales (e.g., Sullivan et al. [1994]).

Dynamic SGS Models

Dynamic SGS models, that dynamically compute the SGS coe�cients locally and instan-

taneously, are chosen to address the de�ciency of using constant coe�cients in the stan-

dard Smagorinsky and TKE models. Dynamic SGS models usually analyzethe dynamics

from two resolved scales and optimize the unknown coe�cient with the assumption of

scale similarity and scale invariance of the model coe�cient. To process this approach, an

additional explicit �lter, of width � � f , is applied as explained in [Germano et al., 1991].
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After applying the additional �lter (called test �lter), the dynamic S magorinsky model

(DSM, Chow et al. [2005]) computes the constantCS in Equation (2.8) by equating the

resolved-scale stresses:

L ij = Tij � � ij (2.9)

where L ij represents the resolved stresses occurring from scales of motion between the

test-�lter and grid-�lter scales, and � ij = gui uj � ~ui ~uj are the SGS stresses arising from

scales of motion smaller than the �lter � f , and Tij = gui uj � �~ui �~uj represents the SGS

stresses computed on a coarser mesh. The coarser-mesh solution is produced by applying

a test �lter (denoted by the over bar) of width � � f to the resolved 
ow �eld. Then by

substituting � ij into Equation (2.9), L ij can be computed using the test-�lter and the

resolved-scale velocities:

L ij = ~ui ~uj � �~ui �~uj (2.10)

In the case of Smagorinsky model, this identity yields:

L ij �
1
3

L kk � ij = ( C2
S)� f M ij (2.11)

where

M ij = 2� 2
f f j ~Sj fSij � � 2[(C2

S)� � f =(C2
S)� f ]j �~Sj fSij g (2.12)

If one assumes scale invariance, that is, (C2
S)� � f = ( C2

S)� f [Germano et al., 1991], then

the unknown coe�cient ( C2
S)� f can be easily determined following the error minimization

approach of Lilly (1992):

(C2
S)s;� =

hL ij M ij i
hM ij M ij i

(2.13)

where the angular bracketsh:::i denote the planar averaging process [Port�e-Agel et al.,

2000].

This scale-invariant dynamic model is able to dynamically compute the SGS coe�-

cients. However, in stably-strati�ed and near solid surface 
ows,when the integral scale

of turbulence approaches the �lter scale, the application of this model results in under-

estimation of shear and dissipation [Port�e-Agel et al., 2000]. To address this problem,

Port�e-Agel et al. [2000] developed a scale-dependent dynamic SGS model. In this case,
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the scale-dependence parameter (� ) is de�ned as follows:

� =
C2

s;� 2 �

C2
s;� �

=
C2

s;� �

C2
s;�

(2.14)

The value of� is not assumed to be 1, but is determined dynamically. A second test-�lter

with a width of � 2� f which is assumed larger than the �rst �lter is applied. Another

suite of relative stresses come from the two resolved scales and can be obtained from

expressions analogous to Equations (2.9) to (2.14). The ratio,� , can then be used to

estimate an appropriate SGS constant.

For many 
ows, particularly those over heterogeneous terrains,Stoll and Port�e-Agel

[2006] pointed out that the homogeneous directions might not exist. Thus, instead of

planar averaging, they utilized Lagrangian averaging along the 
uid trajectories. An

alternative local spatial averaging approach was used by Basu andPort�e-Agel [2006].

Figure 2.1: Time and plane-averaged spectra of u-velocity computed in the x-direction
using four di�erent SGS models. Left and right panels correspond to z = 30 m and 120
m, respectively. (source : Kirkil et al. [2012])

In a recent study, Kirkil et al. [2012] compared several SGS modelsfor simulating

neutral 
ows over 
at terrain. The simulated velocity spectra areshown in Figure 2.1.
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Since Kirkil et al. [2012] utilized a research-version of the WRF model,a �nite-di�erence

code, their spectra results portray over-dissipation in comparison to pseudo-spectral re-

sults reported by Anderson et al. [2007] and other researchers.The dynamic models

(denoted by LASD and DRM) can capture inertial-range down to smaller scales than the

standard Smagorinsky (denoted by SMAG) SGS model forz = 120 m. The production

sub-range is also better reproduced by the dynamic models.

2.4 Planetary Boundary-Layer Parameterization

In contrast to LES, planetary boundary layer parameterizations(PBL) are used to rep-

resent the entire turbulence spectrum in situations where the spatial length scale is large

enough to disregard individual smaller-scale turbulent behaviors. In most mesoscale mod-

els, PBL parameterizations are essentially one-dimensional RANS models. In this thesis,

we use a widely used PBL parameterization called the Mellor-Yamada-Janjic (MYJ)

scheme. The MYJ equations are as follows [Stull, 1988]:

@�ui

@t
+ �uj

@�ui

@xj
= � � i 3g + f" ij 3 �uj �

1
��

@�p
@xi

�
@(u0

i w0)
@z

: (2.15)

@��
@t

+ �uj
@��
@xj

= �
@(w0� 0)

@z
+ diabatic terms; (2.16)

@�q
@t

+ �uj
@�q
@xj

= �
@(w0q0)

@z
+ sourcensink terms; (2.17)

@�e
@t

= � u0w0
@�u
@z

� v0w0
@�v
@z

�
g
��
w0� 02 �

@
@z

(
w0p0

�
+ ew0) � " (2.18)

@�� 02

@t
= � 2w0� 02

@��
@z

�
@
@z

(w0� 02) � 2" � � "R (2.19)

where" , " � and "R represent the dissipation terms. Comparing to the �rst-order closure

parameterization, 1.5-order closure includes the additional potential temperature �� 02 and

the turbulence kinetic energy (�e), so there are 10 unknowns variables including 
uxes

u0w0, v0w0, w0� 0, u0p0=�� , the third moments w0e, w0� 02, and the three dissipation terms.
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Yamada and Mellor [1975] suggested the parameterizations for these 10 unknowns are:

u0w0 = � K m (�e;� 02)
@�u
@z

; (2.20)

v0w0 = � K m (�e;� 02)
@�v
@z

; (2.21)

w0� 0 = � K H (�e;� 02)
@��
@z

� 
 c(�e;� 02); (2.22)

w0q0 = � K H (�e;� 02)
@�q
@z

� 
 c(�e;� 02); (2.23)

w0(
p0

�
+ e) =

5
3

L4e� 1=2 @�e
@z

; (2.24)

w0� 02 = � L3e� 1=2 @� 02

@z
; (2.25)

" =
�e3=2

L1
; (2.26)

"R = 0; (2.27)

" � =
e� 1=2� 02

L2
(2.28)

whereL x are empirical length-scale parameters;K m and K H are the eddy viscosity and

di�usivity coe�cients. Mellor and Yamada [1982] and Janjic [1994] parameterized these

eddy di�erences by the empirical length-scale and turbulent kineticenergy as:

K = L
p

�e; (2.29)

The bene�ts of this 1.5-order closure schemes is that it explicitly calculates the TKE

which shows a clear diurnal cycle of the boundary layer. This will be very valuable in

the application of generating realistic wind in
ows.
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2.5 Four-Dimensional Data Assimilation (FDDA)

2.5.1 FDDA development

The concept of Four-Dimensional Data Assimilation was �rst mentioned by

Charney et al. [1969]. They combined current and past data in an explicit dynamical

model where the prognostic equations provided time continuity anddynamic coupling

among the various �elds. FDDA applications, which were originally performed in global

scales models, are now used in mesoscale models for either dynamic initialization or as an

analysis/research tool. Di�erent techniques with varying complexity have been developed

to insert observation data into dynamic models. For example, Halem and Jastrow [1970]

developed a direct approach that replaced a model variable at the nearest time step and

grid point with observed data. Gauntlett and Seaman [1974] used a partial replacement

technique in space and time which is considered to be a more complicated approach.

Later, Lewis and Derber [1985] used a dynamic model as part of a four-dimensional vari-

ational. This technique �t a model to the data distribution over a �nit e time period

and determined the optimal three-dimensional initial state. Neglecting the forecast er-

rors, the model evolution can �t the observations very well within the modeling time.

However, the complexity and extensive computational requirements of this technique are

impractical and therefore more operationally applicable approaches have been developed

[Stau�er and Seaman, 1990]. As an alternative to applying four-dimensional variation

over a �nite period of time, FDDA approaches using explicit direct dynamic models are

able to meet the needs of 1990's observation systems. Two major types of FDDA are

used operationally and in research [Stau�er and Seaman, 1990].

The �rst is an intermittent process that repeatedly uses severalhours' subsequent

forecast (typically 3-12 hours) as a �rst guess to initialize an explicitmodel prediction.

This �rst guess is a static three-dimensional objective analysis step. The National Cen-

ters for Environmental Prediction (NCEP) [Dimego, 1988] and the European Center of

Medium-Range Weather Forecasts (ECMWF) [Hollingsworth, 1987] use this type of ap-

proach. The second major type of FDDA continuously assimilates the observation data

dynamically by adding forcing functions to the governing model equations (e.g. Anthes

[1974] ). The United Kingdom Meteorological O�ce (UKMO) uses this technique for

both global [Lyne et al., 1982] and regional [Bell, 1987] data assimilation. This method

will gradually correct the model �eld and \nudge" the model state towards the observa-

20



tions. Nudging or Newtonian relaxation which are mostly used on the global scale (e.g.

Lyne et al. [1982] ) are applied in limited-area models (e.g. Anthes [1974]). This type

of FDDA approach became much more widely developed for regional-scale applications

in the late 1980's (e.g. Stau�er and Seaman [1990]) These aforementioned studies also

established more 
exibility in the input data framework (e.g. data used for nudging could

be measured or derived and analyzed to a grid point for assimilation into the model or

inserted as individual observations).

2.5.2 Observational Nudging Approach

Nudging was originally designed for dynamic initialization by generating model-balanced

initial conditions for a subsequent numerical prediction in the preforecast period (Anthes

[1974]); Stau�er and Seaman [1990] created another application where data nudging

would occur throughout the model simulation rather than just at the initial time step.

This application was investigated by studying the accuracy of a limited-area model sim-

ulation during the time in which nudging occurred.

Penn State University and the National Center for Atmospheric Research

(PSU/NCAR) �rst developed a limited-area mesoscale modeling system. This scheme

was later applied in MM5 [Seaman et al., 1996]. Prognostic variables including wind

(u and v), potential temperature and mixing ratio could be assimilated into the model.

Anthes and Warner [1978] and Anthes [1974] described this schemein detail.

The model state, after applying Newtonian relaxation or nudging, will relax toward

the observation state by adding the arti�cial tendency terms to prognostic equations

based on the di�erence between the two states. The model solution can be nudged

toward gridded analyses which is suitable for coarse resolution, or toward an individual

observation which is suitable for �ne scale resolution or asynopic observations.

a. Analysis nudging The analysis-nudging term for a given variable is proportional

to the di�erence between the model simulation and an analysis of observations calculated

at every grid point. The general form for the predictive equation of variable � (x,t) is

written in 
ux form as [Stau�er and Seaman, 1990]:

@p� �
@t

= F (�; x; t )+ G� �W� (x; t ) � � � (x) �p� (�̂ 0 � � )+ Gp �Wp(x; t ) � � p(x) � � (p̂�
0 � p� ) (2.30)
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where F represents the model's physical forcing terms (advection, pressure gradient,

gravity, etc.), � are the model's dependent variables,x are the independent spatial vari-

ables,p� is the di�erence of surface pressure and model top pressure andt is time. The

estimation of the observation for� which is analyzed to the grid is referred as ^� 0. The

second and third terms on the right-hand side represent the nudging terms for � and

p� , respectively. G� is the nudging factor which determines the relative magnitude of

the term to all the other model processes inF , and W is the four-dimensional weighting

function which de�nes most of the spatial and temporal variation.The analysis quality

factor, � , which ranges between 0 and 1, is determined by the quality and distribution

of the observation data. Due to a hydrostatic atmosphere, a change in surface thermal

is associated with a surface pressure change, but this relation is not available, unless an

arti�cial setting is added. But this arti�cial setting will add an undes ired uncertainty to

the model, so the pressure is not assimilated. Thus the third term willbe zero (Gp � 0),

and the equation 2.30 is simpli�ed as [Stau�er and Seaman, 1990]:

@p� �
@t

= F (�; x; t ) + G� � W� (x; t ) � � � (x) � p� (�̂ 0 � � ) (2.31)

The nudging factorG� needs to be de�ned appropriately based on the speci�c simulations,

because unrealistic large values will overly force the model state toward the observation.

Strong insertion of the observed data will impair the model-generated meteorological

structure (e.g. fronts, thunderstorms) [Davies, 1976]. This will also decrease the ability

of the model equations to resolve mass-momentum imbalances. Alternatively, too small

G� could lead to increasing phase and amplitude errors due to the weak observation

nudging e�ect. Stau�er and Seaman [1990] usedG� =3 � 10� 4s� 1 for their experiments

while typical values ofG� are from 10� 4s� 1 to 10� 3s� 1 for meteorological systems. Take

longitudinal wind speed as an example: if the physical forcing termF from Equation 2.31

was dropped and assumeW(x; t ) � 1, @p�
@t � 0 and the observation data could be fully

trusted. Then:

@u
@t

= Gu(û0 � u) (2.32)

and the solution is:

u = û0 + ( ui � û0)e� Gu t (2.33)

whereui is the initial longitudinal wind speed.
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b. Individual observation nudging Using high-frequency asynoptic data (e.g. so-

dars, pro�lers, lidars), another nudging technique can be applied inFDDA which does

not do gridded analyses of observations through the case study period. This approach

uses observations within a predetermined time window which is centered at each model-

ing time step to compute the di�erences between the model state and the observed state.

This di�erence is calculated at the observation locations and is assimilated back to the

grid location. In other words, all the forcings are computed at theobservation locations

and are added on the grid in a region surrounding the observations (shown in Figure

2.2). Similarly, the tendency of� (x; t ) is:

@p� �
@t

= F (�; x; t ) + G� � p�

[
NX

i =1

W 2
i (x; t ) � 
 i � (� 0 � �̂ ) i ]

NX

i =1

Wi (x; t )

(2.34)

where � 0 is the local value from observation and ^� is the model's computed variable

interpolated to the observation location in three dimensions. The subscript i denotes the

i th observation of a total ofN within a present radius (R) of a given grid point. TheWi

for each observationi is [Stau�er and Seaman, 1990]:

W(x; t ) = wxy w� wt (2.35)

wherewxy is the horizontal weighting function

Wxy =
R2 � D 2

R2 + D 2
; 0 � D � R (2.36)

Wxy = 0; D > R (2.37)

whereR is the radius of in
uence andD is the distance from one observation to one of

the grid points, and w� is the vertical weighting function,

w� = 1 � j � obs � � j=R� ; j� obs � � j � R� (2.38)
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w� = 0; j� obs � � j > R � (2.39)

where R� is the vertical radius of in
uence and� obs is the vertical location of the i th

observation. This vertical location is de�ned by:

� =
p � pt

p�
(2.40)

where p is pressure,pt is a constant pressure at the top of the model, andp� is the

di�erence of surface and model top pressure which is used to weight the prognostic

variables which will be assimilated.

Figure 2.2: A schematic diagram of observation nudging. (Gradient fading color implies
decreasing weighting of the observation-model di�erence.)

2.5.3 Previous research

A number of studies have been completed to develop, test and improve FDDA meth-

ods using di�erent types of observation data (Stau�er and Seaman [1990], Seaman et al.
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[1996], Alapaty et al. [2001], Liu et al. [2006a], Liu et al. [2011]). Here twocases from

these studies are selected to demonstrate previous FDDA implementation.

Stau�er and Seaman [1990] applied FDDA to two cases of the Oxidation and Scav-

enging Characteristics of April Rains (OSCAR), OSCAR II and OSCARIV. In OSCAR

IV, a large-scale developing baroclinic wave associated with a heavy organized rainfall

was reproduced. Figure 2.3 shows the observed and simulated rain for the 12-h daytime

period ending at 0000 UTC 24 April 1981 (36-48 h). Figure 2.3a presents the observed

analysis for the period when the cold front was approaching the Appalachian Mountains.

The rain distributes from the northern Lake Michigan to Maryland and then to Texas

following the cold front. The maximum rainfall is developing at the southern part of

Texas. Figure 2.3b shows that the control run generally reproduced the pattern, but the

rainfall band at the western edge had an obvious phase lag and there was a dry tongue in

western Ohio area that was not captured. Figure 2.3c shows the simulation (N2) where

the model is only nudged towards rawinsonde data. N2 did reproduce the drier area in

the western Ohio area and reduced the rainfall in northern Pennsylvania and western

Texas area. However, both N2 and CNTL underforecasted the precipitation in South

Carolina and Georgia. Figure 2.3d shows the simulation (S3) with surface wind and

moisture nudging which are only applied in the boundary layer. Simulation S3 shows

some improvements in that it produced precipitation farther eastward in South Carolina

and Georgia than observed. It also extended a tongue of dry air northward along the

west of Lake Erie. In this case, the assimilation in PBL better de�nedthe movement.

Stau�er and Seaman [1990] also suggested that the wind-�eld and mass-�eld data would

give the most signi�cant contribution.
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Figure 2.3: Synoptic evaluation of numerically simulated precipitation (cm) for the 12-h
period ending at 0000 UTC April 24th 1981 for OSCAR IV. (a) Observed, (b) CNTL,
(c) N2, (d) S3. [Stau�er and Seaman, 1990]

The FDDA scheme in WRF was �rst developed by NCAR (Liu et al. [2006b],

Liu et al. [2006a], Liu et al. [2011]) and it was based on the observation-nudging schemes

in the standard MM5. The WRF-FDDA scheme has some improvementsover the MM5-

FDDA scheme (Stau�er and Seaman 1994), (conventional and non-conventional, synoptic

and asynoptic data resources can be incorporated, multi-level upper-air observations can

be added, steep mountains and valleys severely limit the horizontal correlation distances).

In terms of operation, WRF-FDDA scheme has the following features: (1) the input data

are in formatted ASCII for the convenience of debugging; and (2)an observation-nudging

FDDA namelist block is added to the standard WRF/ARW namelist; Liu et al. [2006a]

showed one case study which tested a 36 hour forecast case starting at 00 UTC January

19 2005. The observation data which was nudged into this study is obtained from the
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Tropospheric Airborne Meteorological Data Reporting System (TAMDAR), which pro-

vides high resolution coverage of temperature, winds, and moisture observation in the

lower troposphere among the regional and international airportsin daytime. Figure 2.4

shows an example of the locations of TAMDAR sounding.

Figure 2.4: TAMDAR Sounding locations (red stars) between 23 UTC and 00 UTC
according to the current 
ight schedules of commercial regional and special airlines.
Liu et al. [2006a]

Figures 2.5 and 2.6 show the errors (di�erences between forecasts and the natural run)

of 2-m temperature and temperature at 850 hPa, respectively of36-h forecasts, valid at

00 UTC January 19 2005. The upper-panel �gure is that from the simulation initiated

with no observation (CTRL) and the lower-panel �gure is with FDDA using TAMDAR

observations (S1). With the observation nudging, the model forecast errors are reduced

by 40-60% for 0-36 hours forecasts.
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Figure 2.5: Errors of 2m temperature. CTRL (upper-panel) and S1(lower panel).
[Liu et al., 2006a]
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Figure 2.6: Errors of temperature at 850 hPa.CNTL (upper-panel)and S1 (lower panel).
[Liu et al., 2006a]

2.6 Coupled Modeling

This section is largely based on Wang et al. [2013]. Mesoscale meteorological mod-

els (MMM) simulate or forecast atmospheric phenomena including (but not limited

to) convective clouds, thunderstorms, squall lines, frontal circulations, low-level jets,

terrain-induced mesoscale circulations, land-/sea-breezes, urban heat island circulations,
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mountain-valley winds, lee waves, and gravity waves [Boybeyi, 2000, Lin, 2007]. The spa-

tial and temporal scales associated with these phenomena are on the order of� 2� 2000

km and 1� 48 h, respectively [Boybeyi, 2000, Lin, 2007, Orlanski, 1975]. Over the past

three decades, due to the increased availability of computational resources, the overall

performance of MMMs has been steadily increasing|grid resolutionsare getting �ner;

computational domain sizes are now larger; model physics parameterizations are becom-

ing more complex; the number of ensemble members is growing; etc. Most importantly,

due to the enhanced capabilities of the MMMs, their application arenas are also broaden-

ing. For example, even until only a decade ago, MMMs were rarely used for commercial

wind energy applications. Now, they represent a signi�cant part ofthe most common

tools used by the wind industry (e.g., Brower [2012]). Another recent area of increased

application is in the �eld of laser propagation (e.g., Mahalov and Moustaoui [2010]).

Despite their versatility, MMMs cannot be used to generate high-resolution, 4-D at-

mospheric boundary layer (ABL) turbulence �elds. This restriction is not due to any

technological barriers; if anything, in the current era of petascale computing, one can

utilize thousands of processors and generate 
ow �elds with a resolution of O(10 m). How-

ever, in employing such brute-force computing, one violates two fundamental principles

underlying traditional mesoscale modeling. First, MMMs solve the Reynolds-Averaged

Navier Stokes (RANS) equations and, thus, the horizontal grid resolution of the MMMs

must be larger than the scale of the energy- and 
ux-containing turbulence [Wyngaard,

2004]. Since daytime ABL eddies can be as large as several hundred meters, MMMs

should not be run with sub-km resolution. The second violation is related to the inher-

ent assumption of most contemporary MMMs|that turbulence mixin g is dominated by

vertical mixing. To be consistent with this assumption, the aspect ratio of horizontal to

vertical grid spacing near the surface should be kept at a large value (see the discussion

in Zhong and Fast [2003]). An aspect ratio of O(50:1) is common in practice.

Given the di�culties of running MMMs with sub-km resolution, several coupled

modeling approaches have been proposed in recent studies [Liu et al., 2011, 2012,

Mochida et al., 2011, Rizza et al., 2012, Schl•unzen et al., 2011, Talbot et al., 2012,

Yamada and Koike, 2011, Zajaczkowski et al., 2011]. In all these approaches, an MMM

is either coupled with an engineering RANS model or with an LES model. These ap-

proaches can be broadly classi�ed into two: (i) one-way coupling; and (ii) two-way cou-

pling. Within the former class, several variants exist in the literature as is described
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below. Please refer to Schl•unzen et al. [2011] and Yamada and Koike [2011] for other

types of classi�cation.

2.6.1 One-Way Coupling

In this approach, the information transfer is only one-way|from t he MMM to the mi-

croscale model (MiM). This type of coupled modeling approach is relatively easy to

implement. It can be used to couple two separate models or to couplethe same model

with di�erent parameterizations for the MMMs and the MiMs. However, this approach

faces two fundamental issues. The �rst issue occurs when an engineering RANS model

is used as an MiM. From the literature, it is not clear whether grid resolutions utilized

by the engineering RANS models are always coarser than the energy-containing eddies.

If they are not, one again violates the RANS issue mentioned above.Since most of the

engineering RANS models use 3-D di�usion, the aspect ratio issue mentioned above is not

a problem. A di�erent issue arises when an LES model is used as an MiM.We know that

an MMM generates an `ensemble' 
ow �eld, whereas an LES creates an `instantaneous'

�eld (which can be viewed as one of the member of the ensemble). So,can we really

prescribe MMM-simulated values to run an LES? These issues need tobe addressed in

future research.

Variant 1

In this approach, a snapshot of the MMM run is used to provide the initial conditions for

the MiM. Then, the MiM (typically a RANS model) is run to reach a steady-state con-

dition. The MiM adjusts to the underlying �ne-resolution topography or urban canopy

during the simulation. Schl•unzen et al. [2011] referred to this approach as a `time-slice

approach'. Instead of a single snapshot, multiple snapshots (available, say, every 3 h)

from an MMM run can also be used with this type of coupled approach.

Variant 2

In this coupled approach, the MMM provides both initial and continuous boundary

conditions to the MiM|an example is the simulation reported by Baik et al. [2009]. They

�rst performed a mesoscale simulation using the MM5 model and stored the simulated

results every 10 min. Then, they linearly interpolated (in time and in vertical direction)
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the MM5 results to provide in
ow and top boundary conditions to a RANS model.

A qualitatively similar approach was used by Talbot et al. [2012]. They coupled the

Weather Research and Forecasting (WRF) mesoscale model with the WRF-LES model.

Variant 3

This coupled approach is quite similar to Variant 2. Here, one uses a Newtonian re-

laxation method (widely known as nudging in the meteorology literature) in addition

to (or sometimes in lieu of) lateral boundary conditions (e.g., Yamadaand Koike [2011],

Zajaczkowski et al. [2011]). This approach is highly sensitive to the choice of the nudging

coe�cient ( G). There is no universally accepted guidelines for the speci�cation ofG. For

example, Yamada and Koike [2011] recommendedG to be equal to 1% of the reciprocal

of the integration time step. Thus,G is equal to 0:0001 s� 1 and 0:01 s� 1, respectively,

for typical MMM and MiM runs. In contrast, Zajaczkowski et al. [2011] recommended

that G be taken to be exactly equal to the reciprocal of the integration time step (i.e., a

factor of 100 di�erent from the prescription by Yamada and Koike [2011]). The need to

have an optimum value ofG is strongly emphasized by Schl•unzen et al. [2011].

The Variant 3 approach su�ers from a more fundamental problem,which arises due

to the fact that the engineering MiMs usually do not contain important physics options

(e.g., buoyancy, radiation, microphysics). To illustrate, we brie
y discuss a hypothetical

scenario, which is quite relevant to the present study. Let us assume that a coupled

MMM-MiM approach with nudging option is being used to simulate a nocturnal stable

boundary layer. Furthermore, assume that the MiM does not contain a radiation pa-

rameterization. The MMM generates a stable boundary layer which isdeep due to the

presence of both turbulent and radiative 
ux divergences. Now, the MiM tries to capture

this deep boundary layer by (spuriously) generating excessive turbulent 
uxes (since it

is compensating for its lack of radiation parameterization). In other words, the coupled

approach would likely generate physically unrealistic 
ow �elds.

2.6.2 Two-Way Coupling

In this approach, the information transfer is two-way|from the M MM to the MiM and

vice versa. The information transfer from the MMM to the MiM is the same as in Variant

2 of the one-way coupling approach. In addition, the aggregated MiM results are used to

update the MMM results. Liu et al. [2011] demonstrated the strength of this approach
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in short-term wind forecasting over complex terrain. It is possible that this approach

su�ers from `double counting' of di�usion [Zajaczkowski et al., 2011]. Based on our own

research, we found that this approach occasionally su�ers from numerical instabilities.

We also witnessed spurious 
ow patterns at the nest boundaries. Similar problems were

discussed in detail by Moeng et al. [2007].
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Chapter 3

Methodology

3.1 Proposed Modeling Framework

In order to avoid the unphysical in
uence of the MMM results on theMiM solutions,

we propose a di�erent coupled modeling framework (see Fig. 3.1). Inthis approach, we

extract initial conditions, time-dependent lower-boundary conditions (e.g., near-surface

air temperature), and time-height-dependent large-scale forcings (e.g., geostrophic wind,

mesoscale advection of temperature) from the MMM output and utilize them for the LES

runs.

We wish to point out that our proposed framework is conceptually similar to the one

recently reported by Rizza et al. [2012]. However, there are some technical di�erences;

most importantly, Rizza et al. [2012] neglected the e�ects of mesoscale advection forcings

in their study. In the present work, we will demonstrate the importance of these forc-

ings. Furthermore, Rizza et al. [2012] did not incorporate radiationphysics in their LES

model. Other technical di�erences are in numerical con�gurations, LES subgrid-scale

(SGS) modeling, geostrophic wind estimation strategy, etc. Also, our selected night-

time case study is more scienti�cally challenging than the daytime casesimulated by

Rizza et al. [2012].

3.2 Mesoscale Modeling

In this study, Version 3.3.2 of the Weather Research and Forecasting (WRF) model

was utilized for mesoscale simulations. This state-of-the-art, non-hydrostatic model in-
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Figure 3.1: Procedure for generating realistic turbulence utilizing a coupled mesoscale
and large-eddy modeling framework. Example plots in this 
owchart are from CASES-99
study (see Chapter 4

).
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cludes numerous atmospheric physics parameterizations and advanced data assimilation

modules [Skamarock et al., 2005]. Over the past few years, the WRF model has been de-

veloped by the collaborative e�orts of multiple organizations such asthe National Center

for Atmospheric Research (NCAR), the National Oceanic and Atmospheric Administra-

tion (NOAA), universities, and others. Several recent studies (e.g., Coniglio et al. [2010],

Done et al. [2004], Kain et al. [2006], Nunalee and Basu [2013], Storm andBasu [2010])

have demonstrated the strengths of the WRF model in simulating various mesoscale

atmospheric phenomena (including LLJs).

In Section 4.1, we mention that Steeneveld et al. [2008] performed an intercomparison

study of several MMMs for the selected case study. They reported:

\All schemes underestimate the diurnal temperature cycle amplitude and

the near-surface stability at night. None of the parameterizations was able

to represent the surface radiation and turbulent 
uxes, the windspeed and

temperature pro�les, and the boundary layer height correctly during the full

diurnal cycle. Schemes with local mixing provide a more realistic represen-

tation of the nighttime boundary layer, especially for weak winds, and when

the asymptotic length scale is based on the 
ow properties. Moreover, the

nighttime low-level jet is hard to reproduce, and we �nd a clear dependence

on the chosen model domain size." Steeneveld et al. [2008]

These �ndings provided valuable guidance in our selection of the WRF domain size

and the planetary boundary layer (PBL) scheme. The selection of other numeri-

cal settings and physical parameterizations was largely based on our past experience

[Nunalee and Basu, 2013, Storm and Basu, 2010, Storm et al., 2008]).

3.3 Large-Eddy Simulation

In this study, an in-house model, MATLES, is utilized for the large-eddy simulations.

It utilizes the locally-averaged scale-dependent dynamic (LASDD) subgrid-scale (SGS)

model. The most recent version of this model includes Version 2.1.7 ofthe Column Radi-

ation scheme (CRM; Kiehl et al. [1998]). Other technical details of the MATLES model

have been described in various publications (e.g., Basu et al. [2008b], Richardson et al.

[2013]) and will not be repeated here for brevity.
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The LES runs were initialized with the WRF model-generated mean pro�les. In

idealized simulations, small-scale random perturbations (noise) are typically added to

the initial pro�les. In this work, more realistic noise pro�les were generated utilizing

Nieuwstadt's local scaling approach [Basu et al., 2006, Nieuwstadt, 1984]. Speci�cally,

for horizontal velocity �elds, we used Gaussian noise with zero meanand variance equal

to 4u2
� (1 � z=h)3=2 for z < h . However, for the potential temperature �eld, we used

Gaussian noise with zero mean and variance equals to 9� 2
� for z < h . Based on the

WRF model-generated pro�les of wind speed and potential temperature, the height, h,

of the SBL at at the beginning time was estimated. The values of surface friction velocity

(u� ) and surface temperature scale (� � ) were also extracted from the WRF model-based

simulations.The lower boundary conditions were based on the Monin-Obukhov similarity

theory, with local estimated surface roughness length,z� .

During the simulations, the surface sensible heat 
ux (hw0� 0i ) was estimated using

both the prescribed potential temperature (�2) and the mean potential temperature

(� ( z1)) at the model's lowest level (z1) as follows:

hw0� 0i =
�u � [� 2 � � ( z1)]

log
�

z1
2

�
�  H

�
z1
L

�
+  H

�
2
L

� (3.1)

where L is the Obukhov length; � is the von K�arm�an constant (= 0.4); and  H
�

z1
L

�
=

� 5z=L for stably strati�ed conditions [Arya, 2001]. A similar approach was followed

for the surface latent heat 
ux estimation. Please refer to Basu et al. [2008b] for a

description of the surface shear stress estimation procedure.

In the past, numerous SBL modeling studies that have been undertaken used the

sensible heat 
ux as a lower boundary condition [Brown et al., 1994, Jim�enez and Cuxart,

2005, Saiki et al., 2000]. In Basu et al. [2008a], the fundamental shortcomings of such

sensible heat 
ux-based lower boundary conditions were discussed. Based on analytical

and numerical results, it was shown that, if the surface sensible heat 
ux is prescribed as

a boundary condition, only the near-neutral to weakly stable regimes are captured. In

order to represent moderate to very stable regimes in simulations,surface temperature

prescription or prediction is required. Holtslag et al. [2007] provide further insights into

this topic. For these reasons, we used near-surface potential temperature as a lower

boundary condition.

In contrast to the aerodynamic roughness length (z� ), the thermal roughness length
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(z� T ) is not as well understood and there is no consensus in the literature regarding the

z� � z� T relationship. Thus, we used 2 m potential temperature instead of the surface

temperature; based on Eq. 3.1, it is clear thatz� T was not needed in our approach.

The upper boundary consisted of a zero stress condition, whereas the lateral boundary

conditions assumed periodicity. A Rayleigh damping layer at 550 m was used. Poten-

tial temperature and speci�c humidity gradients were guided by theWRF output and

prescribed at the upper boundary. Time-height-dependent geostrophic wind components

(Ug; Vg) were estimated from the WRF model-generated pressure �elds.

Similar to the geostrophic wind �elds, the time-height-dependent mesoscale advection

terms (for momentum, heat, and moisture) were also obtained from the WRF-generated

�elds. We would like to point out that we neglected the vertical component of advection

in our calculations. In other words, for a generic variable, �, the advection term is de�ned

as:

ADV � = �
�

U
@�
@x

+ V
@�
@y

�
(3.2)

Mesoscale advection terms are usually neglected in LES studies (oneof the exceptions

being the GABLS third LES intercomparison case; Basu et al. [2011]).However, these

terms could be signi�cant for realistic simulations. For example, fromFigure 4.5 pre-

sented later, it is clear that a large amount of low-level temperature advection (up to 0:7

K h � 1) occurred during 5-12 UTC. This additional heat source reduced the bulk stability

and generated a deeper SBL. The following section discusses this topic in greater detail.

Recently, Mirocha and Kosovi�c [2010], studied the in
uence of subsidence on SBL

simulations. The impacts of changing the subsidence from zero to 0.002 m s� 1 was

substantial in terms of the depth, mixing, and cooling rate of the SBL. Svensson et al.

[2011] also considered a constant subsidence of 0.005 m s� 1 in their simulation of the

GABLS second single-column model intercomparison study. They estimated subsidence

from a mesoscale output. In the present work, we also attemptedto estimate subsidence

from the WRF model output. Figure 3.2 shows the vertical velocity �elds from one of our

case studies, CASES-99 ( for more information, see Chapter 4). Subsidence was found

to be spatio-temporally highly intermittent. Moreover, we were unable to isolate the

topographical e�ect from the synoptic-scale atmospheric e�ect. Given the uncertainty in

its estimation, we decided not to include subsidence in the LES runs. In retrospect, we

believe that this exclusion resulted in slightly deeper SBLs in the LES runs in comparison
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with the WRF model results.
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Figure 3.2: The WRF model-based simulated vertical velocity at 90 m (top panels) and
150 m (bottom panels) above ground level. The left and right panels represent 7 UTC
and 11 UTC, respectively, on October 24, 1999. The locations of various observational
sites are marked on these panels.
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Chapter 4

Cases Study 1 - CASES-99

4.1 Description of Case Study

In this study, we simulated a nocturnal stable boundary layer observed during the period,

October 23-24, 1999 as part of the Cooperative Atmosphere-Surface Exchange Study -

1999 (CASES-99) �eld campaign [Poulos and Coauthors, 2002]. This particular case

is quite interesting due to the existence of intermittent turbulence, as well as due to

the presence of a moderately strong low-level jet. On this night, the mid-west United

States (encompassing the CASES-99 site) was dominated by a high-pressure system (see

Figure 4.1). At the CASES-99 site, the sky was virtually cloud-free,setting the stage for

a moderately/strongly strati�ed boundary layer. Other synoptic conditions for this case

were discussed by Shin and Hong [2011] and will not be repeated herefor brevity.

The CASES-99 �eld site was located near Leon, Kansas (37.65� N, 96.74� W). The

relatively 
at terrain and uniform roughness (z� = 0.03 m) of this site make it attractive

for boundary layer studies. Please refer to Figure 4.2 for a depiction of the topographical

features around this �eld site.

The selected case study was earlier simulated by several researchers utilizing single-

column, mesoscale, and large-eddy models: Steeneveld et al. [2005],Steeneveld et al.

[2008], Kumar et al. [2010], Shin and Hong [2011], and Svensson et al. [2011]. Based on

these past studies, we were able to better understand the challenges associated with the

selected case study. Furthermore, some of these studies helpedus to decide on certain

mesoscale model con�gurations (see Section 4.3 for details).
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Figure 4.1: Surface analysis at 12 UTC on October 23, 1999 (top panel) and
October 24, 1999 (bottom panel). The Midwest United States was dominated
by a synoptic-scale surface high-pressure system during this timeperiod. Source:
http://www.hpc.ncep.noaa.gov/dailywxmap/
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4.2 Description of Observational Datasets

In this work, a diverse suite of observational datasets was utilizedfor model validation.

These datasets were collected by a doppler lidar, a small-aperture scintillometer, several

sodars, sonic anemometers, and a sounding system. Used in a complementary fashion,

these datasets increased the reliability of the nocturnal turbulence characterization. The

basic characteristics of these datasets are provided in Table 4.1. For detailed descriptions

(including working principles of the instruments, data acquisition, calibration, accuracy,

etc.) please refer to the references listed in Table 4.1.

Table 4.1: Basic characteristics of the observational datasets

Instrument Variables � Frequency Vertical Coverage References

Lidar M , � 2
u 1 Hz � 0 � 400 m AGL Banta et al. [2002],

Pichugina et al. [2008],
Poulos and Coauthors [2002]

Scintillometer u� , hw0� 0i every 6 s � 2:5 m AGL Hartogensis [2006],
Hartogensis et al. [2002]

Sodar M , X every 30 min � 0 � 200 m AGL Bradley [2006], Emeis [2010],
Poulos and Coauthors [2002]

Sonic-EOL M , X , � 2
u , � 2

v ,
� 2

w , � 2
� , u� ,

hw0� 0i

20 Hz � 0 � 60 m AGL Poulos and Coauthors [2002],
Sun et al. [2004]

Sonic-WUR M , X , � 2
u , � 2

v ,
� 2

w , � 2
� , u� ,

hw0� 0i

20 Hz � 3 m, 10 m AGL Hartogensis [2006],
Poulos and Coauthors [2002]

Sounding M , X , �, Q a few times
per day

several km AGL Banta et al. [2002],
Poulos and Coauthors [2002]

� Relevant variables are de�ned as follows:
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M : wind speed (m s� 1)

X : wind direction (degrees)

�: potential temperature (K)

Q: speci�c humidity (kg kg � 1)

u� : friction velocity (m s� 1)

hw0� 0i : sensible heat 
ux (K m s� 1)

� 2
u: variance of longitudinal velocity component (m2 s� 2)

� 2
v : variance of lateral velocity component (m2 s� 2)

� 2
w : variance of vertical velocity component (m2 s� 2)

� 2
� : variance of potential temperature (K2)

The acronyms EOL and WUR in Table 4.1 stand for Earth Observing Laboratory of

the National Center for Atmospheric Research (NCAR) and Wageningen University and

Research Centre, respectively.

4.3 WRF Con�gurations

We used a large outer domain (grid spacing: 27 km) of dimensions 2700km � 2700

km centered on Leon, KS (see the top left panel of Figure 4.2). Thisdomain size was

su�cient for reliable LLJ simulations. Three one-way nested domainswith grid spacing

of 9 km, 3 km, and 1 km were set up inside this outer domain. Also, 51 non-uniformly

spaced vertical grid levels with approximately 7 levels below 200 m wereused (top right

panel of Figure 4.2).

Shin and Hong [Shin and Hong, 2011] conducted an extensive PBL scheme sensi-

tivity experiment for this selected case study. They reported tremendous variability

among simulations utilizing di�erent PBL schemes; more importantly, they were unable

to identify a clear `winner' among the various PBL schemes. For this reason, following

Occam's razor principle, we chose one of the simplest PBL schemes available with the

WRF model|the Yonsei University (YSU) scheme [Hong, 2010, Hong et al., 2006]. This

�rst-order scheme utilizes the K-pro�le approach [Brost and Wyngaard, 1978, O'Brien,

1970, Stensrud, 2007, Troen and Mahrt, 1986] and is numerically very stable [Beljaars,

1992]. Recently, H. Richardson and S. Basu discovered a numericalbug in the YSU

scheme. This bug has been corrected in Version 3.4.1 of the WRF model. In the present

study, we used an older version of the WRF model in conjunction withthe bug �x.

44



0 10 20 30 40 50
0

2000

4000

6000

8000

10000

12000

14000

16000

Vertical Grid Point Index

H
ei

gh
t A

G
L 

(m
)

Figure 4.2: The WRF model runs utilize four nested domains (top left panel) of grid
spacing 27/9/3/1 km. The locations of the vertical grid points are shown in the top
right panel. The elevation maps of the coarsest and the �nest domains are shown in the
bottom left and bottom right panels, respectively. The locations ofvarious observational
sites are marked on these panels.
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The following other physical parameterizations were selected in thisstudy: (i)

microphysics: WRF Single-Moment 5-class scheme [Hong et al., 2004]; (ii) shortwave

and longwave radiation: Rapid Radiative Transfer Model for Global Climate Mod-

els (RRTMG) scheme [Iacono et al., 2008, Mlawer et al., 1997]; (iii) cumulus: Kain-

Fritsch scheme [Kain, 2004, Kain and Fritsch, 1990]; and (iv) land surface: Noah scheme

[Chen and Dudhia, 2001]. The cumulus scheme was switched on only forthe domains

with 27 km and 9 km grid spacing. For the �ner resolution domains, thecloud processes

were simulated explicitly. These parameterization schemes are discussed in great detail

by Stensrud [2007].

We performed two mesoscale simulations using the aforementioned numerical and

physical settings. In one of the simulations (called WRF-SN), we invoked the so-

called four-dimensional data assimilation (FDDA) technique [Liu et al., 2006a, 2011,

Stau�er and Seaman, 1990] to assimilate the public-domain NCEP ADPGlobal Surface

Observational Weather Data1. We wish to note that the diverse observational datasets

described in the previous section were not assimilated; they were solely used for model

validation. The FDDA con�guration details are summarized below:

ˆ the nudging coe�cient for both wind and temperature was set equal to 6 � 10� 4

s� 1; this is the default value in the WRF model;

ˆ the horizontal radii of the nudging in
uence for all the variables were chosen as ten

times the grid size (e.g., the horizontal in
uence of the �nest domainis 10� 1 km

= 10 km);

ˆ the vertical radii of the nudging in
uence were de�ned on the� levels and were set

equal to 0.002;

ˆ the half-period time width was de�ned as 10 min (i.e., the WRF model searches

for observed data 10 min before and 10 min after the current integration time).

The other mesoscale simulation (called WRF-NN) did not include any data assimilation.

The initial and boundary conditions from the North American Regional Reanalysis

(NARR; grid spacing: 32 km; temporal resolution: 3 h) dataset were used for both the

WRF simulations. The simulations started at 12 UTC on 23 October andcontinued

for almost 24 hours; the last 7 h of the simulations (from local midnight to sunrise)

1http://rda.ucar.edu/datasets/ds464.0/
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are reported on in this study. The WRF model output was stored every 10 min for a

comprehensive analysis and for synthesis of the input data for theLES runs.

4.4 LES setup

The LES runs were initialized with the WRF model-generated mean pro�les for Leon

at 5 UTC (local midnight), October 24, 1999 (not shown). This particular initialization

time was chosen to reduce the impact of the residual layer turbulence on the SBL simula-

tions. A similar strategy was used for the GEWEX Atmospheric Boundary Layer Study

(GABLS) third LES intercomparison project [Basu et al., 2011]. The height, h, of the

SBL at 5 UTC was estimated to be equal to 100 m.

All the simulations were run for� 7 h until 11:50 UTC (sunrise time was 12:44 UTC).

The surface roughness length was set as,z� = 0:03 m [Svensson et al., 2011]. The WRF

model-simulated time series for 2 m potential temperature and 2 m speci�c humidity

were used for lower boundary conditions (see Figure 4.3). The overall cooling rate at

2 m was� 0.25 K h� 1. The speci�c humidity remained almost constant over the entire

simulation period.
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Figure 4.3: The WRF model-simulated time series of 2 m potential temperature (left
panel) and 2 m speci�c humidity (right panel). These data were used as lower boundary
conditions for the LES runs. Leon, KS, October 24, 1999

Potential temperature and speci�c humidity gradients were prescribed as follows:
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d� =dz = 0.0142 K m� 1, dQ=dz = 2.468� 10� 6 Kg Kg � 1 m� 1. Estimated Ug and Vg

are shown in Figure 4.4. In order to avoid local-scale (smaller than themeso-� scale

of 20 km) perturbations, the estimated geostrophic wind �elds were spatially �ltered

(over horizontal planes) using a moving average �lter of 20 km� 20 km stencil size. The

presence of strong baroclinicity (likely due to the sloping terrain of the U.S. Great Plains)

is evident in Figure 4.4 and should always be accounted for in realistic simulations.
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Figure 4.4: Time-height plots of the WRF model-simulated zonal (east-west; left panel)
and meridional (north-south; right panel) geostrophic wind components. Leon, KS, Oc-
tober 24, 1999

The advection terms are shown in Figure 4.5 (The full �elds are shownin the following

sections, Figure 4.9). These �elds were also spatially �ltered with a stencil size of 20 km

� 20 km.

The selected domain size for all the LES runs was 800 m� 800 m� 790 m, divided

into 80 � 80 � 80 grid points (i.e., the grid spacing was 10 m� 10 m� 10 m). The land

surface was assumed to be 
at which is a realistic assumption for theselected location

near Leon. The time step was equal to 0.125 s, while each run was� 7 h (i.e., 196,800

time-steps) in duration. In order to assess the in
uence of the grid spacing on the results,

we performed two runs with 64� 64 � 64 grid points (� x = 12.5 m � � y = 12.5 m

� � z = 12.5 m; � t = 0:2 s) and 40� 40 � 40 grid points (� x = 20 m � � y = 20

m � � z = 20.3 m; � t = 0:4 s), respectively. In addition, two more LES runs were
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Figure 4.5: Time-height plots of the WRF model-simulated mesoscale advection terms:
zonal wind component (top left panel), meridional wind component (top right panel),
potential temperature (bottom left panel), and speci�c humidity (bottom right panel).
Leon, KS, October 24, 1999
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performed to assess the impacts of radiation and mesoscale advection on the simulated

results. Table 4.2 summarizes the con�gurations of all the LES runs. Planar-averaged

pro�les were output every 10 min from these simulations. For spectral analysis, time

series data from selected grid points were output every time step.

Table 4.2: List of LES runs and associated con�gurations

Run Grid Spacing Radiation Scheme Mesoscale Advection

L80-A-R-SN 10.0 m� 10.0 m� 10.0 m Yes Yes
L80-A-SN 10.0 m� 10.0 m� 10.0 m No Yes
L80-SN 10.0 m� 10.0 m� 10.0 m No No
L64-A-R-SN 12.5 m� 12.5 m� 12.5 m Yes Yes
L40-A-R-SN 20.0 m� 20.0 m� 20.3 m Yes Yes

4.5 Results

Two issues related to the mesoscale modeling of SBLs and LLJs: (i) spatio-temporal

error and (ii) spatial variability, need to be discussed here �rst.

In Figure 4.6, the WRF model-simulated wind speeds are compared withlidar-based

observations at Leon. The following discrepancies between observed and modeled data

are evident:

ˆ the WRF model simulated a weaker and slightly higher LLJ;

ˆ the timings of the observed and modeled LLJ peaks are quite di�erent.

It is well-known from the literature (e.g., Cuxart et al. [2006], Storm et al. [2008])

that the MMMs usually create weaker and higher LLJs due to enhanced di�usion. The

simulations reported by Steeneveld et al. [2008] and Shin and Hong [2011] also support

this fact. Therefore, the �rst discrepancy is in line with the literature.

The second disagreement between data and model is, however, unexpected. According

to Blackadar's inertial oscillation hypothesis [Stull, 1988, van de Wiel et al., 2010], the
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Figure 4.6: Time-height plots of lidar-based (left panel) and WRF model-simulated
(right panel) wind speeds. Leon, KS, October 24, 1999

peak of the LLJ at Leon should occur� 9:8 h after sunset2. On October 24, 1999, sunset

at Leon occurred at 23:40 UTC; thus, the LLJ peak maximum was expected to occur

around 9:30 UTC. The WRF model simulated the LLJ peak maximum exactly at this

time. Interestingly, the observed LLJ peak occurred 3 h earlier. It is likely that some

other dynamical mechanisms were responsible for this behavior, which were not captured

by the WRF model.

The WRF model-based simulated wind speeds and wind barbs at 90 m (top panels)

and 150 m (bottom panels) above ground level (AGL) are shown in Figure 4.7. The

left and right panels represent 7 UTC and 11 UTC, respectively, on October 24, 1999.

From this �gure, it is clear that the nocturnal wind �elds are extremely variable. Sim-

ilar conclusions can also be drawn from Figure 4.8 which shows sodar-based wind �eld

evolutions from four neighboring locations (on relatively 
at terrain): Beaumont, Leon,

Oxford, and Whitewater.

The spatio-temporal variabilities of wind �elds shown in Figs. 4.6-4.8 have strong

implications from a model validation perspective. We speculate that similar (or perhaps

stronger) spatio-temporal variabilities exist in the nocturnal turbulence �elds. At the

same time, high-quality turbulence observations are only available from a single location:

Leon. This lack of spatio-temporal observations causes reliable model validation to be a

challenging if not impossible task. Thus, the following model validation results presented

2The latitude at Leon is 37.65� N. The corresponding Coriolis parameter,f , is 8:9 � 10� 5 s� 1. The
LLJ peak should occur at �=f = 9.8 h after frictional decoupling at sunset.
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Figure 4.7: The WRF model-based simulated wind speeds and wind barbsat 90 m
(top panels) and 150 m (bottom panels) above ground level. The leftand right panels
represent 7 UTC and 11 UTC, respectively, on October 24, 1999. The locations of various
observational sites are marked on these panels.
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Figure 4.8: Time-height plots of sodar-measured wind speeds at Beaumont (top left
panel), Leon (top right panel), Oxford (bottom left panel), and Whitewater (bottom
right panel). October 24, 1999
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should be studied with some degree of caution.

In the following sections, simulated mean pro�les from the WRF and MATLES mod-

els are �rst compared. The similarity of the results would indicate that the forcing terms

(i.e., geostrophic winds and mesoscale advection terms) were appropriately extracted from

the WRF output. It would also indicate that the physical parameterizations (e.g., mi-

crophysics), which are present in the WRF model, but absent in the MATLES model,

were not important for this clear-sky case.

Next, the modeled results are validated against a diverse set of observations. Given

the spatio-temporal variabilities of the observations and the simulated results, as well as

the apparent inconsistencies among di�erent observational platforms (discussed below),

we argue that it is not necessary to place undue emphasis on the quantitative di�erences.

On the other hand, qualitative trends and some similarity statistics (e.g., in temporal

spectra) should provide valuable insights.

4.5.1 First-Order Statistics

The time-height plots of the simulated wind speed, wind direction, potential temperature,

and speci�c humidity are shown in Figure 4.9. For the WRF model results, the vertical

pro�les represent instantaneous values from the grid point closest to Leon. In the case

of the MATLES results, these pro�les represent planar-averaged values from the entire

domain.

The timing of the LLJ event as well as the temporal evolution of the wind direction

pro�les are similar in both the mesoscale and the LES results. This qualitative similarity

suggests that the dynamical forcings are similar in both the simulations. However, the

LLJ is stronger and slightly higher in the case of the LES results. It iswidely known

that the strength of the LLJs is strongly dependent on the di�usion of the associated

SBL. Given that the strength of the LES-generated jet is more similar to the observed

one (see the left panel of Figure 4.6) than is the case for the WRF-generated one, we

conclude that the LES has captured the nighttime mixing with greater �delity than the

YSU PBL scheme of the WRF model. Since the LES run did not include subsidence,

the simulated LLJ height is slightly higher. This feature is also visible in the time-

height plot of the potential temperature|the LES generated a slightly deeper SBL. The

evolution of speci�c humidity is very similar in the mesoscale and LES results. Due to

accurate prescription of the mesoscale advection, the LES run has even captured a short
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Figure 4.9: Time-height plots of simulated wind speed (top panels), wind direction (sec-
ond panels), potential temperature (third panels), and speci�c humidity (bottom panels).
The left and right panels represent results from the WRF model andthe MATLES model,
respectively. Leon, KS, October 24, 1999
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burst of moisture enhancement during 10-11 UTC. This enhancement could be due to a

small-scale frontal passage.

As the observed sounding data were available at 7 and 11 UTC, we chose those speci�c

times for comparison of the observed and simulated vertical pro�les (Figs. 4.10 and 4.11).

In addition to the sounding data, we overlaid data collected by a doppler lidar (wind speed

only) and a meteorological tower (wind speed and wind direction). Itis quite interesting

to see that the lidar-based wind speed observations are quite di�erent in magnitude from

the sounding observations. Banta et al. [2002] mentioned some technical issues related

to the sounding launches during the CASES-99 �eld campaign, which might explain the

di�erences. Since other publications (e.g., Shin and Hong [2011], Steeneveld et al. [2008])

compared simulated results against these soundings, we decided not to exclude them in

this study.

Considering, �rst, the pro�les from 7 UTC presented in Figure 4.10,we note that

the heights of the lidar-based and the WRF-based LLJs are quite similar. As explained

before, the LES-based LLJ is slightly higher due to the lack of subsidence. The observed

and simulated wind shears agree very well in the lower part of the SBL. Di�erences in

the modeled and observed LLJ are largely due to the temporal shiftin their evolution.

The WRF and LES models captured the wind direction and potential temperature

pro�les remarkably well. The wind direction within the SBL (h � 100 m) was from

the east; however, at higher elevations, the wind was more north-north-westerly. The

observed and modeled potential temperature pro�les portray a three-layered structure.

Near the surface, a strong inversion is present in the observed and the modeled data.

Above this inversion layer, a weakly stable residual layer is present up to � 750 m. The

free atmosphere with moderately strong strati�cation is presenton top of the residual

layer.

The observed speci�c humidity pro�le shows an interesting multilayerstructure: a

near-surface moist layer, a well-mixed residual layer, a drying zoneabove the residual

layer, and a moist-free atmosphere. The WRF model qualitatively captures this mul-

tilayer structure; however, there is signi�cant room for improvement. The LES-based

pro�le is indistinguishable from the WRF pro�le.

Figure 4.11 shows pro�les from 11 UTC. Almost all the remarks made inthe context

of Figure 4.10 also hold for this �gure and, thus, are not repeated.However, we would

like to note that the wind direction in the SBL shifted towards south-south-east at this
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Figure 4.10: Plots of the wind speed (top left panel), wind direction (top right panel),
potential temperature (bottom left panel), and speci�c humidity (bottom right panel)
pro�les corresponding to 7 UTC. Leon, KS, October 24, 1999

time due to inertial oscillation even though the upper layer wind was still from the

north-north-westerly direction.

In Figure 4.12, we plot hodographs from observational (0-12 UTC)and modeled (5-

12 UTC) data. Since lidar data did not include wind direction information, we utilized

sodar and tower wind data. Note that the tower data were not available after � 8 UTC.

The signature of inertial oscillations [Stull, 1988, van de Wiel et al., 2010] is clear in the

observed and modeled hodographs. The hodographs from the mesoscale and LES runs

are almost identical|emphasizing, again, the similar dynamical evolutions.
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Figure 4.11: Plots of the wind speed (top left panel), wind direction (top right panel),
potential temperature (bottom left panel), and speci�c humidity (bottom right panel)
pro�les corresponding to 11 UTC. Leon, KS, October 24, 1999

4.5.2 Second-Order Statistics

Before elaborating on these results, we would like to brie
y describeour plotting strategy

for variance and 
ux pro�les from the LES runs. As mentioned before, the LES data were

saved every 10 min. Thus, for every hour, there are 6 data samples corresponding to each

vertical level. From these data points, we calculate and plot the median (p50) values.

In addition, the entire range (minimum to maximum) of the LES values isshown as a

shaded band. The sonic anemometer data from the EOL and WUR towers are available

every 5 min. Analogous to the LES pro�les, we also report the medianin conjunction
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Figure 4.12: Observed (left panel) and simulated (right panel) hodographs. In the left
panel, the red dots represent velocity observations (with temporal averaging of 5 min)
measured by a sonic anemometer located on the 60 m tall meteorological tower (55 m
AGL). Wind measurements from a sodar at Beaumont (with temporal averaging of 30
min; 55 m AGL) are plotted as blue squares in the left panel. Simulated data from the
WRF model and the MATLES model are represented by magenta dots and black squares,
respectively, in the right panel. The signature of inertial oscillationsis visible in both
the panels. Leon, KS, October 24, 1999
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with the minimum and maximum values from these datasets.

Observed and simulated variance pro�les are shown in Figure 4.13. Note that the

MATLES model does not solve a prognostic equation of turbulent kinetic energy (TKE);

for this reason, we only show the resolved variances from LES. Since EOL tower data

are not available after 8 UTC, we report results from two consecutive time frames: 6-7

UTC and 7-8 UTC. We did not report turbulence data from 5-6 UTC asthis time was

considered to be part of the spin-up period for the LES runs.

From the modeled variance pro�les it is quite clear that the nocturnal turbulence

is generated near the surface and transported upwards. A non-traditional upside-down

character [Mahrt and Vickers, 2002, Ohya, 2001], where turbulence is generated in the

outer SBL rather than at the surface, does not appear in our simulation. In contrast, the

horizontal variance observations at 50 and 55 m levels, during 6-7 UTC, might indicate

the existence of an upside-down SBL.

There are some di�erences between the variances computed frommeasurements by

the EOL and WUR sonic anemometers. These could be the result of small-scale topo-

graphical e�ects (the towers were a few tens of meters away from each other) or they

could be attributed to di�erences in instrumentation and/or in the variance calculation.

The observed and modeled horizontal velocity variance and potential temperature

variance become very small above� 50 m AGL. This height is much shallower than

hLLJ = 100 m. In idealized LES studies,h estimated from vertical pro�les of di�er-

ent variables (e.g., wind speed, wind-speed pro�le curvature, stream-wise velocity vari-

ance, vertical velocity variance, momentum 
ux, buoyancy 
ux) are usually very similar

(e.g., Richardson et al. [2013]). In contrast, in the case of observational data, di�erent

pro�les can lead to signi�cantly di�erent estimates of h (see Pichugina and Banta [2010],

Steeneveld et al. [2007], Vickers and Mahrt [2004] and the references therein). It was

interesting to �nd out that an LES model with appropriate forcings can also generate

di�erent variables with di�erent h values.

The magnitude of the simulated horizontal velocity variance is largerthan the corre-

sponding observed value (especially during 7-8 UTC). This could be due to an inherent

limitation of the LES approach, or a result of the omnipresent spatial variability. In Fig-

ure 4.14, we plot streamwise variance from a doppler lidar. Recently,Pichugina et al.

[2008] reported good correlation between sonic anemometer and lidar data for weakly sta-

ble conditions. However, in the present case, the lidar-based variances are much larger
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Figure 4.13: Plots of variance pro�les corresponding to 6{7 UTC (left panels) and 7{8
UTC (right panels). The top, middle, and bottom panels represent horizontal veloc-
ity variance (� 2

u + � 2
v), vertical velocity variance (� 2

w), and potential temperature vari-
ance (� 2

� ), respectively. The red dots with whiskers represent median and minimum-
to-maximum values of the observations from the 60 m tall meteorological tower. The
solid black lines and the light grey areas correspond to the medians and the minimum-
to-maximum ranges, respectively, of the LES-generated outputdata. Note that the
simulated results represent resolved variances, whereas the observed data correspond to
total variances. Leon, KS, October 24, 1999
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than the sonic anemometer-based variances. In other words, there is tremendous dis-

crepancy between the sonic anemometer- and doppler lidar-basedestimates of variances;

the LES values are somewhat in between the two.

The LES model underestimates the vertical velocity and temperature variances near

the surface. This is likely due to the lack of spatial resolution. We will revisit this issue

later in this study.
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Figure 4.14: Time-height plot of doppler lidar-based variances. Leon, KS, October 24,
1999

Vertical pro�les of the local friction velocity (u� L ), computed using local momentum


uxes, and the sensible heat 
ux (hw0� 0i ) are shown in Figure 4.15. In contrast to the

variance plots, in these plots, the total LES-generated 
uxes (resolved plus SGS) are

shown. In addition, the resolved 
uxes alone are overlaid for comparison.

As with the variance plots, there are some di�erences between the
uxes measured by

the EOL and WUR sonic anemometers. The exact cause for these di�erences is unknown

to us; however, we can speculate and `blame' the di�erences on small-scale topographic

e�ects, instrumentation, and/or 
ux calculations.
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Even though the LES captures the near-surface observed 
uxes during 6-7 UTC, it

overestimates them at higher levels and also during 7-8 UTC. The resolved component

of the 
uxes is much smaller than that of the corresponding SGS 
uxes. For a moder-

ately/strongly strati�ed case, this behavior is expected from an LES run using a grid

spacing of 10 m. A �ner grid resolution will undoubtedly lead to a largercontribution of

resolved 
uxes; it might also reduce the spurious pile-up of momentum 
uxes above 50 m

AGL. However, a �ner grid resolution is not expected to change thetotal 
ux pro�les in

any substantial manner; we will provide supporting evidence later inthis study.

The modeled variance and 
ux pro�les are consistent with each other|they both

reduce to zero or small residual values above� 50 m AGL. However, the observed

variance and 
ux pro�les behave di�erently. The behavior of the observed sensible heat


ux is especially intriguing|it vanishes almost completely above 20 m AGL. It is, thus,

no surprise that Vickers and Mahrt [Vickers and Mahrt, 2004] reported h to be barely

20 m at 4 UTC, based on similar buoyancy 
ux pro�les. It is not clear tous whether, by

simply re�ning grid resolution, the LES model will be able to capture this behavior. We

will attempt to resolve this issue in future work.

4.5.3 Temporal Evolution

The night of October 23/24 was classi�ed as an intermittent turbulent night by

van de Wiel et al. [2003]. In this section, we investigate whether the coupled mesoscale-

large-eddy modeling approach managed to capture this intermittency in turbulence. We

utilized two types of turbulent 
ux measurements for model validation.

Traditionally, sonic anemometry (also known as the eddy-covariance approach) is

used for measuring turbulent 
uxes [Foken, 2008]. Recent micrometeorological stud-

ies [de Bruin et al., 2002, Hartogensis et al., 2002, Meijninger et al., 2006, 2002] have

demonstrated, however, that the use of scintillometry is a viable alternative to sonic

anemometry. A scintillometer consists of a transmitter and a receiver and employs the

principle of `scintillation'|turbulence-induced 
uctuations of the obs erved intensity of

a remote light source. Over the years, di�erent types of scintillometers have been de-

veloped using di�erent wavelengths, aperture sizes, and con�gurations (see the reviews

by Andreas [1990] and Hill [1992] for more information). With a small-aperture scintil-

lometer (SAS), one can estimate the structure parameter of therefractive index,C2
n , and

the inner scale of turbulence,l0, from measured amplitude 
uctuations. Note thatC2
n
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Figure 4.15: Plots of local friction velocity (top panels) and sensible heat 
ux (bottom
panels) pro�les corresponding to 6{7 UTC (left panels) and 7{8 UTC(right panels).
The red dots with whiskers represent median and minimum-to-maximum values of the
observations from the 60 m tall meteorological tower. The solid black lines and the
light grey areas correspond to the medians and minimum-to-maximumranges of the
LES-generated output data, respectively. Leon, KS, October 24, 1999
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and l0 are directly related to the temperature structure parameter,C2
T , and the kinetic

energy dissipation rate,� . By using Monin-Obukhov similarity theory, one can extract

momentum and sensible heat 
uxes fromC2
T and � .

During the CASES-99 �eld campaign, researchers from WageningenUniversity

(WUR), the Netherlands, deployed a displaced-beam SAS instrument (SLS20 by Scintec).

The transmitter and receiver were installed at 2.46 m AGL. The path length between

the transmitter and the receiver was 112 m. Please refer to Hartogensis et al. [2002] for

more information on the SAS experimental setup.

In contrast with conventional sonic anemometers, a SAS requiresshort averaging in-

tervals (because spatial averaging over a line of sight relaxes the need for long temporal

averaging) and is expected to respond rather quickly to changing (non-stationary) atmo-

spheric conditions. During the CASES-99 �eld campaign, a sampling interval of 6 s was

used by the WUR team [Hartogensis et al., 2002].
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Figure 4.16: Time series of surface friction velocity (left panel) and sensible heat 
ux
(right panel). Fluxes measured by a small-aperture scintillometer are depicted with green
triangles. Observations from sonic anemometers at 1.5 m and 3 m AGLare represented
by stars and circles, respectively. The solid blue and red lines denotethe output from the
WRF model and the MATLES model, respectively. The observed 
uxes clearly portray
intermittent behavior. Leon, KS, October 24, 1999

In Figure 4.16, the observed and modeled surface 
uxes are shown. Surprisingly,

the SAS-based 
uxes were signi�cantly larger in magnitude than thesonic anemometer-

based 
uxes; more interestingly, they were even larger than the modeled 
uxes. It is
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possible that the scintillometer faithfully captured the spatial variability of nighttime

surface 
uxes. In that case, the SAS-based 
uxes (representing path-averaged 
uxes)

are more realistic than the sonic anemometer-based 
uxes (representing point observa-

tions). Another possibility is that the Monin-Obukhov similarity funct ions utilized by

the scintillometer are problematic in the intermittent turbulence regime. If that is the

case, then the SAS-based 
uxes are not trustworthy. More research is de�nitely needed

in this scienti�c arena.

The observed surface 
uxes clearly show signs of intermittency. In contrast, the WRF-

and MATLES-generated 
uxes are more or less continuous in time. The YSU surface

layer scheme of the WRF model arti�cially clipsu� at 0.1 m s� 1 to avoid the so-called

runaway cooling problem. This spurious behavior is clearly visible in the left panel of

Figure 4.16. Given that during 6-11 UTC, the WRF-based friction velocity ( u� ) is much

higher than 0.1 m s� 1, we believe that the clipping has not impacted our results in any

signi�cant manner. Nevertheless, in our future work, we will studythe impact of this

clipping and other thresholding operations on the simulation of intermittent turbulence.

The WRF-simulated results are in complete agreement with those reported by

Shin and Hong [2011]. All of their WRF simulations (without exception) utilizing var-

ious PBL and SL schemes overestimated nighttime (u� ) values when compared against

observed sonic anemometer data. At 5 UTC, their simulatedu� values were in the range,

0.15-0.2 m s� 1. By the end of their simulations (i.e., at 12 UTC), theu� values decreased

to approximately 0.10-0.15 m s� 1. Similarly, all the WRF simulations also overestimated

the magnitude of (downward) sensible heat 
ux (hw0� 0i ) values. The simulatedhw0� 0i

values remained more or less constant during the period of 5-12 UTC. Shin and Hong

[2011] pointed out that the simulated nighttime surface variables were quite convergent.

In fact, the standard deviation for the di�erent simulations was only 0.01 m/s for friction

velocity; they were on the order of 4-5 W m� 2 in the case of sensible heat 
ux (see Table

2 of Shin and Hong [2011]).

In Figure 4.17, we plot time series of observed and LES-generated horizontal wind

speed, vertical velocity, and temperature. In the case of LES, the time series represent

simulated data (sampling rate, 10 Hz) from a grid point at the centerof the model domain.

As noted before, sonic anemometer data from EOL (frequency, 20 Hz) were not available

after � 8 UTC. Hence, for model validation, we also plotted the 5-minute-averaged data

from the WUR sonic anemometer.
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Figure 4.17: Time series of wind speed (top panels), vertical velocity(middle panels),
and temperature (bottom panels). The left and right panels correspond, respectively, to
the near-surface layer (10 m) and the outer layer (55 m for wind speed and temperature;
50 m for vertical velocity). Leon, KS, October 24, 1999
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For most of the variables, the LES qualitatively captured the rangeof 
uctuations;

however, the trends were notably di�erent from the observations. A temporal shift of

3 h is evident in the upper-level (55 m) horizontal wind speed data (see the discussion

earlier in the context of inertial oscillation).

Both the observed horizontal wind speed and the vertical velocitydisplay non-

stationary character. The LES-generated time series show qualitatively similar behavior;

the non-stationary character captured in the simulations is attributed to use of realis-

tic boundary and forcing conditions. For example, soon after the intensi�cation of the

simulated LLJ (around 8 UTC), the wind speed 
uctuations increased signi�cantly due

to shear-generated turbulence (top panels of Figure 4.17). The observed vertical veloc-

ity time series show some evidence of intermittency. Unfortunately, such intermittency

patterns were not present in the LES-generated data.

The near-surface (10 m) observed temperature and horizontalwind speed data show

some periodic oscillations. Similar oscillations were lacking in the modeled (potential)

temperature and wind speed data. Results reported by Steeneveld et al. [2008] and

Shin and Hong [2011] also did not show any oscillations. According to ReVelle [1993]

and van de Wiel [2002], these oscillations are strongly coupled to the phenomenon of

surface 
ux intermittency. Clearly, the mesoscale and large-eddymodels are de�cient in

this regard.

A few minutes before 10 UTC, the WUR sonic anemometer data show signs of the

runaway cooling phenomenon. Based on Figs. 4.16 and 4.17, we see evidence in the obser-

vations of: (i) decoupling of the atmospheric boundary layer from the underlying surface

(sharp decrease in the near-surface wind speed; turbulent 
uxes become negligible); and

(ii) rapid cooling of the near-surface air temperature. The WRF andMATLES models

were unable to capture these features.

4.5.4 Spectral Analysis

Traditionally, wavenumber spectra are utilized to assess the strengths and weaknesses

of LES-SGS models. It is well documented that non-dynamic (i.e., static) SGS mod-

els are over-dissipative as indicated by steeper spectral slopes athigher wavenumbers.

On the other hand, in the case of the dynamic SGS models (such as the LASDD SGS

model), the longitudinal velocity and scalar spectra clearly show extended inertial ranges

(see Anderson et al. [2007], Basu et al. [2008b] for examples). To the best of our knowl-
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edge, the characteristics of LES-generated spectra at larger scales (e.g., the mesoscale, the

terra-incognita regime described by Wyngaard [2004]) are not discussed in the literature.

A few years ago, Muschinski et al. [2004] analyzed observational data from the

CASES-99 �eld campaign. They utilized high-resolution (200 Hz) turbulence data from

the CIRES Tethered Lifting System (52{74 m AGL). Their frequency-domain spectra

showed three distinct regimes (see bottom right panel of Figure 4.18): an inertial range

(slope � -5/3), a spectral gap (slope� 0), and a mesoscale range (slope� -5/3). It was

interesting to assess how our coupled mesoscale-LES approach captured these scaling

regimes. We used sonic anemometer data, collected by NCAR-EOL for comparison.

Since the observed and modeled time series were non-stationary, we used a discrete

wavelet transform (Haar wavelet) approach to compute the frequency-domain spectra. A

similar approach was used by Katul and Parlange [1994] and Basu et al. [2004]. Results

are presented in Figure 4.18 and are quite intriguing. The following comments can be

made based on this �gure:

ˆ The sonic anemometer-based horizontal wind speed and temperature spectra por-

tray slopes of -3 in the mesoscale regime; this is a hallmark of two-dimensional

turbulence [Lindborg, 1999]. In strongly strati�ed conditions, dueto the lack of ver-

tical di�usion, eddies can become quasi-two-dimensional (pancake-shaped); in such

cases, one would intuitively expect a -3 slope in the spectra. Since Muschinski et al.

[2004] analyzed data from a di�erent night, it is quite possible that they captured

a weakly stable regime with three-dimensional motions.

ˆ In agreement with the observational spectra, in the case of horizontal wind speed

and temperature, the modeled mesoscale spectra also show slopesof -3. This spe-

ci�c result signi�cantly boosts our con�dence in the simulated data.

ˆ For the high-frequency (inertial) range, most of the sonic anemometer data-based

spectra become 
at; this is perhaps due to measurement noise. Invery stable

conditions, sonic anemometers can su�er from several types of instrumental and

sampling problems (e.g., dropouts, insu�cient amplitude resolution)| please refer

to Vickers and Mahrt [Vickers and Mahrt, 1997] for further discussion on this topic.

ˆ The LES-generated spectra show steeper than -5/3 slopes in theinertial range.

This discrepancy in the inertial range is expected to reduce with increased spatial

69



10
-6

10
-4

10
-2

10
0

10
2

10
-8

10
-6

10
-4

10
-2

10
0

10
2

10
4

10
6

Frequency (Hz)

P
ow

er
 S

pe
ct

ra
l D

en
si

ty
 (

m
2 /s

)

 

 

Sonic (10 m)
Sonic (55 m)
LES (10 m)
LES (55 m)
Slope=-5/3
Slope=-3

10
-6

10
-4

10
-2

10
0

10
2

10
-8

10
-6

10
-4

10
-2

10
0

10
2

10
4

10
6

Frequency (Hz)

P
ow

er
 S

pe
ct

ra
l D

en
si

ty
 (

m
2 /s

)

 

 

Sonic (10 m)
Sonic (50 m)
LES (10 m)
LES (50 m)
-5/3

10
-6

10
-4

10
-2

10
0

10
2

10
-8

10
-6

10
-4

10
-2

10
0

10
2

10
4

10
6

Frequency (Hz)

P
ow

er
 S

pe
ct

ra
l D

en
si

ty
 (

K
2  s

)

 

 

Sonic (10 m)
Sonic (55 m)
LES (10 m)
LES (55 m)
Slope=-5/3
Slope=-3

Figure 4.18: Wavelet spectra of horizontal wind speed (top left panel), vertical velocity
(top right panel) and temperature (bottom left panel). For comparison, spectra reported
by Muschinski et al. [2004] are shown in the bottom right panel (units are m2 s� 2 Hz� 1

for Suu (f ) and units, corrected relative to Muschinski et al. [2004], are K2 Hz� 1 for
S�� (f )). Spectral gaps (around 0.01 Hz) are noticeable in the spectra for wind speed and
temperature. Leon, KS, October 24, 1999
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resolution; however, such simulations would be computationally quiteexpensive. As

a viable alternative, for engineering applications, a fractal interpolation approach

could be used to recover the energy in this range (see Basu et al. [2004], Sim et al.

[2012] for details).

ˆ The location of the modeled spectral gap (around 0.01 Hz) is identical with the

results reported by Muschinski et al. [2004]. In the case of the sonic anemometer

data, the spectral gaps are somewhat discernible for the near-surface vertical veloc-

ity and the temperature data. Note that the existence of a spectral gap around 0.01

Hz was also reported earlier by Caughey [1982]. This information was used by sev-

eral researchers (e.g., Basu et al. [2006], Nieuwstadt [1984]) to partition mesoscale

and turbulent motions prior to 
ux estimation.

ˆ The observed vertical velocity spectra appear to follow a -5/3 scaling. In con-

trast, the modeled vertical velocity spectra display a 
attening behavior in the

low-frequency range. We speculate that, by increasing the modeldomain size, we

might improve the shape of these spectra.

4.5.5 Sensitivity Experiments

In this section, we report results from various sensitivity experiments.

Observational Data Assimilation

As mentioned in Section 4.3, in this work, we performed two mesoscalesimulations.

One of these simulations, called WRF-SN, included four-dimensional data assimilation

(FDDA) of public-domain observations; the other simulation, called WRF-NN, did not

include such data assimilation. In Figure 4.19, we present results from the WRF-NN

simulation. We also show di�erences between this simulation and the WRF-SN simu-

lation. It is evident that di�erences between the WRF-SN and WRF-NN simulations

are quite small. This result was not unexpected; since the NARR dataset included a

signi�cant amount of observational data, the impact of additionalobservational data

was not signi�cant. However, if one uses other data products withless assimilated data

(e.g., NCEP/NCAR Global Reanalysis Project, 2.5-degree grid spacing, every 6 hours;

NCEP GDAS FNL Analysis, 1-degree grid spacing, every 6 hours; NCEP Eta/NAM
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AWIP, 40-km grid spacing, every 6 hours), we would anticipate signi�cantly greater

(positive) impact of the use of FDDA in the WRF simulations.

Grid Resolution

In addition to the LES runs with 80� 80� 80 grid points, we performed two additional

runs: L64-A-RR-SN, with 64� 64� 64 grid points and L40-A-R-SN, with 40� 40� 40 grid

points. Results from these runs are presented in Figs. 4.20{4.22. The following inferences

can be made based on these �gures and Figs. 4.9, 4.13, and 4.15:

ˆ The simulated mean pro�les are almost insensitive to grid resolution. This

is a strength of the LASDD-SGS model and has been reported earlier by

Basu and Port�e-Agel [2006] and Basu et al. [2008b].

ˆ The strength of the LLJ peak slightly intensi�es with increased resolution.

ˆ The resolved variances increase with increasing resolution, as wouldbe expected.

However, the di�erence in the resolved variance is small between the L64-A-R-SN

and L80-A-R-SN runs (comparing Figure 4.21, right panels, with Figure 4.13, right

panels). This suggests that the resolved variance may not increase signi�cantly

with further enhancement of the grid resolution.

ˆ Inside the boundary layer, the total momentum 
ux (represented by the local fric-

tion velocity) is almost insensitive to grid resolution. However, abovethe bound-

ary layer, increased resolution helps in dissipating the pile-up of spurious turbulent


uxes.

ˆ The total sensible heat 
ux values are somewhat sensitive to grid resolution. The

surface sensible heat 
ux values during 7{8 UTC change by� 25% by changing the

grid spacing from 20 m to 10 m (comparing Figure 4.22, bottom left panel, with

Figure 4.15, bottom right panel). Similar levels of sensitivity of surface sensible heat


uxes to grid resolution were reported by Richardson et al. [2013] inthe context

of idealized SBL simulations.

ˆ As expected, the contribution of the resolved 
uxes to the total
uxes increases

with increasing resolution. In the L40-A-R-SN run (Figure 4.22, bottom right),

the resolved sensible heat 
ux is almost negligible. However, the simulation does
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Figure 4.19: In the left panel, time-height plots of the WRF model-simulated (domain
4) wind speed (top panel), wind direction (second panel), potentialtemperature (third
panel), and speci�c humidity (bottom panel) are shown. During this simulation (re-
ferred to as the NN simulation), no observational data are assimilated. The right panels
show di�erences between the NN simulation and the control WRF simulation with data
assimilation (i.e., NN minus SN). Leon, KS, October 24, 1999
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not laminarize; the dynamic SGS model essentially acts as a RANS closure in this

scenario.

Longwave Radiation

In this sub-section, we document the e�ects of longwave radiationon the LES-generated

data. In Figure 4.23, results from an LES run with radiation scheme turned o� (called

L80-A-SN) are presented. In this �gure, we also show di�erencesbetween this simulation

and the control simulation (i.e., L80-A-SN minus L80-A-R-SN). The presence of longwave

radiational cooling results in a marginally cooler boundary layer and free atmosphere.

Near the surface, due to lack of adequate vertical resolution, a small amount of erroneous

warming is noticeable. Similar results were reported by Ha and Mahrt [2003].

The overall impact of longwave radiational cooling was insigni�cant for the other

variables. Since the geostrophic wind was moderate (see Figure 4.4)during the night of

October 23/24, radiative 
ux divergence played a minor role in comparison to turbulent


ux divergence.

Mesoscale Advection

The in
uence of mesoscale advection forcing is summarized in Figure 4.24. In the left

panel of this �gure, results from the L80-SN run (with no meoscaleadvection) are pre-

sented. The right panels show di�erences between this simulation and the control simu-

lation (i.e., L80-SN minus L80-A-R-SN). Since the e�ects of longwaveradiational cooling

were found to be marginal, the di�erences reported in this �gure are largely due to

the mesoscale advection forcing. The most noteworthy di�erenceis in the height of the

stable boundary layer. Due to the lack of thermal advection (see bottom left panel of Fig-

ure 4.5), the L80-SN run creates a shallower, colder, and more strati�ed boundary layer

in contrast to the L80-A-R-SN run. Due to this stronger strati�cation, the decoupling of

upper air from the surface was stronger than in the control case. This decoupling led to

a stronger LLJ, which persisted for much longer than in the control run (Figure 4.24).
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Figure 4.20: Time-height plots of simulated wind speed (top panels), wind direction
(second panels), potential temperature (third panels), and speci�c humidity (bottom
panels). The left and right panels summarize results from the MATLES model using
40� 40� 40 and 64� 64� 64 grid points, respectively. Leon, KS, October 24, 1999
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Figure 4.21: Plots of variance pro�les from the L40-A-R-SN (left panels) and L64-A-
R-SN (right panels) runs for 7{8 UTC. The top, middle, and bottom panels represent
horizontal velocity variance (� 2

u + � 2
v ), vertical velocity variance (� 2

w), and potential tem-
perature variance (� 2

� ), respectively. The red dots with whiskers represent median and
minimum-to-maximum values of the observations from the 60 m tall meteorological tower.
The solid black lines and the light grey areas correspond to the medians and the minimum-
to-maximum ranges, respectively, of the LES-generated outputdata. Note that the simu-
lated results represent resolved variances, whereas the observed data correspond to total
variances. Leon, KS, October 24, 1999
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Figure 4.22: Plots of local friction velocity (top panels) and sensible heat 
ux (bottom
panels) from the L40-A-R-SN (left panels) and L64-A-R-SN (rightpanels) runs for 7{8
UTC. The red dots with whiskers represent median and minimum-to-maximum values
of the observations from the 60 m tall meteorological tower. The solid black lines and
the light grey areas correspond to the medians and minimum-to-maximum ranges of the
LES-generated output data, respectively.
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Figure 4.23: In the left panels, time-height plots of the MATLES model-simulated wind
speed (top panel), wind direction (second panel), potential temperature (third panel),
and speci�c humidity (bottom panel) are shown. The radiation scheme is switched o�
during this simulation (referred to as L80-A-SN). The right panels summarize di�erences
between this simulation and the control simulation (i.e., L80-A-SN minus L80-A-R-SN).
Leon, KS, October 24, 1999
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Figure 4.24: In the left panels, time-height plots of the MATLES model-simulated wind
speed (top panel), wind direction (second panel), potential temperature (third panel), and
speci�c humidity (bottom panel) are shown. During this simulation, the radiation scheme
is switched o�; also, no mesoscale advection terms are invoked during this simulation
(referred to as L80-SN). The right panels summarize di�erence between this simulation
and the control simulation (i.e., L80-SN minus L80-A-R-SN). Leon, KS, October 24, 1999
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Chapter 5

Cases Study 2 - GABLS3

5.1 Description of Case Study

In this case study, we simulated nocturnal stable and morning transitional boundary

layers observed during the period, 00 UTC to 09 UTC on July 2, 2006 as part of the

GEWEX Atmospheric Boundary Layer Study (GABLS) - 3rd LES intercomparison case

study (GABLS3). GABLS is an ongoing collaborative study formed tobetter understand

stable boundary layer physics (see Bosveld et al. [2012] and the references therein). In

2008, the 3rd modeling intercomparison study (GABLS3 case study) was released. The

location of the study was Cabauw, the Netherlands. Based on a multi-year dataset, a

`golden' case was selected for the model intercomparison.

During this period, there was little change in the synoptic 
ow which is seen in the

historical surface analysis chart in Figure 5.1. A dominant high pressure system was

located over the Baltic Sea which provides a quiescent 
ow at the area of interest. Clear

skies were shown due to the subsidence associated with the high pressure. The boundary

layer was stable with a relatively constant geostrophic wind of 7 m/s and a signi�cant

surface cooling. Inertial oscillation caused a low-level jet to form which was well observed

by a 200 m meteorological tower. Richardson's MS thesis [2012] reproduced this low-level

jet by using the WRF model and performed sensitivity analysis using di�erent boundary

layer parameterization schemes.

The GABLS3 �eld site was located near Cabauw, The Netherlands (51.58� N, 4.56� E).

This site has a 
at topography covered by grassland and reasonable homogeneity, so a

uniform roughness (z� = 0.15 m) was used. Please refer to Figure 5.2 for a depiction of
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Figure 5.1: Surface analysis for 00 UTC July 2, 2006. (The locations of the observational
site is marked in red.)
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the topographical features around this �eld site.

5.2 Description of Observational Datasets

In this case study, tower observational datasets were utilized for model validation. A 200

m tall meteorological tower is situated near Cabauw and has been collecting observations

including wind speeds, wind direction, temperature, humidity and variances at various

heights for many decades [Bosveld et al., 2012]. High frequency wind data is also collected

by sonic anemometers at di�erent levels.

5.3 Mesoscale Modeling Con�gurations

The selection of other numerical settings and physical parameterizations was the same

as for the CASES-99 study based on the similar SBL case.

We also used a large outer domain (grid spacing: 27 km) of dimensions 4320 km �

4320 km centered on Cabauw, the Netherlands (see the top left panel of Figure 5.2).

Three one-way nested domains with grid spacings of 9 km, 3 km, and 1km were set

up inside this outer domain. Also, 51 non-uniformly spaced vertical grid levels with

approximately 7 levels below 200 m (see the top right panel of Figure 5.2). The FDDA

approach was applied with the same data source (NCEP) and con�gurations as in the

CASES-99 case study.

The initial and boundary conditions from ERA-Interim (European Centre for

Medium-range Weather Forecasts { ECMWF reanalysis interim) dataset (1.5 degree grid

spacing) were used for the WRF simulations. The simulations startedat 00 UTC on July

1st, 2006 and continued for 36 hours. The simulation results from 00 UTC (local time

at midnight) to 09 UTC (local time after sunrise) are reported here. The WRF model

output was stored every 10 min for a comprehensive analysis and for synthesis of the

input data for the LES runs.

5.4 LES setup

Since most of the setups selected are the same as for to the CASES-99 study, we will not

repeat those here. The LES runs were initialized with the WRF model-generated mean
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Figure 5.2: The WRF model runs utilize four nested domains (top left panel) of grid
spacing 27/9/3/1 km. The locations of the vertical grid points are shown in the top
right panel. The elevation maps of the coarsest and the �nest domains are shown in the
bottom left and bottom right panels, respectively. The location of the observational site
is marked on these panels.
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pro�les for Cabauw at 00 UTC (local midnight), July 2nd, 2006 (not shown). Note here,

WRF geogrid �le de�ned the land use value at the tower location as water body which is

not true. This could lead to problems when we extract initial conditions from that grid

point; hence, we extracts all needed information from one grid point east of the original

location. Figure 5.3 shows the land use value in this area; a red star shows the modi�ed

location. This particular initialization time was chosen to maintain consistency with

the GEWEX Atmospheric Boundary Layer Study (GABLS) third LES intercomparison

project [Basu et al., 2011]. The SBL height,h, was estimated to be equal to 217 m at

00 UTC.
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Water Bodies

Figure 5.3: Plots of Land use from WRF Domain-04. Extraction location is marked by
the red star

All the simulations were run for 9 h until 09 UTC. The surface roughness length was
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set asz� = 0:15 m. The WRF model-simulated time series for 2 m potential temperature

and 2 m speci�c humidity are shown in Figure 5.4. The overall cooling rate at 2 m was

� 1.03 K h� 1 during the �rst 3 simulated hours and the temperature rises with a rate of

� 2.18 K h� 1.
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Figure 5.4: The WRF model-simulated time series of 2 m potential temperature (left
panel) and 2 m speci�c humidity (right panel). These data were used as lower boundary
conditions for the LES runs. Cabauw, July 2, 2006

Potential temperature and speci�c humidity gradients were prescribed at the upper

boundary as follows:d� =dz= 0.019 K m� 1, dQ=dz= -5.5� 10� 6 Kg Kg � 1 m� 1.

Time-height-dependent geostrophic wind �eld components (Ug; Vg) are shown in Fig-

ure 5.5 and the time-height-dependent mesoscale advection terms(for momentum, heat,

and moisture) are shown in Figure 5.6 (The full �elds are shown in the following sections,

Figure 5.8 and Figure 5.9). Due to the reasons discussed in section 3.3, subsidence was

not included in this case study either.

The selected domain size for the LES runs was again selected as 800 m� 800 m �

790 m, divided into 80� 80 � 80 grid points (i.e., the grid spacing was 10 m� 10 m

� 10 m). The land surface was assumed to be 
at, which is realistic for the selected

location near Cabauw. The time step was set to 0.1 s, and the time duration of each

run was 9 h (i.e., 324,000 time-steps). In order to compare the results with the GABLS3

intercomparison (GABLS3-ICP) study, one run with 64� 64� 64 grid points (� x = 12.5

m � � y = 12.5 m � � z = 12.5 m; � t = 0:2 s) of GABLS3-ICP study was also shown
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Figure 5.5: Time-height plots of the WRF model-simulated zonal (east-west; left panel)
and meridional (north-south; right panel) geostrophic wind components. Cabauw, July
2, 2006

and analyzed. In addition, two more LES runs were performed to assess the impacts of

radiation and mesoscale advection on the simulated results. Table 5.1summarizes the

con�gurations of all the LES runs. Planar-averaged pro�les wereoutput every 10 min

from these simulations. For spectral analysis, time series data from selected grid points

were output every time step.

Table 5.1: List of LES runs and associated con�gurations

Run Spatial Spacing Radiation Scheme Mesoscale Advection

L80-A-R-SN 10.0 m� 10.0 m� 10.0 m Yes Yes
L80-A-SN 10.0 m� 10.0 m� 10.0 m No Yes
L80-SN 10.0 m� 10.0 m� 10.0 m No No
GABLS3-ICP 12.5 m� 12.5 m� 12.5 m Yes Yes
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Figure 5.6: Time-height plots of the WRF model-simulated mesoscale advection terms:
zonal wind component (top left panel), meridional wind component (top right panel),
potential temperature (bottom left panel), and speci�c humidity (bottom right panel).
Cabauw, July 2, 2006
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5.5 Results

5.5.1 First-Order Statistics

Spatial variability is also shown in this case study, although it is not insigni�cant was

true for as the CASES-99 case. The WRF model-based simulated windspeeds and wind

barbs at 90 m (left panel) and 150 m (right panel) above ground level(AGL) are shown

in Figure 5.7 at 04 UTC on July 2nd, 2006. The nocturnal wind �elds arevariable as

well. The high-quality observations are available from a single location:Cabauw.

Figure 5.7: The WRF model-based simulated wind speed at 90 m (left panel) and 150 m
(right panel) above ground level at 04 UTC on July 2nd, 2006. The location of the
observational site is marked on these panels.

In Figure 5.8, the WRF model-simulated wind speeds, wind direction, potential tem-

perature, and moisture are compared with tower-based observations at Cabauw. The

following discrepancies between observed and modeled data are evident:

ˆ the WRF model simulates a weaker and slightly higher LLJ;
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ˆ the potential temperature during 3 to 4 UTC in the modeled SBL is colder.

As we discussed in Section 4.5, it is well-known from the literature (e.g.,Cuxart et al.

[2006], Storm et al. [2008]) that the MMMs usually create weaker and higher LLJs due

to enhanced di�usion.

The time-height plots of the simulated wind speed, wind direction, potential temper-

ature, and speci�c humidity are shown in Figure 5.9. For the WRF model results, the

vertical pro�les represent instantaneous values from the grid point closest to Cabauw. In

the case of the MATLES results, these pro�les represent planar-averaged values from the

entire domain.

The timing of the LLJ event as well as the temporal evolution of the wind direction

pro�les are similar in both the mesoscale and the LES results. This qualitative similarity

indicates that the dynamical forcings are similar in both of the simulations. However, the

LLJ is stronger and slightly higher than that of the LES results. It iswidely known that

the strength of the LLJs is strongly dependent on the di�usion of the associated SBL.

Given that the strength of the WRF-generated jet is more similar tothe observed one (see

the left panel of Figure 5.8) than is the case for the LES-generated one, we conclude that

the YSU PBL scheme of the WRF model has captured the night time mixing with greater

�delity than the LES. Since the LES run does not include subsidence,the simulated LLJ

height is slightly higher. This feature is also visible in the time-height plotof the potential

temperature. The LES generated a similar deep SBL, however, during the period of 03

UTC to 06 UTC LES shows even more cold bias. The evolutions of speci�c humidity

and wind direction are very similar in the mesoscale and LES results.

We also chose those speci�c times for comparison of the observed and simulated

vertical pro�les (Figs. 5.10 and 5.11). Considering, �rst, the averaged pro�les from 00

UTC to 01 UTC presented in Figure 5.10 at this initial simulation time, we note that the

heights of the tower-based, the WRF-based, the LES based and the GABLS3-ICP-based

LLJs are quite similar. Unlike these wind speed and wind direction pro�les, the potential

temperature pro�les show some cold bias at the very lower level ( 200 m AGL). This

is because the GABLS3-ICP uses the same tower-observed data as the initial pro�le to

drive the simulation; hence, it matches the observation much better than the WRF-based

simulation which has been running for 24 hours at this point. Therefore, the potential

temperature pro�le from LES also shows this cold bias. Similar biases are shown in the

speci�c humidity pro�les.
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Figure 5.8: Time-height plots of wind speed (top panels), wind direction (second panels),
potential temperature (third panels), and speci�c humidity (bottom panels). The left
and right panels represent results from the tower data and the WRF model, respectively.
Cabauw, July 2, 2006

90



1 2 3 4 5 6 7 8 9
0

50

100

150

200

Time (UTC)

H
ei

gh
t A

G
L 

(m
)

 

 

 m s-1

0

2

4

6

8

10

12

0 1 2 3 4 5 6 7 8 9
0

50

100

150

200

Time (UTC)

H
ei

gh
t A

G
L 

(m
)

 

 

 m s-1

0

2

4

6

8

10

12

0 1 2 3 4 5 6 7 8 9
0

50

100

150

200

Time (UTC)

H
ei

gh
t A

G
L 

(m
)

 

 

 degree

80

100

120

140

160

180

0 1 2 3 4 5 6 7 8 9
0

50

100

150

200

Time (UTC)

H
ei

gh
t A

G
L 

(m
)

 

 

 degree

80

100

120

140

160

180

1 2 3 4 5 6 7 8 9
0

50

100

150

200

Time (UTC)

H
ei

gh
t A

G
L 

(m
)

 

 

 K

290

292

294

296

0 1 2 3 4 5 6 7 8 9
0

50

100

150

200

Time (UTC)

H
ei

gh
t A

G
L 

(m
)

 

 

 K

290

292

294

296

1 2 3 4 5 6 7 8 9
0

50

100

150

200

Time (UTC)

H
ei

gh
t A

G
L 

(m
)

 

 

 kg kg-1

0.008

0.009

0.01

0.011

0.012

0 1 2 3 4 5 6 7 8 9
0

50

100

150

200

Time (UTC)

H
ei

gh
t A

G
L 

(m
)

 

 

 kg kg-1

0.008

0.010

0.012

Figure 5.9: Time-height plots of simulated wind speed (top panels), wind direction (sec-
ond panels), potential temperature (third panels), and speci�c humidity (bottom panels).
The left and right panels represent results from the WRF model andthe MATLES model,
respectively. Cabauw, July 2, 2006
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Figure 5.10: Plots of the wind speed (top left panel), wind direction (top right panel),
potential temperature (bottom left panel), and speci�c humidity (bottom right panel)
pro�les corresponding to 00-01 UTC. Cabauw, July 2, 2006

The averaged pro�les of 03 UTC to 04 UTC are compared. The WRF and LES

models captured the wind direction and potential temperature pro�les remarkably well

and even better than the GABLS3-ICP simulation in terms of wind speed and wind

direction. As explained before, the LES-based LLJ is slightly higher due to the lack of

subsidence. The observed and simulated wind shears agree very well in the lower part of

the SBL. The wind direction within the SBL (h � 200 m) was from the east; however,

at higher elevations, the wind was more southerly. The modeled potential temperature

pro�les portray a two-layered structure. Near the surface, a strong inversion is present
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in the observed and the modeled data; this inversion is overestimated considerably by

WRF and LES. We believe this great amount of cold bias in the LES run is due to the

potential temperature advection. As is seen in Figure 5.6, there is asigni�cant cold

advection coming during this time period, which can be explained by theland use from

the WRF run. Figure 5.3 shows that close to the studied point, the land use is mostly

de�ned as water body, therefore, we believe that the estimated advection values are

dominated by local circulation rather than mesoscale advections. To demonstrate this,

the potential temperature pro�les from the L80-SN run are also plotted. It is found that

L80-SN shows much less cold bias. We also notice that the WRF model does not capture

the convex shape of potential temperature pro�le at the lower level whereas the LES

did, due to a better representation of the di�usions. Above this inversion layer, a weakly

stable residual layer is presented by all the modeled pro�les.

The modeled speci�c humidity pro�les show same interesting biases: anear-surface

drier bias and an overmixed residual layer which shows the moister bias. All the models

qualitatively capture the moisture structure; however, there is room for improvement.

GABLS3-ICP and LES indicate very similar results.

In Figure 5.12, we plot hodographs from observational (0-9 UTC) and modeled (0-9

UTC) data. The signature of inertial oscillations [Stull, 1988, van deWiel et al., 2010] is

clear in the observed and modeled hodographs. The hodographs from the mesoscale and

LES runs are almost identical|emphasizing, again, the similar dynamical evolutions.

5.5.2 Second-Order Statistics

Similar as to the case for the CASES-99 study, the LES data were saved every 10 min.

Thus, for every hour, there are 6 data samples corresponding toeach vertical level. From

these data points, we calculate and plot the median (p50) values. Inaddition, the entire

range (minimum to maximum) of the LES values is shown as a shaded band. The sonic

anemometer data from the Cabauw towers are available. Analogousto the LES pro�les,

we also report the median in conjunction with the minimum and maximum values from

these datasets.

Observed and simulated variance pro�les are shown in Figure 5.13. Note that the

MATLES model does not solve a prognostic equation of turbulent kinetic energy (TKE);

for this reason, we only show the resolved variances from LES. We report results from

two consecutive time frames: 00-01 UTC and 03-04 UTC.
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Figure 5.11: Plots of the wind speed (top left panel), wind direction (top right panel),
potential temperature (bottom left panel), and speci�c humidity (bottom right panel)
pro�les corresponding to 03-04 UTC. Cabauw, July 2, 2006

From the modeled variance pro�les, it is quite clear that the nocturnal turbulence

is generated near the surface and transported upwards. A non-traditional upside-down

character [Mahrt and Vickers, 2002, Ohya, 2001], where turbulence is generated in the

outer SBL rather than at the surface, is not found in our simulation. In contrast, the

horizontal and vertical velocity variance observations might indicate the existence of an

upside-down SBL at 180 m level during 03-04 UTC. The observed andmodeled horizontal

velocity variance and potential temperature variance become very small above� 180 m

AGL. This height is at the hLLJ = 200 m.

94



-12 -10 -8 -6 -4 -2 0
0

1

2

3

4

5

6

7

8

00 Z

09 Z

U Component of Velocity (m s-1 )

V
 C

om
po

ne
nt

 o
f V

el
oc

ity
 (

m
 s

-1
)

 

 

WRF-SN (137 m)
L80-SN (135 m)
Tower (140 m)

-12 -10 -8 -6 -4 -2 0 2
0

1

2

3

4

5

6

7

8

9

00 Z

09 Z

U Component of Velocity (m s-1 )

V
 C

om
po

ne
nt

 o
f V

el
oc

ity
 (

m
 s

-1
)

 

 

WRF-SN (217 m)
L80-SN (205 m)
Tower (200 m)

Figure 5.12: Observed and simulated hodographs. The red dots represent velocity ob-
servations (with temporal averaging of 10 min) measured by a sonicanemometer located
on the 200 m tall meteorological tower at 140 m (left panel) and 200 m(right panel).
Simulated data from the WRF model and the MATLES model are represented by green-
square-line and black-star-line, respectively. The signature of inertial oscillations is visible
in both the panels. Cabauw, July 2, 2006

The magnitude of the simulated horizontal velocity variance is a little smaller than

the corresponding observed value (especially at 180 m level). This might be due to an

inherent limitation of the LES approach, or a result of the omnipresent spatial variability.

The LES model underestimates the vertical velocity variance nearthe surface which is

likely due to the lack of spatial resolution. The temperature variances are well captured

except at 60 m level.

Comparing with the GABLS3-ICP results, at the starting time (00 UTC { 01 UTC)

the GABLS3-ICP has generated relatively better turbulence �elds(see 5.13 left panel).

The WRF based LES did similarly quite well when the SBL is developing (see5.13 right

panel). Note, GABLS3-ICP generally generates less variance nearthe surface, this is

again, because GABLS3-ICP has coarser resolution and less resolved details.

Vertical pro�les of the local friction velocity (u� L ), computed using local momentum


uxes, and the sensible heat 
ux (hw0� 0i ) are shown in Figure 5.14. In contrast to the

variance plots, the total LES-generated 
uxes (resolved plus SGS) are shown in these

plots. In addition, the resolved 
uxes alone are overlaid for comparison.
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Figure 5.13: Plots of variance pro�les corresponding to 00{01 UTC (left panels) and
03{04 UTC (right panels). The top, middle, and bottom panels represent horizontal
velocity variance (� 2

u + � 2
v ), vertical velocity variance (� 2

w), and potential temperature
variance (� 2

� ), respectively. The red dots with whiskers represent median and minimum-
to-maximum values of the observations from the 200 m tall meteorological tower. The
solid black lines and the light grey areas correspond to the medians and the minimum-to-
maximum ranges, respectively, of the LES-generated output data. The blue line shows
the GABLS3-ICP variances. Note that the simulated results represent resolved variances,
whereas the observed data correspond to total variances. Cabauw, July 2, 2006
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The LES captures the near-surface observed heat 
uxes during03-04 UTC relatively

well, but it overestimates it at higher levels (60 m and 100 m level). The resolved

component of the 
uxes is much smaller than that of the corresponding SGS 
uxes. For

a moderately/strongly strati�ed case, this behavior is expected from an LES run using a

grid spacing of 10 m. A �ner grid resolution will undoubtedly lead to a larger contribution

of resolved 
uxes; it might also reduce the spurious pile-up of momentum 
uxes above

120 m AGL. However, a �ner grid resolution is not expected to change the total 
ux

pro�les in any substantial manner.

The modeled variance and 
ux pro�les are consistent with each other|they both

reduce to zero or small residual values above� 200 m AGL. In contrast, the observed

variance and 
ux values remain high near 200 m AGL. It is not clear to us whether, by

simply re�ning grid resolution, the LES model will be able to capture this behavior. We

will attempt to resolve this issue in future work.

5.5.3 Temporal Evolution

In this section, we investigate whether the coupled mesoscale-large-eddy modeling ap-

proach managed to capture the intermittency in turbulence. We utilized sonic anemome-

try (also known as the eddy-covariance approach) 
ux measurements for model validation.

Sonic anemometry is used for measuring turbulent 
uxes [Foken, 2008].

In Figure 5.15, the observed and modeled surface 
uxes are shown. Both WRF and

LES are able to capture the surface 
uxes very well. The observedsurface 
uxes do

not show signs of intermittency and the WRF- and LES-generated 
uxes are more or

less continuous in time. The YSU surface layer scheme of the WRF model arti�cially

clips u� at 0.1 m s� 1 to avoid the so-called runaway cooling problem. This spurious

behavior is clearly visible in the left panel of Figure 5.15. Given that during 0-9 UTC,

the WRF-based friction velocity (u� ) is much higher than 0.1 m s� 1, we believe that the

clipping has not impacted our results in any signi�cant manner. Nevertheless, in our

future work, we will study the impact of this clipping and other thresholding operations

on the simulation of intermittent turbulence.

LES simulation again overestimates (u� ) values when compared with observed sonic

anemometer data but WRF captured them at nighttime very well. At 00{09 UTC, the

simulated u� values are in the range of 0.15-0.25 m s� 1. Similarly, LES simulations also

overestimated the magnitude of (downward) sensible heat 
ux (hw0� 0i ) values through
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Figure 5.14: Plots of local friction velocity (top panels) and sensible heat 
ux (bottom
panels) pro�les corresponding to 00{01 UTC (left panels) and 03{04 UTC (right panels).
The red dots with whiskers represent median and minimum-to-maximum values of the
observations from the 200 m tall meteorological tower. The solid black lines and the
light grey areas correspond to the medians and minimum-to-maximumranges of the
LES-generated output data, respectively. The blue line is the total 
uxes from GABLS3-
ICP. Cabauw, July 2, 2006
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Figure 5.15: Time series of surface friction velocity (left panel) and sensible heat 
ux
(right panel). Observations from sonic anemometers at 5 m AGL is represented by red
dots. The green and black lines denote the output from the WRF model and the LES
model, respectively. Cabauw, July 2, 2006

the whole time of study, while WRF does represent the night time valuevery well. The

simulated hw0� 0i values remained more or less constant during the period of 00-09 UTC.

In Figure 5.16, we plot time series of observed and LES-generated vertical velocity at

60 m and 180 m. In the case of LES, the time series represent simulated data (sampling

rate, 10 Hz) from a grid point at the center of the model domain andsonic anemometer

data (frequency, 20 Hz).

The LES qualitatively captured the range of 
uctuations; however, the magnitudes

are notably underestimated. The high turbulence events at 60 m level during 00 UTC

to 02 UTC and at 180 m level during 03z to 04z are not captured. Theobserved vertical

velocity displays non-stationary character. The LES-generatedtime series show qual-

itatively similar behavior; the non-stationary character capturedin the simulations is

attributed to the use of realistic boundary and forcing conditions.For example, soon

after the intensi�cation of the simulated LLJ (around 4 UTC), the 
 uctuations increased

signi�cantly due to shear-generated turbulence.

The observed vertical velocity time series during 03 UTC to 05 UTC at180 m shows

some evidence of intermittency. Unfortunately, such intermittency patterns were not

presented in the LES-generated data.
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Figure 5.16: Time series of vertical velocity at 60 m and 180 m levels. Cabauw, July 2,
2006
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5.5.4 Spectral Analysis

The spectral analysis is done in a similar manner to that in the CASES-99 study. The

analysis used is based on the data during the SBL condition (01 UTC - 05 UTC). The

following comments can be made based on Figure 5.17:

ˆ In the high-frequency (inertial) range, most of the sonic anemometer data-based

spectra become 
atter than a -5/3 slope; this may also be due to the measurement

noise as we discussed in the CASES-99 study.

ˆ The LES-generated spectra show slopes which are steeper than -5/3 in the inertial

range due to the de�ciency of modeling resolution.

ˆ Similar to the observation in the CASES-99 study, the sonic anemometer-based

horizontal wind speed and temperature spectra portray slopes less than -3 in the

mesoscale regime, but greater than -5/3. The observed temperature spectra are

reported to follow a -1.4 slope by Bolgiano [1959]. In our results as well,the

observed temperature spectra follow this -1.4 slope.

ˆ In the case of horizontal wind speed and temperature, the modeled mesoscale spec-

tra also show slopes of -3. This speci�c result again signi�cantly boosts our con�-

dence in the simulated data.

ˆ The location of the modeled spectral gap (around 0.01 Hz) is identical with the

results reported by Muschinski et al. [Muschinski et al., 2004] shown in Figure 4.18.

In the case of the sonic anemometer data, the spectral gaps arenot discernible for

the near-surface horizontal wind speed and vertical velocity data.

ˆ The observed vertical velocity spectra appear to be following the -5/3 slope. In

contrast, the modeled vertical velocity spectra display a 
atter behavior in the

low-frequency range. We speculate that, by increasing the modeldomain size, we

might improve the shape of these spectra.

5.5.5 Sensitivity Experiments

In this section, we report results from various sensitivity experiments including Obser-

vational Data Assimilation, Longwave Radiation, and Mesoscale Advection. Due to the
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Figure 5.17: Wavelet spectra of horizontal wind speed (top panel),vertical velocity
(second panel) and temperature (third panel) at three di�er level,60 m (left),100 m
(middle) and 180 m (right). (units are m2 s� 2 Hz� 1 for Suu (f ) and K2 Hz� 1 for S�� (f )).
Cabauw, July 2, 2006
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fact that resolution sensitivity analysis shows similar results to those found with the

CASES-99 study, they will not be repeated here.

Observational Data Assimilation

As mentioned in Section 5.3, in this work, we performed two mesoscalesimulations.

One of these simulations, called WRF-SN, included four-dimensional data assimilation

(FDDA) of public-domain observations; the other simulation, called WRF-NN, did not

include such data assimilation. In Figure 5.18, we present results from the WRF-NN

simulation. We also show di�erences between this simulation and the WRF-SN simula-

tion. It is evident that di�erences between the WRF-SN and WRF-NNsimulations are

quite signi�cant. There are several positive impacts of the use of FDDA in the WRF

simulations:

ˆ FDDA decreases the overestimations of the wind speed overall andthe LLJ's

strength.

ˆ The wind direction shear is increased signi�cantly towards the magnitude of the

observation.

ˆ Without FDDA, the cold bias of the potential temperature is greater, and the

inversion strength is much weaker during the night time.

In this study, the moisture observation data is not assimilated into the model; the di�er-

ence shown here is caused by the in
uences of other �elds (wind andtemperature). We

would de�nitely assimilate the observed moisture data in future studies.

Longwave Radiation

In this sub-section, we document the e�ects of longwave radiationon the LES-generated

data. In Figure 5.19, results from an LES run with radiation scheme turned o� (called

L80-A-SN) are presented. In this �gure, we also show di�erencesbetween this simulation

and the control simulation (i.e., L80-A-SN minus L80-A-R-SN). The presence of longwave

radiational cooling results in a marginally cooler boundary layer and free atmosphere.

Near the surface, due to the lack of adequate vertical resolution, a small amount of

erroneous warming is noticeable.
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Figure 5.18: In the left panel, time-height plots of the WRF model-simulated (domain
4) wind speed (top panel), wind direction (second panel), potentialtemperature (third
panel), and speci�c humidity (bottom panel) are shown. During this simulation (re-
ferred to as the NN simulation), no observational data are assimilated. The right panels
show di�erences between the NN simulation and the control WRF simulation with data
assimilation (i.e., NN minus SN). Cabauw, July 2, 2006
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The overall impact of longwave radiational cooling is insigni�cant for the other vari-

ables. Since the geostrophic wind was moderate (see Figure 5.5) during the night of July

1st/2nd, radiative 
ux divergence played a minor role in comparison with turbulent 
ux

divergence.

Mesoscale Advection

The in
uence of mesoscale advection forcing is summarized in Figure 5.20. In the left

panel of this �gure, results from the L80-SN run (with no meoscaleadvection) are pre-

sented. The right panels show di�erences between this simulation and the control simu-

lation (i.e., L80-SN minus L80-A-R-SN). Since the e�ects of longwaveradiational cooling

were found to be marginal, the di�erences reported in this �gure are largely due to the

mesoscale advection forcing. The most noteworthy di�erence is in the strength and the

height of the LLJ. Due to the lack of negative advection (see the top left panel of Fig-

ure 5.6) for the theu component, the L80-SN run simulates a much stronger LLJ than

the control run (Figure 5.20). Over the period from 02 UTC to 06 UTC, due to the

absence the cold advection, (see bottom left panel of Figure 5.6),the estimated inversion

is much stronger than the observed data which leads to a lower LLJ incontrast to the

L80-A-R-SN run.
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Figure 5.19: In the left panels, time-height plots of the MATLES model-simulated wind
speed (top panel), wind direction (second panel), potential temperature (third panel),
and speci�c humidity (bottom panel) are shown. The radiation scheme is switched o�
during this simulation (referred to as L80-A-SN). The right panels summarize di�erences
between this simulation and the control simulation (i.e., L80-A-SN minus L80-A-R-SN).
Cabauw, July 2, 2006
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Figure 5.20: In the left panels, time-height plots of the MATLES model-simulated wind
speed (top panel), wind direction (second panel), potential temperature (third panel), and
speci�c humidity (bottom panel) are shown. During this simulation, the radiation scheme
is switched o�; also, no mesoscale advection terms are invoked during this simulation
(referred to as L80-SN). The right panels summarize di�erence between this simulation
and the control simulation (i.e., L80-SN minus L80-A-R-SN). Cabauw, July 2, 2006
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Chapter 6

Similarity Relationships

6.1 Introduction

In the previous chapter, we have shown that our newly proposed framework can generate

the overall mean characteristics of observed stable boundary layers. Spectral analysis, one

of the rigorous evaluation tests, has also been applied. Here, morerigorous evaluations

will demonstrate if the simulated 
ows conform to the various similarity relationships

proposed in the stable boundary layer literature [e.g., Nieuwstadt [1984], Sorbjan [2006]].

Recently, some of these relationships (e.g., normalized variances) were found to be `quasi-

universal' [see Basu et al. [2006] and Basu et al. [2010]]. In contrast,there is very little

consensus among researchers regarding the exact magnitude and/or the exact shape

of a few other similarity relationships (e.g., the normalized velocity andtemperature

gradients). Nevertheless, in the absence of any theoretical results, all the similarity

relationships provide valuable guidance for evaluation of the LES-generated 
ow �elds.

6.2 Methods

From all the idealized and coupled mesoscale-LES runs, planar-averaged mean, (resolved)

variance, and (resolved and subgrid) 
ux of relevant variables areavailable at a tempo-

ral resolution of �ve minutes. From these variables, several normalized variables are

estimated. These normalized variables are plotted as a function of normalized height

or against the stability parameter. In all the plots, 10th, 25th , 50th, 75th, and 90th

percentiles are depicted with various colors. In the case of vertical pro�le plots, all the
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dependent variables are spline-interpolated to common height levels( z
h = 0.1, 0.2, ...

etc.) prior to the percentile calculations. In the case of the plots involving the stability

parameter as an independent variable, we partition the data in stability classes. We

use adaptive bin widths in order to have an equal number of samples ineach bin. For

the CASES-99 and GABLS runs, we have� 30 samples in each bin; in the case of the

idealized runs we have signi�cantly more (� 470) samples in each bin.

In the case of the idealized runs, we analyze data from the last half of each simulation

(i.e., 6{12 h). In the case of the CASES-99 run, we only use data corresponding to 6{12

UTC. The �rst hour of the simulation is discarded as spin-up. In the case of the GABLS

run, we analyze data from the 1{5 UTC period. During this time frame, a LLJ was

clearly discernible in both observed and simulated data. We do not consider data after

sunrise since the surface layer becomes unstable at that time (morning transition).

To avoid the e�ect of the boundary layer top, we analyze the lower 75% of boundary

layer data for the majority of the plots (except the normalized 
uxpro�les). Following

Mahrt [1981] and numerous other studies, we assumeh equals the height of the simulated

LLJ core in the case of the idealized LES runs. In the case of the coupled mesoscale-LES

runs, it is di�cult to ascertain the LLJ height accurately. In these cases, we estimateh

from the sensible heat 
ux pro�les. Speci�cally, for every time instance, we �rst �nd the

height where sensible heat 
ux decreases to 25% of the surface value; then, we multiply

that height by (1/0.75).

6.3 Normalized Fluxes

Utilizing the local scaling hypothesis and several other plausible assumptions, Nieuwstadt

[1984, 1985] proposed the following relationships for normalized momentum and sensible

heat 
uxes:

u2
� L

u2
� 0

=
�

1 �
z
h

� a
(6.1)

hw0� 0i L

hw0� 0i 0
=

�
1 �

z
h

� b
(6.2)

where u� , hw0� 0i , z, and h represent friction velocity, sensible heat 
ux, height above

ground, and stable boundary layer height, respectively. The subscripts 0 and L refer to
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surface and local values, respectively.

Figure 6.1: Vertical pro�les of normalized momentum 
ux (left panel)and sensible heat

ux (right panel). These �gures are taken from Nieuwstadt [1984].
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Figure 6.2: Vertical pro�les of normalized momentum 
ux (left panel)and sensible heat

ux (right panel). The top, middle, and bottom panels represent idealized, CASES-99,
and GABLS LES runs, respectively.

Based on the observational data from Cabauw, the Netherlands,Nieuwstadt [1984]

found a and b to be equal to 1.5 and 1, respectively (see Figure 6.1). In comparison,

Lenschow et al. [1988] reporteda = 1.75 and b = 1.5, using observational data over the

U.S. Great Plains. Acknowledging the scatter in the SESAME 1979 �elddata, Sorbjan

[1988] proposed the following constants:a = 1.5 and b = 2. We would like to point out
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that for quasi-stationary conditions (also neglecting radiative 
uxdivergence), it is quite

straightforward to analytically derive that b equals 1.

In Figure 6.2, we show the normalized 
ux pro�les from the idealized and the coupled

mesoscale-LES runs. For comparison, we also overlay Equations 6.1and 6.2. The median

values of normalized 
uxes from all the runs agree with the predictions by Nieuwstadt

[1984] quite well. Clearly, the momentum 
ux pro�les have more curvature than the

corresponding sensible heat 
ux pro�les. Furthermore, in all the cases, the momentum


ux pro�les have less variability in comparison to the sensible heat 
uxpro�les. Obser-

vational data from Cabauw also support this behavior (see Figure 6.1). The sensible heat


ux pro�le from the GABLS run is quite far from the quasi-stationary state. This could

be due to lack of spin-up or non-stationarity in the mean 
ow. All thesimulated 
ux

pro�les deviate from the predictions by Nieuwstadt [1984] near thetop of the boundary

layer. This behavior is well-known in the LES literature. The LES subgrid-scale models

have di�culty in dissipating energy near the strongly strati�ed boundary layer top. The

pile-up of energy causes spurious turbulent 
uxes. This issue slowlydisappears with

increasing grid resolution.

6.4 Normalized Gradients

Based on the observations from the Cabauw tower, the Netherlands, Duynkerke [1991]

proposed the following relationships:

� m = 1 + � m �
�

1 +
� m �
am

� am � 1

(6.3)

� h = 1 + � h �
�

1 +
� h �
ah

� ah � 1

(6.4)

where� m and � h are the so-called non-dimensional velocity and temperature gradients. �

is the local stability parameter [= z
� ; calculated as a ratio of height (z) and local Obukhov

length (�)]. The following constants were used by Duynkerke [1991]:am = ah = 0:8;

� m = 5; and � h = 7:5. From Figure 6.3, it is clear that the observational data contained

large scatter. Interestingly, the regression �t (dashed line in Figure 6.3) proposed by

Duynkerke [1991] underestimated the normalized gradients for almost the entire range of

stability values.
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In a more recent study, Yag•ue et al. [2006] analyzed observational data from a �eld

campaign (called SABLES 98) in Spain. The estimated� m and � h pro�les show similar

trends as the Cabauw data. In their plots, both Duynkerke [1991]and Yag•ue et al. [2006]

overlayed linear� m and � h pro�les commonly utilized by numerical models.

Figure 6.3: Normalized velocity (left panels) and potential temperature (right panels)
gradients as function of the stability parameter. The top and bottom panel �gures are
taken from Duynkerke [1991] and Yag•ue et al. [2006], respectively.

The normalized gradients estimated from the LES runs are shown in Figure 6.4. We

also overlay Equations 6.3 and 6.4 for comparison. Qualitatively the shape of these

pro�les are similar to the observational data. The pro�les derived from the coupled

mesoscale-LES runs agree quite well with the idealized runs. Clearly,around z
� � 3,

the gradients seem to start saturating. The saturation at higherstability signi�es more

turbulent 
ux than derivable from the widely used linear pro�les.

113



10
-2

10
-1

10
0

10
1

10
2

10
-1

10
0

10
1

10
2

10
3

z/L

f m

 

 

LES (p10-p90)
LES (p25-p75)
LES (p50)
Duynkerke (1991)

10
-2

10
-1

10
0

10
1

10
2

10
-1

10
0

10
1

10
2

10
3

z/L

f h

 

 

LES (p10-p90)
LES (p25-p75)
LES (p50)
Duynkerke (1991)

10
-1

10
0

10
1

10
2

10
3

10
-1

10
0

10
1

10
2

10
3

z/L

f m

 

 

LES (p10-p90)
LES (p25-p75)
LES (p50)
Duynkerke (1991)

10
-1

10
0

10
1

10
2

10
3

10
-1

10
0

10
1

10
2

10
3

z/L

f h
 

 

LES (p10-p90)
LES (p25-p75)
LES (p50)
Duynkerke (1991)

10
-1

10
0

10
1

10
2

10
3

10
-1

10
0

10
1

10
2

10
3

z/L

f m

 

 

LES (p10-p90)
LES (p25-p75)
LES (p50)
Duynkerke (1991)

10
-1

10
0

10
1

10
2

10
3

10
-1

10
0

10
1

10
2

10
3

z/L

f h

 

 

LES (p10-p90)
LES (p25-p75)
LES (p50)
Duynkerke (1991)

Figure 6.4: Normalized velocity (left panels) and temperature (rightpanels) gradients
as function of the stability parameter. The top, middle, and bottompanels represent
idealized, CASES-99, and GABLS LES runs, respectively.

6.5 Normalized Standard Deviations

Based on his local-scaling hypothesis, Nieuwstadt [1984] predicted normalized standard

deviations as a function of stability and compared with observationsfrom Cabauw, the

Netherlands. In Figure 6.5, turbulent velocity (q) is de�ned as the square root of twice
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the turbulent kinetic energy. Basu et al. [2006] and Basu et al. [2010] further analyzed

stably strati�ed observational data from mid-latitude regimes, and the Antarctic plateau,

respectively. They found most of the estimated normalized standard deviations to follow

the local scaling results by Nieuwstadt [1984] remarkably well. Basu and Port�e-Agel

[2006] and Basu et al. [2006] also analyzed data from the GABLS-1 intercomparison case

[Beare et al., 2006] and came to similar conclusions.

Figure 6.5: Normalized vertical velocity variance and turbulent velocity as a function of
the stability parameter. These �gures are taken from Nieuwstadt[1984].

In Figure 6.6, we show normalized vertical velocity standard deviation and turbulent

velocity as a function of the stability parameter. Both these statistics behave quite sim-

ilarly to the observations shown in Figure 6.5. We would like to note thatthe simulated

data are slightly lower in magnitude compared to the observed data.This result is ex-

pected as we only plot the resolved standard deviations; our LES model does not provide

subgrid-scale standard deviation. The subgrid-scale standard deviations are expected to

increase with higher stability. Once again, the statistics from the coupled mesoscale-LES

runs behave very similarly to the idealized cases.
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Figure 6.6: Normalized (resolved) vertical velocity standard deviation and (resolved)
turbulent velocity as function of the stability parameter. The top, middle, and bottom
panels represent idealized, CASES-99, and GABLS LES runs, respectively.
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Chapter 7

Concluding Remarks and Future

Work

7.1 Concluding Remarks

In this study, we proposed a new coupled mesoscale-large-eddy modeling framework. We

demonstrated that if accurate boundary conditions and forcing terms (extracted from

a mesoscale simulation) are used, it is possible for a large-eddy simulation to `mimic'

mesoscale model-generated �rst-order statistics (e.g., hodographs). In this manner, we

circumvented any ad-hoc nudging of the LES-generated 
ow �elds.

The coupled models generated a site-speci�c realistic stable boundary layer and as-

sociated turbulence �elds. They reproduced some of the characteristics of an observed

low-level jet. More importantly, the LES model, driven by the mesoscale model-generated

data, captured di�erent scaling regimes of the energy spectra including the so-called spec-

tral gap. This was one of the key achievements of this study. On the other hand, a major

shortcoming of this study is that the coupled models were unable to capture the inter-

mittent nature of the observed surface 
uxes.

We found the model validation exercise to be quite challenging for theCASES-99

study. This is due to: (i) unavoidable amplitude and displacement (spatial and temporal)

errors associated with mesoscale simulations; (ii) tremendous spatio-temporal variabilities

of observed and modeled SBL 
ow �elds; and (iii) signi�cant disagreement among the

di�erent observational platforms. This last point was unexpectedand needs further

emphasis|in this work, we found and reported on disagreements between: lidar and
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sounding (wind speed); scintillometer and sonic anemometer (surface 
uxes); lidar and

sonic anemometer (variances). Even two sonic anemometers located a few meters apart

provided di�erent data. In closing, we note as Banta [2010] also did inhighlighting

distinctions distinctions between modelers and their models/simulations on the one hand

versus observations/data on the other: \everyone believes a measurement except the

person who took it," but \no one believes a model result, except theperson who made

it." While such an innocuous statement is generally viewed with some levity, in the

context of SBL modeling, we advise modelers not to `believe' based ononly one or two

sets of observations, but rather validate their simulated results against a diverse suite of

observed datasets.

7.2 Future Work

Even though this new framework is superior to conventional approaches, it has several

limitations. In this chapter, we summarize these limitations and suggest possible solu-

tions. We also provide a list of scienti�c activities which should be pursued to further

our understanding of turbulence in stably strati�ed 
ows.

ˆ The major focus of our current work is on two illustrative cases. The next logi-

cal step will be to create an extensive database of realistic turbulent 
ows. This

database, in parallel with the idealized LES database, will be invaluablefor wind

turbine in
ow and boundary layer research.

ˆ The realistic in
ows should be used for wind turbine load calculations. It will be

interesting to �nd out how estimated extreme and fatigue loads from these cases

compare with loads based on idealized LES-SBL wind �elds and with loadsbased

on IEC-prescribed stochastic simulation for neutral boundary layer conditions.
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Figure 7.1: Online coupling approach involving the WRF mesoscale and the WRF-LES
models.

ˆ In this thesis, we focused on an o�ine coupling approach. A better approach would

be to use an online coupled approach (Figure 7.1). In such an approach, one would

have realistic terrain, land use, and all the necessary atmosphericphysics. However,

our preliminary analysis revealed that this approach is very limited (especially

for stable boundary layer 
ows) due to the highly dissipative natureof the SGS

models in the WRF code. Since the WRF model currently has static SGSmodels,

we found the simulated statistics to be highly sensitive to the chosencoe�cients

(see Figure 7.2). We recommend implementation of the locally-averaged scale-

dependent dynamic (LASDD) SGS model in the WRF model.
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Figure 7.2: Vertical pro�les of resolved horizontal velocity variances. Left panel: daytime
(unstable), right panel: nighttime (stable). This �gure is taken from Wang et al. [2012].
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ˆ In this work, we use nudging coe�cients recommended by the National Center for

Atmospheric Research. Extensive sensitivity studies should be performed to �nd

optimal coe�cients for future simulations.

ˆ Based on our work, it is clear that the coupled mesoscale-LES modelhas the abil-

ity to capture the overall structure of observed boundary layers and to conform

with existing similarity relationships. However, our simulations do not portray

any signature of the so-called bursting events (typically associated with Kelvin-

Helmholz instability and other sub-mesoscale events). These events can be seen

in the Cabauw tower data (Figure 7.3 - top panel), as well as in the sodar data

(Figure 7.3 - bottom panel). We would like to point out that this limitation was

noted in the recent GABLS3 LES Intercomparison study [Basu et al., 2011] where

none of the LES models captured these bursting events. We speculate that the

LES domain size might be too small for the Kelvin-Helmholz waves to develop.

We recommend increasing the domain size (at the expense of more computational

costs) in future simulations.

ˆ Recently, we came across some 
ow visualizations based on direct numerical sim-

ulations of stably strati�ed 
ows (Figure 7.4). We recommend the use of such

intensive 
ow visualizations based on the idealized and realistic LES data.
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Figure 7.3: Top panel: vertical velocity time-series from the Cabauwtower, the Nether-
lands (July 2, 2006). This �gure is taken from Basu et al. [2011]. Bottom panel: time-
height plot of vertical velocity variance from the sodar observations taken near Lubbock,
TX on July 27, 2011.

Figure 7.4: Enstrophy �elds from weakly (left), moderately (middle),
and strongly (right) strati�ed simulations. This �gure is taken from :
http://www.engr.colostate.edu/ � schaad/Research.html
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