ABSTRACT

WANG, YAO. Generating Realistic In ows for Utility-Scale Wind Turbine s: A Large-
Eddy Simulation-Based Approach. (Under the direction of Sukant8asu.)

Contemporary design standards for wind turbines (e.g., the Intaational Electrotech-
nical Commission) recommend stochastic models (e.g., the Kaimal sfral model) for
turbulence in ow generation. These simple stochastic models aretnery representative
of atmospheric boundary layer turbulence, as they do not accdufor the omnipresent
atmospheric stability e ects. In this thesis, we propose a new colga modeling approach
for the generation of high-resolution, four-dimensional, realistién ow turbulence elds.
Our primary focus is on stably stratied ows and associated low-lesl jets.

The workhorses behind our proposed modeling approach are: (i) tate-of-the-art,
open-source atmospheric model, called the Weather Research d&wilecasting (WRF)
model, and (ii) a large-eddy simulation code utilizing a tuning-free subig-scale model.
In this framework, the WRF model simulates atmospheric ows dowito the mesoscale
(order of 1 km) and the turbine-scale simulation burden is carried oWy the LES code.

We document the strengths and weaknesses of the proposed elod) approach with
the help of a diverse set of observational datasets and semi-engat similarity theories
(e.g., local scaling, spectra). We also touch upon the sensitivity oflomodeling results
with respect to data assimilation and grid resolutions.



Copyright 2013 by Yao Wang

All Rights Reserved



Generating Realistic In ows for Utility-Scale Wind Turbines: A LargeEddy
Simulation-Based Approach

by
Yao Wang

A thesis submitted to the Graduate Faculty of
North Carolina State University
in partial ful llment of the
requirements for the Degree of
Master of Science

Marine, Earth, and Atmospheric Sciences

Raleigh, North Carolina
2013

APPROVED BY:

Anantha Aiyyer Gary Lackmann

Lance Manuel Sukanta Basu
Chair of Advisory Committee



BIOGRAPHY

The author was born in Hohhot, Inner Mongolia, China at 1986. He we to local
schools before going to the college at Nanjing University of Inform@an Science and
Technology, Nanjing, Jiangsu, Chian in 2005 with the major of atmgéeric physics in
the Department of Atmospheric Physics, School of Atmospherichiysics. After he got
his Bachelor Degree in July 2009, the author joined Chinese Wind Eiggr Association
(CWEA) as a program manager mainly responsible for wind resourcessessment work
until July 2010. In June 2010, he went to Denmark representing CBBA to attend the
International Electrotechnical Committee's PT5 working group meting and co-authored
a wind resource assessment report of Chinese O shore Wind Eneriginded by World
Wild Foundation (WWF). On August 8th 2010, the author landed at RDU (Raleigh-
Durham) airport, started his graduated studying and research kf as a Master student
and graduate research assistant at the Department of Marine,ah and Atmospheric
Science in North Carolina State University. During the summer of 2@] the author
did an internship in National Wind Technology Center of National Ren&able Energy
Laboratory, Boulder CO. Out of the author's academic life, he is a ga runner who won
quite a few amateur award, and loves play all kinds of sports.



ACKNOWLEDGEMENTS

It would not have been possible to write this Master thesis without ta help and support
of the kind people around me.

Above all, 1 would like to thank my parents. Without their strong support | would
never even have the courage to come to U.S. for studying in 201(hel also have given
me their unequivocal support throughout, as always. My mere esgssion of thanks
likewise does not su ce.

Next,| would like to thank my principal supervisor, Dr. Sukanta Basu His kindness,
understanding, patience and unsurpassed knowledge of Atmosplc Boundary Layer
Modeling are the key elements that help me walk into and survive in this 1BV world'
and eventually nd myself here. The great personality of generogjthumbleness and the
belief to science | learned from Dr. Basu was the most valuable treas | gained during
the period of my Master degree studying and | will be bene ted fronthem in my whole
life.

The good advice, friendship of my committee members, Dr. AnanthAiyyer, Dr.
Gary Lackmann and Dr. Lance Manuel have been invaluable on botlcademic and
personal levels, for which | am extremely grateful.

| also want to thank Dr. Patric Moriarty and Dr. Matthew Church e Id who gave me
a great opportunity of working at National Renewable Energy Labmatory. | learned so
much during that time and enjoyed myself in Boulder CO.

| thank the Department of Marine, Earth and Atmospheric Sciencéor their support
and assistance since the start of my research in 2010, especiallg fleople in my out
BLM group: Chris Nunalee, Kiliyanpilakkil Velayudhan Praju, Je Craft, Richard Pot-
ter, Ping He and Heather Richardson. | am also grateful to my fellostudents Je ery
Willison, Sarah Suda and fellow professor Markus Petters for proviy me so much help
and encouragement throughout my research life. | would like to asBwledge the nan-
cial, academic and technical support of North Carolina State Univsity and its sta .
Particularly I'm very grateful to the fund from a National Science Bundation grant
which provided the necessary nancial support for this research

Throughout, some of whom have already been nhamed. For any as@r inadequacies
that may remain in this work, of course, the responsibility is entirely m own.



TABLE OF CONTENTS

LIST OF TABLES . . . . . . e e e e e e Vi
LIST OF FIGURES . . . . . . e e Vil
Chapter 1 Introduction . . . . . . . . . ... . 1
Chapter 2 Background . . . . . . . . . . . ... 12
2.1 Numerical Modeling of Turbulence . ... ... ... ... ........ 12
2.2 Large-Eddy Simulation (LES) . . . . .. .. ... ... oL 13
2.3 Subgrid-Scale Models . . . . . ... ... 14
2.4 Planetary Boundary-Layer Parameterization . . . . . .. .. ... ... 18
2.5 Four-Dimensional Data Assimilation (FDDA) . . .. .. .. .. ... .. 20
25.1 FDDAdevelopment. . . . .. .. .. ... .. ... .. .. ... 20
2.5.2 Observational Nudging Approach . . . . .. ... ... ...... 21
253 Previousresearch . . . .. .. ... ... .. ... ... 24
26 Coupled Modeling. . . . . .. . . . . . 29
2.6.1 One-Way Coupling . . .. .. ... .. . .. .. ..., 31
2.6.2 Two-Way Coupling . . . . .. .. .. . . . . 32
Chapter 3 Methodology . . . . . . . . . .. . . . . 34
3.1 Proposed Modeling Framework . . . ... ... ... ........... 34
3.2 Mesoscale Modeling . . . . . . . ... .. 34
3.3 Large-Eddy Simulation . . . . . . ... o 36
Chapter 4 Cases Study 1 - CASES-99 . . . ... ... ... ... ...... 41
4.1 Descriptionof Case Study . . . . . . . ... o 41
4.2 Description of Observational Datasets . . . . . ... ... ........ 43
4.3 WRF Congurations . . . . . . . . . . . i e 44
4.4 LESSsetup . . . . . . . e 47
45 Results . . . . . . . 50
4.5.1 First-Order Statistics . . . . . . . . . . .. 54
4.5.2 Second-Order Statistics . . . . . . .. .. .. ... ... ... 58
453 Temporal Evolution. . . . .. ... ... ... ... ....... 63
454 Spectral Analysis . . . . . .. 68
455 Sensitivity Experiments . . . ... ..o oo 71
Chapter 5 Cases Study 2 - GABLS3 . . . . . . . .. . .. .. ... ... 80
5.1 Descriptionof Case Study . . . .. .. .. ... ... ... 80
5.2 Description of Observational Datasets . . . . . .. ... ... ...... 82
5.3 Mesoscale Modeling Congurations . . . . ... ... ... ........ 82



5.4 LESsetup . . . . . . e 82
55 Results . . . . . e 88
5.5.1 First-Order Statistics . . . . . . . . . . . . . . . . . . 88

5.5.2 Second-Order Statistics . . . . . .. ... ... ... ... .. ... 93

5.,5.3 Temporal Evolution. . . . . . ... .. ... .. ... .. ..., 97

5.5.4 Spectral Analysis . . . . . .. 101

5.5.5 Sensitivity Experiments . . . . . ... oL 101
Chapter 6 Similarity Relationships . . . ... ... .. ... ... ...... 108
6.1 Introduction . . . . . . . . . . .. e e e 108
6.2 Methods . . . . . . . . . . . e 108

6.3 Normalized Fluxes . . . . . . . . . . . . . . . . . ... 109

6.4 Normalized Gradients. . . . . . . . . . . . . . ... e 112
6.5 Normalized Standard Deviations . . . . . . . ... ... ... ....... m
Chapter 7 Concluding Remarks and Future Work . . .. ... ... ... 117

7.1 Concluding Remarks . . . .. . . . . ... .. ... 117
7.2 Future Work . . . . . . . . 118
References . . . . . . . . . e e e 122



LIST OF TABLES

Table 1.1 Comparison of the underlying assumptions of the IEC-baké ow
generation and boundary-layer meteorology . . . .. ... ... ..

Table 4.1 Basic characteristics of the observational datasets . .... . . . . .
Table 4.2 List of LES runs and associated con gurations

Table 5.1 List of LES runs and associated con gurations

Vi

43
50

86



Figure 1.1
Figure 1.2

Figure 1.3
Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7

Figure 1.8

Figure 1.9

Figure 2.1

Figure 2.2

Figure 2.3

LIST OF FIGURES

World energy consumption by fuel during 1990-2035 . . .... . . 2
Global cumulative installed wind capacity during 1996-201This

gure is taken from GWEC [2011]. . ... ... ... ... .... 3
Global wind energy market forecast for 2012-2016. Thgure is

taken from GWEC [2011]. . . . . . . . . . . .. ... .. ..... 3
Global distribution of cumulative wind energy installed capdity by

the end of 2011. This gure is taken from from GWEC [2011]. . . 4
Wind resource map of the United States at 80 m above gral

level. This map was produced by the National Renewable Energy
Laboratory. http://www.nrel.gov/gis/wind.html . . . . . . .. 5
Top panel: growth of the utility-scale turbines during the pst 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 installation using a specialized vessel
(source: MIT Technology Review). All these gures portray the
enormous size of contemporary wind turbines, the largest aerody

namic structures ever built. . . . . .. ... oL 6
A typical wnd turbine design ow chart. This gure is creaied by
the National Renewable Energy Laboratory. . . ... ... .. .. 7

Left panel: wind turbine gearbox failure due to fatigue (swce: Na-

tional Renewable Energy Laboratory). Right panel: wind turbine
blade failure due to fatigue in the UK (source: UK Telegraph). . . 10
Left panel: turbine failures caused by Typhoon Sangmei Sang-

nan, Fujian, China in 2006 (source: Chinese Wind Energy Asso-
ciation). Right panel: turbine failures caused by a thunderstorm
event near Bu alo Ridge, Minnesota, U.S. in 2011 (source: Na-
tional Renewable Energy Laboratory). . . ... ... ... .... 10

Time and plane-averaged spectra of u-velocity computeal the
x-direction using four di erent SGS models. Left and right pan-

els correspond toz = 30 m and 120 m, respectively. (source :
Kirkil et al. [2012]) . . . . . . . . 17
A schematic diagram of observation nudging. (Gradient dang

color implies decreasing weighting of the observation-model di er-
ENCE.) . . o o e e e 24
Synoptic evaluation of numerically simulated precipitation o) 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] . . . o o 26

vii


http://www.nrel.gov/gis/wind.html

Figure 2.4

Figure 2.5

Figure 2.6

Figure 3.1

Figure 3.2

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

TAMDAR Sounding locations (red stars) between 23 UTC ah
00 UTC according to the current ight schedules of commercial

regional and special airlines. Liu et al. [2006a] . . .. .. .. ... 27
Errors of 2m temperature. CTRL (upper-panel) and Slldwer
panel). [Liuetal.,2006a] . . ... .................. 28
Errors of temperature at 850 hPa.CNTL (upper-panel) ral S1
(lower panel). [Liuetal.,2006a] . . ... .............. 29

Procedure for generating realistic turbulence utilizing a apled
mesoscale and large-eddy modeling framework. Example plots in

this owchart are from CASES-99 study (see Chapter4 . . . . . . 35
The WRF model-based simulated vertical velocity at 90 m (o
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 sitesar
marked on these panels. . . . .. ... ... ... ... .. ... 40

Surface analysis at 12 UTC on October 23, 1999 (top
panel) and October 24, 1999 (bottom panel). The Mid-

west United States was dominated by a synoptic-scale sur-
face high-pressure system during this time period. Source:
http://www.hpc.ncep.noaa.gov/dailywxmap/ . . . . . .. .. ... 42
The WRF model runs utilize four nested domains (top left peel)

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 of various
observational sites are marked on these panels. . . . . . .. .. .. 45
The WRF model-simulated time series of 2 m potential tempeer

ture (left panel) and 2 m speci ¢ humidity (right panel). These

data were used as lower boundary conditions for the LES runs.
Leon, KS, October 24,1999 . ... ... ... .. ... ...... 47
Time-height plots of the WRF model-simulated zonal (eastest;

left panel) and meridional (north-south; right panel) geostrophic

wind components. Leon, KS, October 24,1999 . . . . .. ... .. 48
Time-height plots of the WRF model-simulated mesoscale amtv

tion terms: zonal wind component (top left panel), meridional wind
component (top right panel), potential temperature (bottom let

panel), and speci ¢ humidity (bottom right panel). Leon, KS, Oc-

tober 24,1999 . . . . .. 49
Time-height plots of lidar-based (left panel) and WRF model-
simulated (right panel) wind speeds. Leon, KS, October 24, 1999. 15

viii



Figure 4.7

Figure 4.8

Figure 4.9

The WRF model-based simulated wind speeds and wind barih98

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 onthese panels. . . .. ... ... ........... 52
Time-height plots of sodar-measured wind speeds at Beant (top

left panel), Leon (top right panel), Oxford (bottom left panel), ard
Whitewater (bottom right panel). October 24,1999 . . . . .. .. 53
Time-height plots of simulated wind speed (top panels), windi-

rection (second panels), potential temperature (third panelsiand

speci ¢ humidity (bottom panels). The left and right panels rep-

resent results from the WRF model and the MATLES model, re-
spectively. Leon, KS, October 24,1999 . .. ... .. ... .. .. 55

Figure 4.10 Plots of the wind speed (top left panel), wind direction (o right

panel), potential temperature (bottom left panel), and speci ¢ -
midity (bottom right panel) pro les corresponding to 7 UTC. Leon,
KS, October 24,1999 . . . . . . . . ... .. . .. .. 57

Figure 4.11 Plots of the wind speed (top left panel), wind direction (o right

panel), potential temperature (bottom left panel), and speci ¢ -
midity (bottom right panel) pro les corresponding to 11 UTC.
Leon, KS, October 24,1999 . ... ... ... .. ... ...... 58

Figure 4.12 Observed (left panel) and simulated (right panel) hodogphs. 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 averagjn

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, respectivelythe

right panel. The signature of inertial oscillations is visible in both

the panels. Leon, KS, October 24,1999 . . . . ... .. ... ... 59



Figure 4.13 Plots of variance pro les corresponding to 6{7 UTC (lefpanels)
and 7{8 UTC (right panels). The top, middle, and bottom pan-
els represent horizontal velocity variance ¢ + 2), vertical veloc-
ity variance ( 2), and potential temperature variance (2), respec-
tively. The red dots with whiskers represent median and minimum-
to-maximum values of the observations from the 60 m tall mete-
orological 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. Note that theim-
ulated results represent resolved variances, whereas the okedr
data correspond to total variances. Leon, KS, October 24, 199. 61
Figure 4.14 Time-height plot of doppler lidar-based variances. LeoKS, Oc-
tober 24, 1999 . . . . .. 62
Figure 4.15 Plots of local friction velocity (top panels) and sensible At ux
(bottom panels) pro les corresponding to 6{7 UTC (left panels)
and 7{8 UTC (right panels). The red dots with whiskers repre-
sent 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
Leon, KS, October 24,1999 . ... ... ... .. ... ...... 64
Figure 4.16 Time series of surface friction velocity (left panel) andrssible heat
ux (right panel). Fluxes measured by a small-aperture scintil-
lometer are depicted with green triangles. Observations from sonic
anemometers at 1.5 m and 3 m AGL are represented by stars and
circles, respectively. The solid blue and red lines denote the output
from the WRF model and the MATLES model, respectively. The
observed uxes clearly portray intermittent behavior. Leon, KS,
October 24,1999 . . . . . . . . . ... 65
Figure 4.17 Time series of wind speed (top panels), vertical velocityniddle
panels), and temperature (bottom panels). The left and right pan
els correspond, respectively, to the near-surface layer (10 nmda
the outer layer (55 m for wind speed and temperature; 50 m for
vertical velocity). Leon, KS, October 24, 1999 . . ... .. .. .. 67



Figure 4.18 Wavelet spectra of horizontal wind speed (top left pabgvertical
velocity (top right panel) and temperature (bottom left panel). Fo
comparison, spectra reported by Muschinski et al. [2004] are sho
in the bottom right panel (units are m? s 2 Hz * for Sy, (f) and
units, corrected relative to Muschinski et al. [2004], are KHz !
for S (f)). Spectral gaps (around 0.01 Hz) are noticeable in the
spectra for wind speed and temperature. Leon, KS, October 24,
1999 . . L 70

Figure 4.19 In the left panel, time-height plots of the WRF model-simutad
(domain 4) wind speed (top panel), wind direction (second panel),
potential temperature (third panel), and speci ¢ humidity (bottom
panel) are shown. During this simulation (referred 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 . . . . . . . . . ... 73

Figure 4.20 Time-height plots of simulated wind speed (top panels), vdrdi-
rection (second panels), potential temperature (third panelsiand
speci ¢ humidity (bottom panels). The left and right panels sum-
marize results from the MATLES model using 40 40 40 and
64 64 64 grid points, respectively. Leon, KS, October 24, 1999 75

Figure 4.21 Plots of variance pro les from the L40-A-R-SN (left pagls) and
L64-A-R-SN (right panels) runs for 7{8 UTC. The top, middle,
and bottom panels represent horizontal velocity variance §+ 2),
vertical velocity variance ( 2), and potential temperature 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 output data. Note that theim-
ulated results represent resolved variances, whereas the obedr
data correspond to total variances. Leon, KS, October 24, 199. 76

Figure 4.22 Plots of local friction velocity (top panels) and sensible &t ux
(bottom panels) from the L40-A-R-SN (left panels) and L64-A-R-

SN (right panels) runs for 7{8 UTC. The red dots with whiskers
represent median and minimum-to-maximum values of the observa-
tions 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, respéatly. 77

Xi



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 (bot-

tom panel) are shown. The radiation scheme is switched o during

this simulation (referred to as L80-A-SN). The right panels summa-

rize di erences between this simulation and the control simulation

(i.e., L80-A-SN minus L80-A-R-SN). Leon, KS, October 24, 1999 . 87

Figure 4.24 In the left panels, time-height plots of the MATLES model-

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

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 summa-

rize di erence between this simulation and the control simulation

(i.e., L80-SN minus L80-A-R-SN). Leon, KS, October 24, 1999 .. 79

Surface analysis for 00 UTC July 2, 2006. (The locations thie
observational site is marked inred.) . . . .. ... ... ... ... 81
The WRF model runs utilize four nested domains (top left peel)

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 observatiai

site is marked onthese panels. . . . . . ... ... ... ...... 83
Plots of Land use from WRF Domain-04. Extraction locations
marked by theredstar . . . .. .. ... ... ... ..., 84

The WRF model-simulated time series of 2 m potential tempeaer

ture (left panel) and 2 m speci ¢ humidity (right panel). These

data were used as lower boundary conditions for the LES runs.
Cabauw, July 2,2006 . . . . . . .. .. ... .. 85
Time-height plots of the WRF model-simulated zonal (eastest;

left panel) and meridional (north-south; right panel) geostrophic

wind components. Cabauw, July 2, 2006 . .. .. ... ...... 86
Time-height plots of the WRF model-simulated mesoscale amtv

tion terms: zonal wind component (top left panel), meridional wind
component (top right panel), potential temperature (bottom let
panel), and speci ¢ humidity (bottom right panel). Cabauw, July
2,2006 . . . .. 87
The WRF model-based simulated wind speed at 90 m (left pdne

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. . . . . . . . . . . . . 88

Xii



Figure 5.8

Figure 5.9

Time-height plots of wind speed (top panels), wind directiofsec-

ond panels), potential temperature (third panels), and speci c tr

midity (bottom panels). The left and right panels represent results

from the tower data and the WRF model, respectively. Cabauw,

July 2,2006 . . . . ... 90
Time-height plots of simulated wind speed (top panels), windi-

rection (second panels), potential temperature (third panelsiand

speci ¢ humidity (bottom panels). The left and right panels rep-
resent results from the WRF model and the MATLES model, re-
spectively. Cabauw, July 2,2006 . .. ... ... ......... 91

Figure 5.10 Plots of the wind speed (top left panel), wind direction (o right

panel), potential temperature (bottom left panel), and speci c lu-
midity (bottom right panel) pro les corresponding to 00-01 UTC.
Cabauw, July 2,2006 . . . . . . .. .. ... .. 92

Figure 5.11 Plots of the wind speed (top left panel), wind direction (o right

panel), potential temperature (bottom left panel), and speci ¢ -
midity (bottom right panel) pro les corresponding to 03-04 UTC.
Cabauw, July 2, 2006 . . . . . . ... .. .. ... 94

Figure 5.12 Observed and simulated hodographs. The red dots repent veloc-

ity observations (with temporal averaging of 10 min) measured by

a sonic anemometer 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 signatu

of inertial oscillations is visible in both the panels. Cabauw, July
2,2006 . . .. e 95

Figure 5.13 Plots of variance pro les corresponding to 00{01 UTC (epan-

els) and 03{04 UTC (right panels). The top, middle, and bottom
panels represent horizontal velocity variance ¢ + 2), vertical
velocity variance ( 2), 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. Thdue
line shows the GABLS3-ICP variances. Note that the simulated
results represent resolved variances, whereas the observeth dar-
respond to total variances. Cabauw, July 2, 2006 . .. .. .. .. 96

Xiii



Figure 5.14 Plots of local friction velocity (top panels) and sensible &t ux
(bottom panels) pro les corresponding to 00{01 UTC (left panels)
and 03{04 UTC (right panels). The red dots with whiskers repre-
sent 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-
maximum ranges of the LES-generated output data, respectively
The blue line is the total uxes from GABLS3-ICP. Cabauw, July
2,2006 . . . .. 98

Figure 5.15 Time series of surface friction velocity (left panel) andrs&ble 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 . . . . . . .. .. ... .. 99
Figure 5.16 Time series of vertical velocity at 60 m and 180 m levels. Galw,
July 2,2006 . . . . .. 100

Figure 5.17 Wavelet spectra of horizontal wind speed (top panel)estical ve-
locity (second panel) and temperature (third panel) at three di er
level, 60 m (left),100 m (middle) and 180 m (right). (units are rf
s 2Hz *for Sy, (f) and K2 Hz * for S (f)). Cabauw, July 2, 2006 102
Figure 5.18 In the left panel, time-height plots of the WRF model-simutad
(domain 4) wind speed (top panel), wind direction (second panel),
potential temperature (third panel), and speci ¢ humidity (bottom
panel) are shown. During this simulation (referred 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 . . . . .. 104
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 (bot-
tom panel) are shown. The radiation scheme is switched o during
this simulation (referred to as L80-A-SN). The right panels summa-
rize di erences between this simulation and the control simulation
(i.e., L80-A-SN minus L80-A-R-SN). Cabauw, July 2, 2006 . . .. 106

Xiv



Figure 5.20 In the left panels, time-height plots of the MATLES model-

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 7.1

Figure 7.2

Figure 7.3

simulated wind speed (top panel), wind direction (second panel),
potential temperature (third panel), and speci ¢ 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 summa-

rize di erence between this simulation and the control simulation

(i.e., L80O-SN minus L80-A-R-SN). Cabauw, July 2, 2006 . . . .. 107

Vertical proles of normalized momentum ux (left panel) and
sensible heat ux (right panel). These gures are taken from
Nieuwstadt [1984]. . . . . . . . . . . . . . 110
Vertical pro les of normalized momentum ux (left panel) and sen-

sible heat ux (right panel). The top, middle, and bottom panels
represent idealized, CASES-99, and GABLS LES runs, respectivelyll
Normalized velocity (left panels) and potential temperate (right
panels) gradients as function of the stability parameter. The top

and bottom panel gures are taken from Duynkerke [1991] and
Yague et al. [2006], respectively. . . . . .. .. .. ... ... ... 113
Normalized velocity (left panels) and temperature (right @nels)
gradients as function of the stability parameter. The top, middle,

and bottom panels represent idealized, CASES-99, and GABLS
LES runs, respectively. . . . . .. .. ... .. .. ... .. ..., 114
Normalized vertical velocity variance and turbulent velogt as a
function of the stability parameter. These gures are taken from
Nieuwstadt [1984]. . . . . . . . . . . . . 115
Normalized (resolved) vertical velocity standard deviatioand (re-
solved) turbulent velocity as function of the stability parameter.

The top, middle, and bottom panels represent idealized, CASES-

99, and GABLS LES runs, respectively. . . . .. . ... ... ... 116

Online coupling approach involving the WRF mesoscale and the
WRF-LES models. . . . . ... ... .. . ... .. . ... 119
Vertical proles of resolved horizontal velocity variance Left
panel: daytime (unstable), right panel: nighttime (stable). This

gure is taken from Wang et al. [2012]. . . . . .. ... ... ... 119
Top panel: vertical velocity time-series from the Cabauvotver, the
Netherlands (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,

XV



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 . . . . ..

XVi



Chapter 1
Introduction

Energy is one of the most critical issues for the United States (U.Sand the rest of
the world. Based on a recent report from the U.S. Energy Infornian 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 amounterfiergy as the U.S.
[DOE/EIA, 2011]. Increasing energy demand from the U.S. and thesgleloping countries
will certainly lead to an energy crisis in the near-future. Renewablaergy, such as wind,
solar, biomass, etc., are showing great potential to be part of ttemlution of preventing
this energy crisis to happen. According to DOE/EIA [2011], renewdds are among the
fastest growing energy sources (Figure 1.1). In the U.S., renewalenergy accounted for
about 8% of total energy consumption in 2009 and this number wapdated to 11.7%
in 2011. In the meantime, renewable energy sources produced ragpnately 10% of the
electricity.

Among di erent types of renewable energy forms, wind energy is p&ps the most
applicable energy source, due to its relatively better developed hemlogy and more
mature market mechanism. After a phenomenal growth in the pasilecade, the total
installed capacity of global wind energy at the end of 2011 reachetimast 238 GW
(Figure 1.2). Based on the projection by the Global Wind Energy Cocil (GWEC), this
industry will keep a high growth rate during the following four years fee Figure 1.3).

At present, the U.S. wind industry has the second largest wind ergyr installed ca-
pacity in the world (Figure 1.4). In 2011, it installed 6.8 GW, which is a 30%ncrease
from the 5.2 GW installed in 2010. With this 17% annual growth, the U.Swind en-
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Figure 1.1: World energy consumption by fuel during 1990-2035 (@grillion 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 moes [GWEC,
2011]. In 2011, 38 states in the U.S. have installed utility-scale wind gjects. A few
years ago, the U.S. Department of Energy (DOE) proposed to gemate 20% of the U.S.
energy from wind by the year 2030 [DOE, 2008]. Given the current |itacal climate and
the abundant wind resource in this country (see Figure 1.5), we havgood 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 ofstalled
turbines, but also to the increasing scale of individual turbine (seeidgure 1.6). Currently,
the total height of an onshore utility-scale turbine is in the range of00-150 m. For
example, the GE 1.5 MW (1.5sle) turbine has a total height of 118.5 m. Aecent
report from the European Union funded UpWind project, preseetd at the European
Wind Energy Association (EWEA) 2011 conference in Brussels, spéated that 20 MW
turbines with rotor diameters of 200 m might be operational by the gar 2020.
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Figure 1.2: Global cumulative installed wind capacity during 1996-201This gure is
taken from GWEC [2011].

BOO! GW sossvussos s vmisssaisssissave s oba shaieivetasniovisss Y BN BV S s S SRR SR ) e Y B VR B e el B
203%
OO coeemeeem et o lsanaen, ....1.9.4a e S N NER— | ]

.-.._ -._'16

. ST 14.6%
100 i AL L P, L SNETIE]  BERD
134% i s
.-
300 ..one.- B R T e S Do gty '.,?.... £ i 10
- ..
e wE 7269’
A
200, o .. 60% s 5
T00 e & ,94% IS 0

20M 2012 2013 2014 2015 2016

Annual installed capacity [Gw] W 406 46.0 45.8 49.4 55.2 59.24
Cumulative capacity [GW] B 2377 2837 3295 378.9 4341 493.33

Annual installed capacity growthrate (%] @  6.0% 13.4% -0.4% 77% 11.9% 726%
Cumulative capacity growth rate (%] Bl 2035 19.4% 16.2% 15.0% 146% 13.65%

Figure 1.3: Global wind energy market forecast for 2012-2016. i$hgure is taken from
GWEC [2011].
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Figure 1.5: Wind resource map of the United States at 80 m above gral
level. This map was produced by the National Renewable Energy Latatory.
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: A5 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 pomdy the enormous size of
contemporary wind turbines, the largest aerodynamic structuseever built.



Even though there has been such a signi cant increase in the sizetlod turbines, the
engineering design philosophy has not changed dramatically over tiears. 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. aerodynamieraelastic, and struc-
tural load calculations). Thus, it is obvious that a poorly generatedn ow eld will lead
to signi cant inaccuracy in the overall design, even if one uses stabf-the-art engineering
design codes. Traditionally, the in ow conditions are generated folldng design stan-
dards by the International Electrotechnical Commission (IEC) ad other organizations.
However, these standards use a number of assumptions (e.g. bgeneous and isotropic
turbulence, neutral boundary layer, no directional shear). Masof these assumptions
are not valid in the case of atmospheric boundary layers (ABLS). la recent article,
Park et al. [2012a] discussed the fundamental limitations of the inw 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 creded by the
National Renewable Energy Laboratory.



Table 1.1: Comparison of the underlying assumptions of the IEC-bedin 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 gemation approaches,
it is not unreasonable to expect that di erent components of wind urbines will start
failing due to fatigue loading (see examples of fatigue damage in Figute8) before
the end of their design life of twenty years. Unfortunately, due tdhe public-domain



unavailability of proprietary turbine damage data, such speculatiasn cannot be easily
substantiated. However, there exist numerous anecdotal eviags. There also exists an
intriguing study by Kelley et al. [2004] who associated nocturnal atospheric phenomena
(e.g., low-level jets, coherent burstings) with fatigue damages twifrbines and emphasized
the need for the inclusion of such phenomena in any in ow generatidramework. Last,
the following text from a recent DOE report [Schreck et al., 2008ifther highlighted the
need for realistic in ow generation:

\Current wind turbines su er premature failures and reduced lifeimes
from those predicted during design. Such shortfalls represent agrtainty to
investors . .. A key reason for these early failures is our lack of kmedge of the
unsteady wind in ow that approaches and then interacts with the tirbine.
It is known that unsteady blade aerodynamics are the cause of teady
loads on blades that leads to failure, but these unsteady loads cantrbe
predicted if unsteady in ow is not well characterized ...Improverant in our
understanding and modeling of turbine wind in ow would have an immedia
bene cial impact in several areas of turbine design.”

We would like to point out that the wind turbines can also be damaged (oeven
destroyed) due to rare but extreme meteorological events (e.dwirricanes, tornadoes,
microbursts). In Figure 1.9 we show two such cases. These typdseuents are beyond
the scope of this thesis. Instead, we solely focus on nocturnalindary layer ows which
are important from the standpoint of fatigue loadings.

Recently, an idealized large-eddy simulation (LES) database was ated by the
Boundary-Layer Meteorology research group at North Carolinat&e University (NCSU).
This database was utilized by Park et al. [2012a] and Park et al. [20]]2to 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 IEGased synthetic tur-
bulence, these idealized LES runs do not fully represent ‘real' (obgsd) atmospheric
turbulence. In this thesis, our main objective is to develop a new meling framework
for the generation of realistic turbulence. The salient features dhis framework are:
coupled mesocale-large-eddy simulation, tuning-free subgrid-&céSGS) modeling, and
four-dimensional data assimilation (FDDA). In this thesis, we attemt to address the
following scienti ¢ questions:



Figure 1.8: Left panel: wind turbine gearbox failure due to fatigue ¢arce: National
Renewable Energy Laboratory). Right panel: wind turbine blade faike due to fatigue
in the UK (source: UK Telegraph).

Figure 1.9: Left panel: turbine failures caused by Typhoon Sangnmai Sangnan, Fujian,
China in 2006 (source: Chinese Wind Energy Association). Right pdnéurbine failures
caused by a thunderstorm event near Bu alo Ridge, Minnesota, U.Sn 2011 (source:

National Renewable Energy Laboratory).
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Is the proposed coupled mesocale-large-eddy simulation able to tcap the evolu-
tion of observed boundary layers?

Is the FDDA approach bene cial for realistic in ow generation?
What are the di erences between the idealized and realistic LES owWs

Do the LES-generated data conform to the existing similarity relatiaships?

The organization of the thesis is as follows. In Chapter 2, we provideckground
information on our modeling approaches. Our proposed methodojogs discussed in
Chapter 3. Model results and associated validations are provided @hapter 4 and
Chapter 5. In Chapter 6, we estimate several similarity relationshgpfrom the simulated
data and compare with observations. Finally, we provide future rearch 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 tradit@lly employed for
solving the Navier-Stokes (N-S) equations. Using the Einstein's samation notation, the
N-S equations can be written as [Basu, 2012]:

Qu, @uu)_ 1@p @k
@t  @x @x @x@x
where, t is the time; X; is the spatial coordinate andu; is the velocity component in
the j direction; p is the dynamic pressure; is the density; is the kinetic viscosity; F;
is a forcing term (e.g., geostrophic wind or imposed mean pressur@djent). The terms
in Equation (2.1) from left to right represent inertia, advection, pessure gradient force,
viscous stress, and forcing. In ABL ow simulations, the viscous @ss term is often
neglected because molecular viscosity has very insigni cant in ueadn ABL. However,
buoyancy and rotational terms are added to Equation (2.1) for AB simulations.

Direct numerical simulation (DNS), large-eddy simulation (LES), andReynolds av-
eraged Navier-Stokes (RANS) modeling are three di erent approhes to solve the N-S
equations. DNS is considered to be the most realistic approach, hase all scales of tur-
bulent eddies will be resolved without any averaging, ltering or otheapproximations.
In ABL modeling, ows usually have a Reynolds numberRe) on the order of 10%; this
is due to the fact that the energy-containing integral scalel() is on the order of 1 km,
while the energy-dissipating Kolmogorov scale ) is on the order of 1. mm. This requires

+F (2.1)
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more than 1¢ 10°  1C° grid points in a model simulation to explicitly solve the N-S
equation. With the current computational resources, it is not fesible to set up such
a simulation. Rather than resolving all scales of turbulence eddiesdin integral scale
to Kolmogorov scale), RANS approach decomposes the N-S equasianto mean and
turbulent uctuations about the mean. In the following RANS equaions [Basu, 2012]:

@, Quy)_ 1@ @ . Q9

@ @ = @x @e@x "  ex (2.2)

overbar denotes the Reynolds averaging operation. The Reynoldsess term, u;;°
needs to be parameterized by turbulence closure models. The RAN®del reduces the
computational expense signi cantly. However, Alessio et al. [201ppinted out that the
closure models of RANS have di culties in simulating complex ows with ponounced
vortex shedding.

Considering the drawbacks of both the DNS and RANS approaches)ess expensive
(in comparison to DNS) while more reliable (in comparison to RANS) appach, is se-
lected for this research to process the in ow generation. This appach, known as the
large-eddy simulation (LES) approach, solves the N-S equations titertain approxima-
tions.

2.2 Large-Eddy Simulation (LES)

LES is a technique to (explicitly) resolve the larger eddies producingitbulence and to
parameterize the smaller scales by applying a low-pass Iter. To eadf the ow eld
variables, , a Iter G is operated based on the following equation:
Z a

(x) = aG(X y) (y)dy (2.3)
where a to a denotes the entire domian. Once the scales which are smaller thareth
lter width ( ¢; it is wider than or at least equal to the local grid spacing, ¢) are
removed, only the resolved ow eld variables (denoted with a tilde) ee left for solving.
If a Iter is applied on the original Navier-Stokes equations, Equatio (2.1), the Itered
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conservation equation of momentum for higke ABL ows becomes:

@, Gu_ 1@ @ .
@t @x @x @x

(2.4)

where, u-are the resolved velocities with;j =1, 2, 3, denoting the zonal (1), meridional
(v) and vertical (w) components;p~is the resolved pressurex;, X;, refer to the spatial
coordinates; and the Subgrid-Scale (SGS) stress is de ned as:

i = [guj thi U’j (2-5)

The SGS stress arises from the advection term of Equation (2.1) elio the inherent
nonlinearity, which does not commute/transform with the linear ltering operation. The
e ects of the relatively smaller scales, that are unresolved, arergabuted through the
stress terms to the whole system [Basu and Pore-Agel, 2006]hiE SGS stress needs to
be parameterized by a certain SGS model which is explained in the follogy section.

2.3 Subgrid-Scale Models

In the literature, a suite of SGS models have been developed for tB&S stress parameter-
ization based on distinct assumptions. Two of the most widely used aydviscosity-based
SGS models are the Smagorinsky model [Smagorinsky, 1963] and timbulent kinetic
energy (TKE) model [Deardor, 1980]. Both Smagorinsky and TKESGS models apply
the combination of eddy-viscosity and resolved strain-rate tensdo parameterize the
SGS stresses,

i % i k= 25 (2.6)
where  is the eddy-viscosity coe cient, andS; = % % + % is the resolved strain
rate tensor.

The eddy-viscosity coe cient of 1.5-order TKE SGS stress model isomputed as
follows [Deardor , 1980]:

c=clPe 2.7)

wheree is the SGS TKE, andCg is the TKE coe cient, for which the default value is

14



set as 0.15 in the Weather Research and Forecasting (WRF) modelhd& length scale is
givenbyl=( x vy z)%.
The Smagorinsky model de nes the eddy-viscosity coe cient bageon the following
equation:
r=(Csl)?max[0,(S; S;) Pr N?)3]: (2.8)

where Cs is the Smagorinsky eddy-viscosity coe cient,Pr 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 shality makes the N2
large relative to the deformations, the stress equals to zero. THimiting behavior could
be inappropriate during strongly stable conditions, for which turblence is weakened, but
does not vanish completely [Mirocha et al., 2010].

Although both the models are well-known and widely used, some disavages have
been shown for their fundamental assumptions. Since a wide rangeCs or Cx values
have been reported in di erent scenarios (e.g., Ciofalo [1994]), thertstant-coe cient ap-
proach has proven to be one of the major limitations. This issue wasdussed in Liu et al.
[2011] while explaining the WRF-RTFDDA-LES modeling system. The asmption that
turbulence dissipation balances the local scale turbulent productias considered to be
another major limitation. This assumption is inappropriate in the presnce of terrain
heterogeneity or instabilities at high spatial resolutions for which th advection of TKE
can be signi cant [Mirocha et al., 2010]. These models do not considéie backscatter
which is the reverse ow of energy from smaller to larger scales (e.§gsovc and Curry
[2000]). Additionally, the SGS stresses in these two models are rethte the strain rate
in a linear way through the eddy-viscosity coe cient. This was provd to be a limitation
from observations which showed that the eigenvectors of the eis models and strain
rate tensors are generally not aligned at the subgrid scales (e.g.]lisan et al. [1994]).

Dynamic SGS Models

Dynamic SGS models, that dynamically compute the SGS coe cients lady and instan-
taneously, are chosen to address the de ciency of using congtane cients in the stan-
dard Smagorinsky and TKE models. Dynamic SGS models usually analythe dynamics
from two resolved scales and optimize the unknown coe cient with tb assumption of
scale similarity and scale invariance of the model coe cient. To proess this approach, an
additional explicit Iter, of width ¢, Is applied as explained in [Germano et al., 1991].
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After applying the additional Iter (called test lter), the dynamic S magorinsky model
(DSM, Chow et al. [2005]) computes the constarCs in Equation (2.8) by equating the
resolved-scale stresses:

Lij = Tij TN (29)

where L represents the resolved stresses occurring from scales of nmbetween the
test- Iter and grid- Iter scales, and j; = @u; wu; are the SGS stresses arising from
scales of motion smaller than the Iter ;, and T; = lg]—LJJ urdy represents the SGS
stresses computed on a coarser mesh. The coarser-mesh saolusiproduced by applying
a test lter (denoted by the over bar) of width ¢ to the resolved ow eld. Then by
substituting j into Equation (2.9), Lj can be computed using the test- Iter and the
resolved-scale velocities:

Lj = wiuy ity (2.10)

In the case of Smagorinsky model, this identity yields:

1
L §ka i =(C3) M (2.11)
where

My =2 2fjSi§  (C?) (=(C?) (1Si§ig (2.12)

If one assumes scale invariance, that isC§) ¢ = (C3) ; [Germano et al., 1991], then
the unknown coe cient (C2) ; can be easily determined following the error minimization
approach of Lilly (1992):

_ i My
where the angular bracketdt::i denote the planar averaging process [Pore-Agel et al.,
2000].

This scale-invariant dynamic model is able to dynamically compute theGS coe -
cients. However, in stably-strati ed and near solid surface owswhen the integral scale
of turbulence approaches the lter scale, the application of this nuel results in under-
estimation of shear and dissipation [Pore-Agel et al., 2000]. To adedss this problem,
Pore-Agel et al. [2000] developed a scale-dependent dynamic S@&odel. In this case,

(Cd)s, (2.13)
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the scale-dependence parameter)is de ned as follows:

_ Cs; 2 _ Cg;
- c2z @ cz

S; S;

(2.14)

The value of is not assumed to be 1, but is determined dynamically. A second tefer
with a width of 2 ; which is assumed larger than the rst Iter is applied. Another
suite of relative stresses come from the two resolved scales and ba 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 terrainstoll and Pore-Agel
[2006] pointed out that the homogeneous directions might not existThus, instead of
planar averaging, they utilized Lagrangian averaging along the uidrajectories. An
alternative local spatial averaging approach was used by Basu aRdre-Agel [2006].

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

In a recent study, Kirkil et al. [2012] compared several SGS moddis 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, nite-di erence
code, their spectra results portray over-dissipation in comparisdo pseudo-spectral re-
sults reported by Anderson et al. [2007] and other researcher3he dynamic models
(denoted by LASD and DRM) can capture inertial-range down to smiker scales than the
standard Smagorinsky (denoted by SMAG) SGS model far= 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 parameterizationgPBL) are used to rep-
resent the entire turbulence spectrum in situations where the spial length scale is large
enough to disregard individual smaller-scale turbulent behaviorsn most mesoscale mod-
els, PBL parameterizations are essentially one-dimensional RANS dats. In this thesis,
we use a widely used PBL parameterization called the Mellor-Yamadadjic (MYJ)
scheme. The MYJ equations are as follows [Stull, 1988]:

%t+ ujg'—;( = g+ sy }@Q;( @@2 (2.15)

%t+ u; @@?( = @@ + diabatic terms; (2.16)

%'t+ uj @9; = @@ + sourcensink terms; (2.17)

@- w2 Wl Ype @@éw—o fewy (2.18)

% - W%Z @@D£W> 2 (2.19)

where", " and " represent the dissipation terms. Comparing to the rst-order clsure

parameterization, 1.5-order closure includes the additional poteal temperature @ and
the turbulence kinetic energy €), so there are 10 unknowns variables including uxes
uWwo, vawo, wo 9 ufp%= , the third moments wl%, wP @, and the three dissipation terms.
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Yamada and Mellor [1975] suggested the parameterizations for #ee10 unknowns are:

@

udwo= Km(e;_@)@z, (2.20)
VIO = Km(e;_@)%é (2.21)
wo 0= KH(e;_@)%Z (e; 9); (2.22)
W= Ku(e B (e ®); (2.23)
] @Z C ) ) .

-
wiZ + ¢ = 2L4e 1=2%é (2.24)
W02 = L.e 1=2_Z; (2.25)
= & (2.26)

1
"o =0; (2.27)
W e 1=2" @

= 4 (2.28)

wherelL, are empirical length-scale parameters , and K, are the eddy viscosity and
di usivity coe cients. Mellor and Yamada [1982] and Janjic [1994] paameterized these
eddy di erences by the empirical length-scale and turbulent kinetienergy as:

K = Lpé; (2.29)

The bene ts of this 1.5-order closure schemes is that it explicitly caltates the TKE
which shows a clear diurnal cycle of the boundary layer. This will be e 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 mentioad by
Charney et al. [1969]. They combined current and past data in an eipt dynamical
model where the prognostic equations provided time continuity andynamic coupling
among the various elds. FDDA applications, which were originally pedrmed in global
scales models, are now used in mesoscale models for either dynami@liziation or as an
analysis/research tool. Di erent techniques with varying complexit have been developed
to insert observation data into dynamic models. For example, Halermd Jastrow [1970]
developed a direct approach that replaced a model variable at thearest time step and
grid point with observed data. Gauntlett and Seaman [1974] used aial replacement
technique in space and time which is considered to be a more complich@pproach.
Later, Lewis and Derber [1985] used a dynamic model as part of afalimensional 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. Negléiag the forecast er-
rors, the model evolution can t the observations very well within he modeling time.
However, the complexity and extensive computational requiremtnof this technique are
impractical and therefore more operationally applicable approackhénave been developed
[Stau er and Seaman, 1990]. As an alternative to applying four-dinmsional variation
over a nite period of time, FDDA approaches using explicit direct dyamic models are
able to meet the needs of 1990's observation systems. Two majppds of FDDA are
used operationally and in research [Stau er and Seaman, 1990].

The rst is an intermittent process that repeatedly uses severahours' subsequent
forecast (typically 3-12 hours) as a rst guess to initialize an explicimodel prediction.
This rst guess is a static three-dimensional objective analysis gie The National Cen-
ters for Environmental Prediction (NCEP) [Dimego, 1988] and the &opean Center of
Medium-Range Weather Forecasts (ECMWF) [Hollingsworth, 1987]se this type of ap-
proach. The second major type of FDDA continuously assimilates ¢hobservation data
dynamically by adding forcing functions to the governing model eqtians (e.g. Anthes
[1974] ). The United Kingdom Meteorological O ce (UKMO) uses this tchnique for
both global [Lyne et al., 1982] and regional [Bell, 1987] data assinitm. This method
will gradually correct the model eld and \nudge" the model state bwards the observa-
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tions. Nudging or Newtonian relaxation which are mostly used on thdapal scale (e.g.
Lyne et al. [1982] ) are applied in limited-area models (e.g. Anthes [19)/4This type
of FDDA approach became much more widely developed for regionakke applications
in the late 1980's (e.g. Stau er and Seaman [1990]) These aforemened studies also
established more exibility in the input data framework (e.g. data usd for nudging could
be measured or derived and analyzed to a grid point for assimilation eithe model or
inserted as individual observations).

2.5.2 Observational Nudging Approach

Nudging was originally designed for dynamic initialization by generating adel-balanced
initial conditions for a subsequent numerical prediction in the prefecast period (Anthes
[1974]); Stau er and Seaman [1990] created another application ®re data nudging
would occur throughout the model simulation rather than just at he initial time step.

This application was investigated by studying the accuracy of a limitedrea model sim-
ulation during the time in which nudging occurred.

Penn State University and the National Center for Atmospheric Rsearch
(PSU/NCAR) rst developed a limited-area mesoscale modeling syste This scheme
was later applied in MM5 [Seaman et al., 1996]. Prognostic variables incing wind
(u and v), potential temperature and mixing ratio could be assimilate into the model.
Anthes and Warner [1978] and Anthes [1974] described this schemaletail.

The model state, after applying Newtonian relaxation or nudging, iV relax toward
the observation state by adding the arti cial tendency terms to pognostic equations
based on the dierence between the two states. The model solutican be nudged
toward gridded analyses which is suitable for coarse resolution, @mward an individual
observation which is suitable for ne scale resolution or asynopic agsations.

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 aawations calculated
at every grid point. The general form for the predictive equation fovariable (x,t) is
written in ux form as [Stau er and Seaman, 1990]:

@p

i = FUX+G W () ()P ("0 )+Gp Welxit) 500 (B P) (2:30)
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where F represents the model's physical forcing terms (advection, prese gradient,
gravity, etc.), are the model's dependent variables; are the independent spatial vari-
ables,p is the di erence of surface pressure and model top pressure ani$ time. The
estimation of the observation for which is analyzed to the grid is referred asy® The
second and third terms on the right-hand side represent the nuihgy terms for and
p , respectively. G is the nudging factor which determines the relative magnitude of
the term to all the other model processes ik, 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 digtuation
of the observation data. Due to a hydrostatic atmosphere, a chge in surface thermal
is associated with a surface pressure change, but this relation i mawailable, 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 witle zero G, 0),
and the equation 2.30 is simpli ed as [Stau er and Seaman, 1990]:

EPFGxt)+G W) (0 P ) (2.31)
The nudging factorG needs to be de ned appropriately based on the speci ¢ simulations,
because unrealistic large values will overly force the model statevard the observation.
Strong insertion of the observed data will impair the model-generadl meteorological
structure (e.g. fronts, thunderstorms) [Davies, 1976]. This willlao decrease the ability
of the model equations to resolve mass-momentum imbalances. Aitatively, too small
G could lead to increasing phase and amplitude errors due to the weakservation
nudging e ect. Stau er and Seaman [1990] use@ =3 10 *s ! for their experiments
while typical values ofG are from 10 s ! to 10 3s ! for meteorological systems. Take
longitudinal wind speed as an example: if the physical forcing terf from Equation 2.31
was dropped and assum&/(x;t) 1, %"t 0 and the observation data could be fully
trusted. Then:

u
%t= Gu(0p U) (2.32)
and the solution is:
u=%o+(u e ®u! (2.33)

wherey; 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 iIRDDA which does
not do gridded analyses of observations through the case studgripd. This approach
uses observations within a predetermined time window which is cenger at each model-
ing time step to compute the di erences between the model statend the observed state.
This di erence is calculated at the observation locations and is assimiéd back to the
grid location. In other words, all the forcings are computed at thebservation locations
and are added on the grid in a region surrounding the observationshpwn in Figure
2.2). Similarly, the tendency of (x;t) is:

Xy
@ [ WZ(xt) o (o "l
— C e i=1
@i = FGxt)+G p o (2.34)
Wi(x; 1)

i=1

where g is the local value from observation and “is the model's computed variable
interpolated to the observation location in three dimensions. The bscript i denotes the
ith observation of a total of N within a present radius R) of a given grid point. The W;
for each observation is [Stau er and Seaman, 1990]:

W(X;t) = Wy, W W, (2.35)

wherew,y is the horizontal weighting function

R?2 D?
W, =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, andw is the vertical weighting function,
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w =0;j obs J>R (2.39)

where R is the vertical radius of in uence and s is the vertical location of theith
observation. This vertical location is de ned by:

_P P

5 (2.40)

where p is pressure,p; is a constant pressure at the top of the model, angd is the
di erence of surface and model top pressure which is used to weighe prognostic
variables which will be assimilated.

Figure 2.2: A schematic diagram of observation nudging. (Gradierading 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 impeoFDDA meth-
ods using di erent types of observation data (Stau er and Seama[1990], Seaman et al.
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[1996], Alapaty et al. [2001], Liu et al. [2006a], Liu et al. [2011]). Here tweases from
these studies are selected to demonstrate previous FDDA implentegion.

Stau er and Seaman [1990] applied FDDA to two cases of the Oxidatioand Scav-
enging Characteristics of April Rains (OSCAR), OSCAR Il and OSCARV. In OSCAR
IV, a large-scale developing baroclinic wave associated with a heavganized rainfall
was reproduced. Figure 2.3 shows the observed and simulated rainthe 12-h daytime
period ending at 0000 UTC 24 April 1981 (36-48 h). Figure 2.3a prese the observed
analysis for the period when the cold front was approaching the Apfachian Mountains.
The rain distributes from the northern Lake Michigan to Maryland am then to Texas
following the cold front. The maximum rainfall is developing at the soutern part of
Texas. Figure 2.3b shows that the control run generally reproded the pattern, but the
rainfall band at the western edge had an obvious phase lag and thevas a dry tongue in
western Ohio area that was not captured. Figure 2.3c shows the silation (N2) where
the model is only nudged towards rawinsonde data. N2 did reprodathe drier area in
the western Ohio area and reduced the rainfall in northern Pennisgnia and western
Texas area. However, both N2 and CNTL underforecasted the gmipitation in South
Carolina and Georgia. Figure 2.3d shows the simulation (S3) with suda wind and
moisture nudging which are only applied in the boundary layer. Simulatio S3 shows
some improvements in that it produced precipitation farther eastard in South Carolina
and Georgia than observed. It also extended a tongue of dry air mioward along the
west of Lake Erie. In this case, the assimilation in PBL better de nedhe movement.
Stau er and Seaman [1990] also suggested that the wind- eld andass- eld data would
give the most signi cant contribution.
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Figure 2.3: Synoptic evaluation of numerically simulated precipitationgm) for the 12-h
period ending at 0000 UTC April 24th 1981 for OSCAR 1V. (a) Obserd, (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 observationdging schemes
in the standard MM5. The WRF-FDDA scheme has some improvementsrer the MM5-
FDDA scheme (Stau er and Seaman 1994), (conventional and na@onventional, synoptic
and asynoptic data resources can be incorporated, multi-level pgr-air observations can
be added, steep mountains and valleys severely limit the horizontalreelation distances).
In terms of operation, WRF-FDDA scheme has the following featuse (1) the input data
are in formatted ASCII for the convenience of debugging; and (2nh observation-nudging
FDDA namelist block is added to the standard WRF/ARW namelist; Liu etal. [2006a]
showed one case study which tested a 36 hour forecast casetisigrat 00 UTC January
19 2005. The observation data which was nudged into this study is taimed from the
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Tropospheric Airborne Meteorological Data Reporting System (TMDAR), which pro-
vides high resolution coverage of temperature, winds, and moistuobservation in the
lower troposphere among the regional and international airporti® daytime. Figure 2.4
shows an example of the locations of TAMDAR sounding.

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

Figures 2.5 and 2.6 show the errors (di erences between foresahd the natural run)
of 2-m temperature and temperature at 850 hPa, respectively 86-h forecasts, valid at
00 UTC January 19 2005. The upper-panel gure is that from theisulation initiated
with no observation (CTRL) and the lower-panel gure is with FDDA using TAMDAR
observations (S1). With the observation nudging, the model focast 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 S{lower panel).
[Liu et al., 2006a]
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Figure 2.6: Errors of temperature at 850 hPa.CNTL (upper-paneBnd S1 (lower panel).
[Liu et al., 2006a]

2.6 Coupled Modeling

This section is largely based on Wang et al. [2013]. Mesoscale metegickl mod-
els (MMM) simulate or forecast atmospheric phenomena including (bwot limited
to) convective clouds, thunderstorms, squall lines, frontal ciwtations, low-level jets,
terrain-induced mesoscale circulations, land-/sea-breezes, anbheat island circulations,
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mountain-valley winds, lee waves, and gravity waves [Boybeyi, 2Lin, 2007]. The spa-
tial and temporal scales associated with these phenomena are be brder of 2 2000
km and 1 48 h, respectively [Boybeyi, 2000, Lin, 2007, Orlanski, 1975]. Q¢be past
three decades, due to the increased availability of computationagésources, the overall
performance of MMMs has been steadily increasing|grid resolutionsre getting ner;
computational domain sizes are now larger; model physics parametations are becom-
ing more complex; the number of ensemble members is growing; etcog¥limportantly,
due to the enhanced capabilities of the MMMs, their application aresaare also broaden-
ing. For example, even until only a decade ago, MMMs were rarely astor commercial
wind energy applications. Now, they represent a signi cant part othe most common
tools used by the wind industry (e.g., Brower [2012]). Another recearea of increased
application is in the eld of laser propagation (e.g., Mahalov and Moustaui [2010]).

Despite their versatility, MMMs cannot be used to generate high-selution, 4-D at-
mospheric boundary layer (ABL) turbulence elds. This restrictionis not due to any
technological barriers; if anything, in the current era of petaséa computing, one can
utilize thousands of processors and generate ow elds with a rdstion of O(10 m). How-
ever, in employing such brute-force computing, one violates tworfdamental principles
underlying traditional mesoscale modeling. First, MMMs solve the Replds-Averaged
Navier Stokes (RANS) equations and, thus, the horizontal grid selution of the MMMs
must be larger than the scale of the energy- and ux-containing tbulence [Wyngaard,
2004]. Since daytime ABL eddies can be as large as several hundrestems, MMMs
should not be run with sub-km resolution. The second violation is relat 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 aspectatio of horizontal to
vertical grid spacing near the surface should be kept at a large valisee the discussion
in Zhong and Fast [2003]). An aspect ratio of O(50:1) is common in ptae.

Given the diculties of running MMMs with sub-km resolution, several coupled
modeling approaches have been proposed in recent studies [Liulet 2011, 2012,
Mochida et al., 2011, Rizza et al., 2012, Schinzen et al., 2011, Talles al., 2012,
Yamada and Koike, 2011, Zajaczkowski et al., 2011]. In all thespmoaches, an MMM
is either coupled with an engineering RANS model or with an LES model. h€se ap-
proaches can be broadly classi ed into two: (i) one-way coupling; dn(ii) two-way cou-
pling. Within the former class, several variants exist in the literatue as is described
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below. Please refer to Schiunzen et al. [2011] and Yamada and KeiR011] for other
types of classi cation.

2.6.1 One-Way Coupling

In this approach, the information transfer is only one-way|from the MMM to the mi-
croscale model (MiM). This type of coupled modeling approach is reiagly easy to
implement. It can be used to couple two separate models or to couphee same model
with di erent parameterizations for the MMMs and the MiMs. Howeve, this approach
faces two fundamental issues. The rst issue occurs when an erapring RANS model
is used as an MiM. From the literature, it is not clear whether grid redotions utilized
by the engineering RANS models are always coarser than the eneopntaining eddies.
If they are not, one again violates the RANS issue mentioned abovBince most of the
engineering RANS models use 3-D di usion, the aspect ratio issue niened above is not
a problem. A di erent issue arises when an LES model is used as an MiWe know that
an MMM generates an "ensemble’ ow eld, whereas an LES creates a@nstantaneous'
eld (which can be viewed as one of the member of the ensemble). $an we really
prescribe MMM-simulated values to run an LES? These issues needbi® addressed in
future research.

Variant 1

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

the MiM. Then, the MiM (typically a RANS model) is run to reach a steadystate con-
dition. The MIM adjusts to the underlying ne-resolution topography or urban canopy
during the simulation. Schlenzen et al. [2011] referred to this appach as a ‘time-slice
approach’. Instead of a single snapshot, multiple snapshots (avdila, 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 continuais 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 si&d the simulated
results every 10 min. Then, they linearly interpolated (in time and in wical 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 ampled the
Weather Research and Forecasting (WRF) mesoscale model withethVRF-LES model.

Variant 3

This coupled approach is quite similar to Variant 2. Here, one uses a \M®&nian re-
laxation method (widely known as nudging in the meteorology literat@) in addition
to (or sometimes in lieu of) lateral boundary conditions (e.g., Yamadand Koike [2011],
Zajaczkowski et al. [2011]). This approach is highly sensitive to théaice of the nudging
coe cient ( G). There is no universally accepted guidelines for the speci cation &. For
example, Yamada and Koike [2011] recommend&ito be equal to 1% of the reciprocal
of the integration time step. Thus,G is equal to 00001 s! and 01 s ?, respectively,
for typical MMM and MiM runs. In contrast, Zajaczkowski et al. [2AL1] recommended
that G be taken to be exactly equal to the reciprocal of the integrationre step (i.e., a
factor of 100 di erent from the prescription by Yamada and Koike [@11]). The need to
have an optimum value ofG is strongly emphasized by Schianzen et al. [2011].

The Variant 3 approach su ers from a more fundamental problemywhich arises due
to the fact that the engineering MiMs usually do not contain importah physics options
(e.g., buoyancy, radiation, microphysics). To illustrate, we brie y @scuss a hypothetical
scenario, which is quite relevant to the present study. Let us agse that a coupled
MMM-MIM approach with nudging option is being used to simulate a noctinal stable
boundary layer. Furthermore, assume that the MiM does not coatn a radiation pa-
rameterization. The MMM generates a stable boundary layer which deep due to the
presence of both turbulent and radiative ux divergences. Nowhe MiM tries to capture
this deep boundary layer by (spuriously) generating excessive buient uxes (since it
is compensating for its lack of radiation parameterization). In othewords, 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 &me as in Variant
2 of the one-way coupling approach. In addition, the aggregatediM results are used to
update the MMM results. Liu et al. [2011] demonstrated the strer of this approach
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in short-term wind forecasting over complex terrain. It is possiblehiat this approach
su ers from “double counting' of di usion [Zajaczkowski et al., 201]1 Based on our own
research, we found that this approach occasionally su ers fronumerical instabilities.
We also witnessed spurious ow patterns at the nest boundariesinlar problems were
discussed in detail by Moeng et al. [2007].

33



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). this approach, we
extract initial conditions, time-dependent lower-boundary condibns (e.g., near-surface
air temperature), and time-height-dependent large-scale forga (e.g., geostrophic wind,
mesoscale advection of temperature) from the MMM output and uize them for the LES
runs.

We wish to point out that our proposed framework is conceptually siitar to the one
recently reported by Rizza et al. [2012]. However, there are sonexhnical di erences;
most importantly, Rizza et al. [2012] neglected the e ects of meszae advection forcings
in their study. In the present work, we will demonstrate the imporance of these forc-
ings. Furthermore, Rizza et al. [2012] did not incorporate radiatiophysics in their LES
model. Other technical di erences are in numerical con gurationsLES subgrid-scale
(SGS) modeling, geostrophic wind estimation strategy, etc. Also,up selected night-
time case study is more scienti cally challenging than the daytime casgmulated by
Rizza et al. [2012].

3.2 Mesoscale Modeling

In this study, Version 3.3.2 of the Weather Research and Forecasy (WRF) model
was utilized for mesoscale simulations. This state-of-the-art, ndiydrostatic model in-
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Figure 3.1: Procedure for generating realistic turbulence utilizing aoopled mesoscale
and large-eddy modeling framework. Example plots in this owchartre@ from CASES-99
study (see Chapter 4

)-
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cludes numerous atmospheric physics parameterizations and adead data assimilation
modules [Skamarock et al., 2005]. Over the past few years, the WRedel has been de-
veloped by the collaborative e orts of multiple organizations such afie National Center
for Atmospheric Research (NCAR), the National Oceanic and Atnspheric Administra-
tion (NOAA), universities, and others. Several recent studies (@., Coniglio et al. [2010],
Done et al. [2004], Kain et al. [2006], Nunalee and Basu [2013], Storm d@&wabku [2010])
have demonstrated the strengths of the WRF model in simulating veous mesoscale
atmospheric phenomena (including LLJs).

In Section 4.1, we mention that Steeneveld et al. [2008] performeual iatercomparison
study of several MMMs for the selected case study. They reped:

\All schemes underestimate the diurnal temperature cycle ampliale and
the near-surface stability at night. None of the parameterization was able
to represent the surface radiation and turbulent uxes, the windspeed and
temperature pro les, and the boundary layer height correctly dring the full

diurnal cycle. Schemes with local mixing provide a more realistic rejzen-
tation of the nighttime boundary layer, especially for weak winds, ahwhen
the asymptotic length scale is based on the ow properties. Moreex the
nighttime low-level jet is hard to reproduce, and we nd a clear depelence
on the chosen model domain size." Steeneveld et al. [2008]

These ndings provided valuable guidance in our selection of the WRFodhain size
and the planetary boundary layer (PBL) scheme. The selection ofther numeri-
cal settings and physical parameterizations was largely based oar @ast 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-edly simulations.
It utilizes the locally-averaged scale-dependent dynamic (LASDDubgrid-scale (SGS)
model. The most recent version of this model includes Version 2.1.7loé Column Radi-
ation scheme (CRM; Kiehl et al. [1998]). Other technical details of &\ MATLES model
have been described in various publications (e.g., Basu et al. [2008bigHRrdson 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 prées. In
idealized simulations, small-scale random perturbations (noise) argptcally added to
the initial proles. In this work, more realistic noise pro les were geprated utilizing
Nieuwstadt's local scaling approach [Basu et al., 2006, Nieuwstadt984]. Speci cally,
for horizontal velocity elds, we used Gaussian noise with zero meamd variance equal
to 4u2(1 z=h)*? for z < h. However, for the potential temperature eld, we used
Gaussian noise with zero mean and variance equals to?Jor z < h. Based on the
WRF model-generated pro les of wind speed and potential tempexae, the height, h,
of the SBL at at the beginning time was estimated. The values of saife friction velocity
(u ) and surface temperature scale () were also extracted from the WRF model-based
simulations.The lower boundary conditions were based on the MoninbOkhov similarity
theory, with local estimated surface roughness length,.

During the simulations, the surface sensible heat uxhv® 9) was estimated using
both the prescribed potential temperature ( ;) and the mean potential temperature
( ( zp)) at the model's lowest level ¢;) as follows:

G = u il 2 (z)l

log % Ho® + H

(3.1)

N

whereL is the Obukhov length; is the von Karman constant (= 0.4); and % =

5z=L for stably strati ed conditions [Arya, 2001]. A similar approach was dllowed
for the surface latent heat ux estimation. Please refer to Basutel. [2008b] for a
description of the surface shear stress estimation procedure.

In the past, numerous SBL modeling studies that have been undekien used the
sensible heat ux as a lower boundary condition [Brown et al., 1994, Jamez and Cuxart,
2005, Saiki et al., 2000]. In Basu et al. [2008a], the fundamental sttomings of such
sensible heat ux-based lower boundary conditions were discussdghsed on analytical
and numerical results, it was shown that, if the surface sensibledteux is prescribed as
a boundary condition, only the near-neutral to weakly stable regigs are captured. In
order to represent moderate to very stable regimes in simulationsyurface temperature
prescription or prediction is required. Holtslag et al. [2007] providaufther insights into
this topic. For these reasons, we used near-surface potentiahtperature as a lower
boundary condition.

In contrast to the aerodynamic roughness lengthz(), the thermal roughness length
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(z 1) is not as well understood and there is no consensus in the literaturegarding the
z zq relationship. Thus, we used 2 m potential temperature instead ohé surface
temperature; based on Eq. 3.1, it is clear that + was not needed in our approach.

The upper boundary consisted of a zero stress condition, whesehe lateral boundary
conditions assumed periodicity. A Rayleigh damping layer at 550 m wased. Poten-
tial temperature and speci ¢ humidity gradients were guided by theNVRF output and
prescribed at the upper boundary. Time-height-dependent gdosphic wind components
(Ug; Vg) were estimated from the WRF model-generated pressure elds.

Similar to the geostrophic wind elds, the time-height-dependent nmeoscale advection
terms (for momentum, heat, and moisture) were also obtained frothe WRF-generated
elds. We would like to point out that we neglected the vertical compaoent of advection
in our calculations. In other words, for a generic variable, , the adection term is de ned
as:

@ @

ADV = Ug Vi (3.2)

Mesoscale advection terms are usually neglected in LES studies (ohéhe exceptions
being the GABLS third LES intercomparison case; Basu et al. [2011]However, these
terms could be signi cant for realistic simulations. For example, fronfFigure 4.5 pre-
sented later, it is clear that a large amount of low-level temperateradvection (up to 07
K h 1) occurred during 5-12 UTC. This additional heat source reducedé bulk stability
and generated a deeper SBL. The following section discusses thigi¢cdn greater detail.

Recently, Mirocha and Kosovt [2010], studied the in uence of sididence on SBL
simulations. The impacts of changing the subsidence from zero to @20m s?! was
substantial in terms of the depth, mixing, and cooling rate of the SB Svensson et al.
[2011] also considered a constant subsidence of 0.005 ris their simulation of the
GABLS second single-column model intercomparison study. Theytiesated subsidence
from a mesoscale output. In the present work, we also attempted 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)ubSidence was found
to be spatio-temporally highly intermittent. Moreover, we were unble to isolate the
topographical e ect from the synoptic-scale atmospheric e ectGiven the uncertainty in
its estimation, we decided not to include subsidence in the LES runsn tetrospect, we
believe that this exclusion resulted in slightly deeper SBLs in the LES mg 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 mdp panels) and
150 m (bottom panels) above ground level. The left and right panelepresent 7 UTC
and 11 UTC, respectively, on October 24, 1999. The locations ofri@s 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 obseed during the period,
October 23-24, 1999 as part of the Cooperative Atmosphereffaice Exchange Study -
1999 (CASES-99) eld campaign [Poulos and Coauthors, 2002]. Thiarticular case
is quite interesting due to the existence of intermittent turbulenceas well as due to
the presence of a moderately strong low-level jet. On this nighthé¢ mid-west United
States (encompassing the CASES-99 site) was dominated by a hglessure system (see
Figure 4.1). At the CASES-99 site, the sky was virtually cloud-freesetting 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 hierebrevity.

The CASES-99 eld site was located near Leon, Kansas (37.68, 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 depiatiof the topographical
features around this eld site.

The selected case study was earlier simulated by several researshutilizing single-
column, mesoscale, and large-eddy models: Steeneveld et al. [2088geneveld et al.
[2008], Kumar et al. [2010], Shin and Hong [2011], and Svensson et al1]20Based on
these past studies, we were able to better understand the chall@s associated with the
selected case study. Furthermore, some of these studies helpedo 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 mn and
October 24, 1999 (bottom panel). The Midwest United States wasodhinated
by a synoptic-scale surface high-pressure system during this tinperiod. 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 utilizédr model validation.
These datasets were collected by a doppler lidar, a small-apertu@rgillometer, several
sodars, sonic anemometers, and a sounding system. Used in a dempntary fashion,
these datasets increased the reliability of the nocturnal turbulee characterization. The
basic characteristics of these datasets are provided in Table 4.Jorléetailed descriptions
(including working principles of the instruments, data acquisition, débration, 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 1Hz 0 400 m AGL Banta et al. [2002],
Pichugina et al. [2008],
Poulos and Coauthors [2002]
Scintillometer u , hw® 9 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 2 20Hz 0 60mAGL Poulos and Coauthors [2002],
2.2, u, Sun et al. [2004]
hwO G
Sonic-WUR M, X, 2, 2 20Hz 3m, 10 m AGL Hartogensis [2006],
2,2 u, Poulos and Coauthors [2002]
hwO 9
Sounding M, X,, Q a few times several km AGL Banta et al. [2002],

per day Poulos and Coauthors [2002]

Relevant variables are de ned as follows:
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M: wind speed (m s?)
X: wind direction (degrees)

potential temperature (K)

speci ¢ humidity (kg kg 1)

u: friction velocity (m s %)
hw §: sensible heat ux (K ms 1)
variance of longitudinal velocity component (s 2)
variance of lateral velocity component (s ?)
variance of vertical velocity component (A s ?)

variance of potential temperature (K)
The acronyms EOL and WUR in Table 4.1 stand for Earth Observing Latratory of

the National Center for Atmospheric Research (NCAR) and Wageangen University and
Research Centre, respectively.

NENSNEDN

4.3 WRF Con gurations

We used a large outer domain (grid spacing: 27 km) of dimensions 248 2700
km centered on Leon, KS (see the top left panel of Figure 4.2). Thdomain size was
su cient for reliable LLJ simulations. Three one-way nested domainsvith grid spacing
of 9 km, 3 km, and 1 km were set up inside this outer domain. Also, 51 mainiformly
spaced vertical grid levels with approximately 7 levels below 200 m wersed (top right
panel of Figure 4.2).

Shin and Hong [Shin and Hong, 2011] conducted an extensive PBL atte sensi-
tivity experiment for this selected case study. They reported tmaendous variability
among simulations utilizing di erent PBL schemes; more importantly, hey were unable
to identify a clear "'winner' among the various PBL schemes. For thigason, following
Occam's razor principle, we chose one of the simplest PBL schemeailable with the
WRF model|the Yonsei University (YSU) scheme [Hong, 2010, Hong ®al., 2006]. This
rst-order scheme utilizes the K-pro le approach [Brost and Wyngard, 1978, O'Brien,
1970, Stensrud, 2007, Troen and Mahrt, 1986] and is numericallgry stable [Beljaars,
1992]. Recently, H. Richardson and S. Basu discovered a numeribalg in the YSU
scheme. This bug has been corrected in Version 3.4.1 of the WRF miode the present
study, we used an older version of the WRF model in conjunction witthe bug x.
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The following other physical parameterizations were selected in thistudy: (i)
microphysics: WRF Single-Moment 5-class scheme [Hong et al., 2004i); ghortwave
and longwave radiation: Rapid Radiative Transfer Model for Global [Gnate Mod-
els (RRTMG) scheme [lacono et al., 2008, Mlawer et al., 1997]; (iii) cuthms: Kain-
Fritsch scheme [Kain, 2004, Kain and Fritsch, 1990]; and (iv) land siace: Noah scheme
[Chen and Dudhia, 2001]. The cumulus scheme was switched on only ttee domains
with 27 km and 9 km grid spacing. For the ner resolution domains, theloud processes
were simulated explicitly. These parameterization schemes are dissad in great detalil
by Stensrud [2007].

We performed two mesoscale simulations using the aforementionedirerical and
physical settings. In one of the simulations (called WRF-SN), we inked the so-
called four-dimensional data assimilation (FDDA) technique [Liu et al., @6a, 2011,
Stau er and Seaman, 1990] to assimilate the public-domain NCEP ADBlobal Surface
Observational Weather Datd. We wish to note that the diverse observational datasets
described in the previous section were not assimilated; they werdedp used for model
validation. The FDDA con guration details are summarized below:

the nudging coe cient for both wind and temperature was set equato 6 10 *
s 1; this is the default value in the WRF model;

the horizontal radii of the nudging in uence for all the variables wee chosen as ten
times the grid size (e.g., the horizontal in uence of the nest domains 10 1 km
= 10 km);

the vertical radii of the nudging in uence were de ned on the levels and were set
equal to 0.002;

the half-period time width was de ned as 10 min (i.e., the WRF model seehes
for observed data 10 min before and 10 min after the current integgion time).

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

The initial and boundary conditions from the North American RegionaReanalysis
(NARR; grid spacing: 32 km; temporal resolution: 3 h) dataset werused for both the
WRF simulations. The simulations started at 12 UTC on 23 October anaontinued
for almost 24 hours; the last 7 h of the simulations (from local midnighto sunrise)

Ihttp://rda.ucar.edu/datasets/ds464.0/
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are reported on in this study. The WRF model output was stored @ry 10 min for a
comprehensive analysis and for synthesis of the input data for th&S runs.

4.4 LES setup

The LES runs were initialized with the WRF model-generated mean prt¢es for Leon
at 5 UTC (local midnight), October 24, 1999 (not shown). This paitular initialization
time was chosen to reduce the impact of the residual layer turbule@ on the SBL simula-
tions. A similar strategy was used for the GEWEX Atmospheric Bounary Layer Study
(GABLS) third LES intercomparison project [Basu et al., 2011]. The &ight, 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,= 0:03 m [Svensson et al., 2011]. The WRF
model-simulated time series for 2 m potential temperature and 2 m agi ¢ humidity
were used for lower boundary conditions (see Figure 4.3). The aatrcooling rate at
2mwas 0.25 K h 1. The speci ¢ 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 tempaure (left
panel) and 2 m speci ¢ humidity (right panel). These data were usedsdower boundary
conditions for the LES runs. Leon, KS, October 24, 1999

Potential temperature and speci ¢ humidity gradients were presioed as follows:
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d =dz=0.0142 Km ', dQ=dz = 2.468 10 ® Kg Kg ! m ! Estimated Uy and V
are shown in Figure 4.4. In order to avoid local-scale (smaller than threeso- scale
of 20 km) perturbations, the estimated geostrophic wind elds wer spatially Itered
(over horizontal planes) using a moving average Iter of 20 km 20 km stencil size. The
presence of strong baroclinicity (likely due to the sloping terrain ohie U.S. Great Plains)
is evident in Figure 4.4 and should always be accounted for in realistic silations.
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Figure 4.4: Time-height plots of the WRF model-simulated zonal (eastest; left panel)
and meridional (north-south; right panel) geostrophic wind compeents. Leon, KS, Oc-
tober 24, 1999

The advection terms are shown in Figure 4.5 (The full elds are shown the following
sections, Figure 4.9). These elds were also spatially Itered with a shcil size of 20 km

20 km.

The selected domain size for all the LES runs was 800 m800 m 790 m, divided
into80 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 tiselected location
near Leon. The time step was equal to 0.125 s, while each run wag h (i.e., 196,800
time-steps) in duration. In order to assess the in uence of the gk spacing on the results,
we performed two runs with 64 64 64 grid points ( x =125 m y =125 m

z=125m; t=0:2s)and 40 40 40 grid points ( x =20 m y =20
m z =20.3m; t =0:4Ss), respectively. In addition, two more LES runs were
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performed to assess the impacts of radiation and mesoscale atleecon the simulated
results. Table 4.2 summarizes the con gurations of all the LES runsPlanar-averaged
pro les were output every 10 min from these simulations. For speetl 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  125m 125 m 125 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: (iasp-temporal
error and (ii) spatial variability, need to be discussed here rst.

In Figure 4.6, the WRF model-simulated wind speeds are compared willdar-based
observations at Leon. The following discrepancies between obsehand modeled data
are evident:

the WRF model simulated a weaker and slightly higher LLJ;
the timings of the observed and modeled LLJ peaks are quite di eren

It is well-known from the literature (e.g., Cuxart et al. [2006], Storm eal. [2008])
that the MMMs usually create weaker and higher LLJs due to enhaed di usion. The
simulations reported by Steeneveld et al. [2008] and Shin and Hong 12D also support
this fact. Therefore, the rst discrepancy is in line with the literature.

The second disagreement between data and model is, howeveexpected. According
to Blackadar's inertial oscillation hypothesis [Stull, 1988, van de Wieltal., 2010], the
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Figure 4.6: Time-height plots of lidar-based (left panel) and WRF modesimulated
(right panel) wind speeds. Leon, KS, October 24, 1999

peak of the LLJ at Leon should occur 9:8 h after sunset. On October 24, 1999, sunset
at Leon occurred at 23:40 UTC; thus, the LLJ peak maximum was erpted to occur
around 9:30 UTC. The WRF model simulated the LLJ peak maximum exdly at this
time. Interestingly, the observed LLJ peak occurred 3 h earlier.t is likely that some
other dynamical mechanisms were responsible for this behavior,iglhwere not captured
by the WRF model.

The WRF model-based simulated wind speeds and wind barbs at 90 m ftpanels)
and 150 m (bottom panels) above ground level (AGL) are shown in Rige 4.7. The
left and right panels represent 7 UTC and 11 UTC, respectively, ondober 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 sodasé&d wind eld
evolutions from four neighboring locations (on relatively at terrair): Beaumont, Leon,
Oxford, and Whitewater.

The spatio-temporal variabilities of wind elds shown in Figs. 4.6-4.8 he strong
implications from a model validation perspective. We speculate thatrsilar (or perhaps
stronger) spatio-temporal variabilities exist in the nocturnal tubulence elds. At the
same time, high-quality turbulence observations are only availableoim a single location:
Leon. This lack of spatio-temporal observations causes reliable deb validation to be a
challenging if not impossible task. Thus, the following model validatioresults presented

2The latitude at Leon is 37.65 N. The corresponding Coriolis parameter,f, is 89 10 ®>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 barls 90 m
(top panels) and 150 m (bottom panels) above ground level. The ledind right panels
represent 7 UTC and 11 UTC, respectively, on October 24, 1999h& locations of various
observational sites are marked on these panels.

52



150 : : : : : : 0 150 : : : : : : 0
8 8
7 7
100t 1 6 100t 1 6
E “B . E .
£ == == £
(@] (@]
5 ] =a 4 5 4
(] (]
T | T T [ | B II
50 = 3 50’ ‘- B 3
= 2 - . 1 2
= oz
-—-ﬁ : - R |
* E v R
0 ‘ : : ‘ : : 0 0 ‘ : : ‘ : : 0

5 6 7 8 9 10 11 12 5 6 7 8 9 10 11 12
Time (UTC) Time (UTC)

ms?t msl

150 ‘ ‘ ‘ ‘ ‘ ‘ 9 150 ‘ ‘ ‘ ‘ ‘ ‘ 9

8 8

7 7

100 6 100 ] 6

2 g % s
E - E

g - . | ¢ 3 ¢
I I

50}

5 6 7 8 9 10 11 12 6 7 8 9 10 11 12
Time (UTC) Time (UTC)

Figure 4.8: Time-height plots of sodar-measured wind speeds at Bewont (top left

panel), Leon (top right panel), Oxford (bottom left panel), and Whtewater (bottom

right panel). October 24, 1999

53



should be studied with some degree of caution.

In the following sections, simulated mean pro les from the WRF and MALES mod-
els are rst compared. The similarity of the results would indicate thathe forcing terms
(i.e., geostrophic winds and mesoscale advection terms) were agprately extracted from
the WRF output. It would also indicate that the physical parameterzations (e.g., mi-
crophysics), which are present in the WRF model, but absent in the ATLES model,
were not important for this clear-sky case.

Next, the modeled results are validated against a diverse set of ebstions. Given
the spatio-temporal variabilities of the observations and the simuled results, as well as
the apparent inconsistencies among di erent observational platfms (discussed below),
we argue that it is not necessary to place undue emphasis on the gtitive di erences.
On the other hand, qualitative trends and some similarity statistics €.g., in temporal
spectra) should provide valuable insights.

45.1 First-Order Statistics

The time-height plots of the simulated wind speed, wind direction, pential temperature,
and speci ¢ humidity are shown in Figure 4.9. For the WRF model resust the vertical
pro les represent instantaneous values from the grid point cloge® Leon. In the case
of the MATLES results, these pro les represent planar-averagevalues from the entire
domain.

The timing of the LLJ event as well as the temporal evolution of the id direction
pro les are similar in both the mesoscale and the LES results. This glitative similarity
suggests that the dynamical forcings are similar in both the simulatis. However, the
LLJ is stronger and slightly higher in the case of the LES results. It isvidely known
that the strength of the LLJs is strongly dependent on the di usim of the associated
SBL. Given that the strength of the LES-generated jet is more siitar to the observed
one (see the left panel of Figure 4.6) than is the case for the WRIefnerated one, we
conclude that the LES has captured the nighttime mixing with greate delity than the
YSU PBL scheme of the WRF model. Since the LES run did not include ssidence,
the simulated LLJ height is slightly higher. This feature is also visible in ta time-
height plot of the potential temperature|the LES generated a slightly deeper SBL. The
evolution of speci ¢ humidity is very similar in the mesoscale and LES relis. Due to
accurate prescription of the mesoscale advection, the LES runshaven captured a short

54



400
£ 200 1 £
(o)) (o))
© .I 4 @
T “I //// T
100 /] . N/ ]
2
) L --n-.-=--=n-auunuunnunm--------.. L
8 9 12 0 05 6 7 8 9 10 11 12 0
Time (UTC) Time (UTC)
degree degree
—200 —200
E 150 E 150
= =
2 2
Q Q
I 100 T 100
—50 —50
K
288 288
286 286
g 284 E 284
5 282 ..5’ 282
Q 3]
T 280 T 280
278 igang 278
A
276
8 9
Time (UTC)
E
=
(=]
‘©
T

8 9 8 9
Time (UTC) Time (UTC)
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burst of moisture enhancement during 10-11 UTC. This enhancemecould be due to a
small-scale frontal passage.

As the observed sounding data were available at 7 and 11 UTC, we shdhose speci c
times for comparison of the observed and simulated vertical pro$gFigs. 4.10 and 4.11).
In addition to the sounding data, we overlaid data collected by a doper lidar (wind speed
only) and a meteorological tower (wind speed and wind direction). s quite interesting
to see that the lidar-based wind speed observations are quite diemt in magnitude from
the sounding observations. Banta et al. [2002] mentioned someheical issues related
to the sounding launches during the CASES-99 eld campaign, whichight explain the
di erences. Since other publications (e.g., Shin and Hong [2011], Steeeld et al. [2008])
compared simulated results against these soundings, we decidetl tocexclude them in
this study.

Considering, rst, the proles from 7 UTC presented in Figure 4.10we note that
the heights of the lidar-based and the WRF-based LLJs are quite silar. As explained
before, the LES-based LLJ is slightly higher due to the lack of subgidce. The observed
and simulated wind shears agree very well in the lower part of the SBDi erences in
the modeled and observed LLJ are largely due to the temporal shift their evolution.

The WRF and LES models captured the wind direction and potential teperature
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 norttorth-westerly. The
observed and modeled potential temperature pro les portray ahtee-layered structure.
Near the surface, a strong inversion is present in the observeddathe modeled data.
Above this inversion layer, a weakly stable residual layer is presenptioc 750 m. The
free atmosphere with moderately strong strati cation is presenbn top of the residual
layer.

The observed speci ¢ humidity pro le shows an interesting multilayerstructure: a
near-surface moist layer, a well-mixed residual layer, a drying zomdove the residual
layer, and a moist-free atmosphere. The WRF model qualitatively gdures this mul-
tilayer structure; however, there is signi cant room for improverent. 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 ithe context
of Figure 4.10 also hold for this gure and, thus, are not repeateddowever, we would
like to note that the wind direction in the SBL shifted towards southsouth-east at this
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Figure 4.10: Plots of the wind speed (top left panel), wind direction ¢{p right panel),
potential temperature (bottom left panel), and speci ¢ 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 8t from the
north-north-westerly direction.

In Figure 4.12, we plot hodographs from observational (0-12 UTGnd 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 aviable after 8 UTC.
The signature of inertial oscillations [Stull, 1988, van de Wiel et al., 20] is clear in the
observed and modeled hodographs. The hodographs from the osesle and LES runs
are almost identical|emphasizing, again, the similar dynamical evolutims.
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Figure 4.11: Plots of the wind speed (top left panel), wind direction ¢{p right panel),
potential temperature (bottom left panel), and speci ¢ humidity (bottom right panel)
pro les corresponding to 11 UTC. Leon, KS, October 24, 1999

45.2 Second-Order Statistics

Before elaborating on these results, we would like to brie y descrilmair plotting strategy
for variance and ux pro les from the LES runs. As mentioned befce, the LES data were
saved every 10 min. Thus, for every hour, there are 6 data samplrresponding to each
vertical level. From these data points, we calculate and plot the meh (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 tews are available
every 5 min. Analogous to the LES pro les, we also report the mediain conjunction
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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. tdahat the
MATLES model does not solve a prognostic equation of turbulent ketic energy (TKE);
for this reason, we only show the resolved variances from LES. SQInEOL tower data
are not available after 8 UTC, we report results from two consecut time frames: 6-7
UTC and 7-8 UTC. We did not report turbulence data from 5-6 UTC aghis 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 nocturnhturbulence
is generated near the surface and transported upwards. A ntnaditional upside-down
character [Mahrt and Vickers, 2002, Ohya, 2001], where turbulea is generated in the
outer SBL rather than at the surface, does not appear in our sirfation. In contrast, the
horizontal variance observations at 50 and 55 m levels, during 6-7T0, might indicate
the existence of an upside-down SBL.

There are some di erences between the variances computed froneasurements by
the EOL and WUR sonic anemometers. These could be the result of airscale topo-
graphical e ects (the towers were a few tens of meters away fmoeach 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 potéglt temperature
variance become very small above 50 m AGL. This height is much shallower than
hy; = 100 m. In idealized LES studies,h estimated from vertical pro les of dier-
ent variables (e.g., wind speed, wind-speed pro le curvature, sam-wise velocity vari-
ance, vertical velocity variance, momentum ux, buoyancy ux) ae usually very similar
(e.g., Richardson et al. [2013]). In contrast, in the case of obsetiemal 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 refereactherein). 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 largeghan the corre-
sponding observed value (especially during 7-8 UTC). This could beato an inherent
limitation of the LES approach, or a result of the omnipresent spatlavariability. In Fig-
ure 4.14, we plot streamwise variance from a doppler lidar. Recentlichugina et al.
[2008] reported good correlation between sonic anemometer anatidata for weakly sta-
ble conditions. However, in the present case, the lidar-based varées are much larger
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Figure 4.13: Plots of variance pro les corresponding to 6{7 UTC (lefpanels) and 7{8

UTC (right panels). The top, middle, and bottom panels represent d¢rizontal veloc-

ity variance ( 2+ 2), vertical velocity variance ( 2), and potential temperature vari-

ance ( ?), respectively. The red dots with whiskers represent median andimmum-

to-maximum values of the observations from the 60 m tall meteorajacal tower. The

solid black lines and the light grey areas correspond to the mediansdatihe minimum-

to-maximum ranges, respectively, of the LES-generated outputata. Note that the

simulated results represent resolved variances, whereas theeavled data correspond to
total variances. Leon, KS, October 24, 1999
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than the sonic anemometer-based variances. In other words.ete is tremendous dis-
crepancy between the sonic anemometer- and doppler lidar-bassdimates of variances;
the LES values are somewhat in between the two.

The LES model underestimates the vertical velocity and temperate variances near
the surface. This is likely due to the lack of spatial resolution. We willavisit this issue
later in this study.
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Figure 4.14: Time-height plot of doppler lidar-based variances. LepKS, October 24,
1999

Vertical pro les of the local friction velocity (u ), computed using local momentum
uxes, and the sensible heat ux (w° 9) are shown in Figure 4.15. In contrast to the
variance plots, in these plots, the total LES-generated uxes ésolved plus SGS) are
shown. In addition, the resolved uxes alone are overlaid for compaon.

As with the variance plots, there are some di erences between thexes measured by
the EOL and WUR sonic anemometers. The exact cause for these @liences is unknown
to us; however, we can speculate and "blame' the di erences on drsaale topographic
e ects, instrumentation, and/or ux calculations.

62



Even though the LES captures the near-surface observed uxeluring 6-7 UTC, it
overestimates them at higher levels and also during 7-8 UTC. The odged component
of the uxes is much smaller than that of the corresponding SGS wes. For a moder-
ately/strongly strati ed case, this behavior is expected from an ES run using a grid
spacing of 10 m. A ner grid resolution will undoubtedly lead to a largecontribution of
resolved uxes; it might also reduce the spurious pile-up of momentu uxes above 50 m
AGL. However, a ner grid resolution is not expected to change theotal ux pro les in
any substantial manner; we will provide supporting evidence later ithis study.

The modeled variance and ux pro les are consistent with each othgghey 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 olserved sensible heat
ux is especially intriguingl|it vanishes almost completely above 20 m AGL. It is, thus,
no surprise that Vickers and Mahrt [Vickers and Mahrt, 2004] repted 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 tis behavior. We
will attempt to resolve this issue in future work.

4.5.3 Temporal Evolution

The night of October 23/24 was classied as an intermittent turbulet night by
van de Wiel et al. [2003]. In this section, we investigate whether th@apled mesoscale-
large-eddy modeling approach managed to capture this intermitteg in turbulence. We
utilized two types of turbulent ux measurements for model validaion.

Traditionally, sonic anemometry (also known as the eddy-covariaacapproach) is
used for measuring turbulent uxes [Foken, 2008]. Recent microme®rological stud-
ies [de Bruin et al., 2002, Hartogensis et al., 2002, Meijninger et al., B)®002] have
demonstrated, however, that the use of scintillometry is a viable atnative to sonic
anemometry. A scintillometer consists of a transmitter and a recasy and employs the
principle of “scintillation’|turbulence-induced uctuations of the obs erved intensity of
a remote light source. Over the years, dierent types of scintillonters have been de-
veloped using di erent wavelengths, aperture sizes, and con gations (see the reviews
by Andreas [1990] and Hill [1992] for more information). With a smallgerture scintil-
lometer (SAS), one can estimate the structure parameter of threfractive index, C2, and
the inner scale of turbulence)o, from measured amplitude uctuations. Note thatC?
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Figure 4.15: Plots of local friction velocity (top panels) and sensibleelat 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-maxinmu values of the
observations from the 60 m tall meteorological tower. The solid blldines and the
light grey areas correspond to the medians and minimum-to-maximumanges of the
LES-generated output data, respectively. Leon, KS, October21999
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and |, are directly related to the temperature structure parameterC#, and the kinetic
energy dissipation rate, . By using Monin-Obukhov similarity theory, one can extract
momentum and sensible heat uxes fronC2 and

During the CASES-99 eld campaign, researchers from Wageningddniversity
(WUR), the Netherlands, deployed a displaced-beam SAS instruntgi$LS20 by Scintec).
The transmitter and receiver were installed at 2.46 m AGL. The path legth between
the transmitter and the receiver was 112 m. Please refer to Hagensis et al. [2002] for
more information on the SAS experimental setup.

In contrast with conventional sonic anemometers, a SAS requirshort averaging in-
tervals (because spatial averaging over a line of sight relaxes theed for long temporal
averaging) and is expected to respond rather quickly to changingdn-stationary) atmo-
spheric conditions. During the CASES-99 eld campaign, a sampling ietval 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) andessible heat ux

(right panel). Fluxes measured by a small-aperture scintillometer ardepicted with green
triangles. Observations from sonic anemometers at 1.5 m and 3 m A@ke represented
by stars and circles, respectively. The solid blue and red lines dendite output from the

WRF model and the MATLES model, respectively. The observed weclearly portray
intermittent behavior. Leon, KS, October 24, 1999

In Figure 4.16, the observed and modeled surface uxes are showBurprisingly,
the SAS-based uxes were signi cantly larger in magnitude than theonic anemometer-
based uxes; more interestingly, they were even larger than the odeled uxes. It is
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possible that the scintillometer faithfully captured the spatial varidility of nighttime
surface uxes. In that case, the SAS-based uxes (represémy path-averaged uxes)
are more realistic than the sonic anemometer-based uxes (repssting point observa-
tions). Another possibility is that the Monin-Obukhov similarity functions utilized by
the scintilometer are problematic in the intermittent turbulence regme. If that is the
case, then the SAS-based uxes are not trustworthy. More rearch is de nitely needed
in this scienti ¢ arena.

The observed surface uxes clearly show signs of intermittencyn tontrast, the WRF-
and MATLES-generated uxes are more or less continuous in time. he YSU surface
layer scheme of the WRF model arti cially clipsu at 0.1 m s ! to avoid the so-called
runaway cooling problem. This spurious behavior is clearly visible in theftepanel of
Figure 4.16. Given that during 6-11 UTC, the WRF-based friction veloity (u ) is much
higher than 0.1 m s, 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 interittent turbulence.

The WRF-simulated results are in complete agreement with those reged by
Shin and Hong [2011]. All of their WRF simulations (without exception) tilizing var-
ious PBL and SL schemes overestimated nighttimeu () values when compared against
observed sonic anemometer data. At 5 UTC, their simulated values were in the range,
0.15-0.2 m s?. By the end of their simulations (i.e., at 12 UTC), theu values decreased
to approximately 0.10-0.15 m st. Similarly, all the WRF simulations also overestimated
the magnitude of (downward) sensible heat ux w° 9) values. The simulatedhw® g
values remained more or less constant during the period of 5-12 UTGhin and Hong
[2011] pointed out that the simulated nighttime surface variables we quite convergent.
In fact, the standard deviation for the di erent simulations was oty 0.01 m/s for friction
velocity; they were on the order of 4-5 W m? 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-generatedrirontal wind
speed, vertical velocity, and temperature. In the case of LEShe time series represent
simulated data (sampling rate, 10 Hz) from a grid point at the centeof the model domain.
As noted before, sonic anemometer data from EOL (frequency) Biz) were not available
after 8 UTC. Hence, for model validation, we also plotted the 5-minute-avaged data
from the WUR sonic anemometer.
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For most of the variables, the LES qualitatively captured the rang®f uctuations;
however, the trends were notably di erent from the observatio. A temporal shift of
3 h is evident in the upper-level (55 m) horizontal wind speed datade the discussion
earlier in the context of inertial oscillation).

Both the observed horizontal wind speed and the vertical velocitglisplay non-
stationary character. The LES-generated time series show qualitvely similar behavior;
the non-stationary character captured in the simulations is attribted to use of realis-
tic boundary and forcing conditions. For example, soon after the tiensi cation of the
simulated LLJ (around 8 UTC), the wind speed uctuations increase signi cantly due
to shear-generated turbulence (top panels of Figure 4.17). Théserved vertical veloc-
ity time series show some evidence of intermittency. Unfortunatelguch intermittency
patterns were not present in the LES-generated data.

The near-surface (10 m) observed temperature and horizontalnd speed data show
some periodic oscillations. Similar oscillations were lacking in the modeleaotential)
temperature and wind speed data. Results reported by Steen&let al. [2008] and
Shin and Hong [2011] also did not show any oscillations. According to VRale [1993]
and van de Wiel [2002], these oscillations are strongly coupled to thegmomenon of
surface ux intermittency. Clearly, the mesoscale and large-eddyodels are de cient in
this regard.

A few minutes before 10 UTC, the WUR sonic anemometer data shougiss of the
runaway cooling phenomenon. Based on Figs. 4.16 and 4.17, we sa&keace in the obser-
vations of: (i) decoupling of the atmospheric boundary layer fromhe underlying surface
(sharp decrease in the near-surface wind speed; turbulent ux®ecome 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 strgthhs and weaknesses
of LES-SGS models. It is well documented that non-dynamic (i.e., $te) SGS mod-
els are over-dissipative as indicated by steeper spectral slopeshagher wavenumbers.
On the other hand, in the case of the dynamic SGS models (such ag thbASDD SGS
model), the longitudinal velocity and scalar spectra clearly show esthided inertial ranges
(see Anderson et al. [2007], Basu et al. [2008b] for examples). Te thest of our knowl-
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edge, the characteristics of LES-generated spectra at largeakes (e.g., the mesoscale, the
terra-incognita regime described by Wyngaard [2004]) are not diszed in the literature.

A few years ago, Muschinski et al. [2004] analyzed observationata from the
CASES-99 eld campaign. They utilized high-resolution (200 Hz) turblence data from
the CIRES Tethered Lifting System (52{74 m AGL). Their frequeng-domain spectra
showed three distinct regimes (see bottom right panel of Figure &)1 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 approaagbtwad these scaling
regimes. We used sonic anemometer data, collected by NCAR-EOLr fmomparison.
Since the observed and modeled time series were non-stationarg used a discrete
wavelet transform (Haar wavelet) approach to compute the frespncy-domain spectra. A
similar approach was used by Katul and Parlange [1994] and Basu ¢t[2004]. Results
are presented in Figure 4.18 and are quite intriguing. The following conents can be
made based on this gure:

The sonic anemometer-based horizontal wind speed and temperat spectra por-
tray slopes of -3 in the mesoscale regime; this is a hallmark of two-dimseonal
turbulence [Lindborg, 1999]. In strongly strati ed conditions, dudo the lack of ver-
tical di usion, eddies can become quasi-two-dimensional (pancakbaped); in such
cases, one would intuitively expect a -3 slope in the spectra. Since $dhinski et al.
[2004] analyzed data from a di erent night, it is quite possible that tkey captured
a weakly stable regime with three-dimensional motions.

In agreement with the observational spectra, in the case of hooiatal wind speed
and temperature, the modeled mesoscale spectra also show slage8. This spe-
ci ¢ result signi cantly boosts our con dence in the simulated data.

For the high-frequency (inertial) range, most of the sonic anemaster data-based
spectra become at; this is perhaps due to measurement noise. Very stable
conditions, sonic anemometers can su er from several types ofirumental and
sampling problems (e.g., dropouts, insu cient amplitude resolution)| please refer
to Vickers and Mahrt [Vickers and Mahrt, 1997] for further discusion on this topic.

The LES-generated spectra show steeper than -5/3 slopes in tmertial range.
This discrepancy in the inertial range is expected to reduce with ineased spatial
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Figure 4.18: Wavelet spectra of horizontal wind speed (top left paf), vertical velocity
(top right panel) and temperature (bottom left panel). For compaison, spectra reported
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resolution; however, such simulations would be computationally quiexpensive. As
a viable alternative, for engineering applications, a fractal interdation approach
could be used to recover the energy in this range (see Basu et alO&) Sim et al.
[2012] for detalils).

The location of the modeled spectral gap (around 0.01 Hz) is identlcaith the
results reported by Muschinski et al. [2004]. In the case of the soranemometer
data, the spectral gaps are somewhat discernible for the neanface vertical veloc-
ity and the temperature data. Note that the existence of a specl gap around 0.01
Hz was also reported earlier by Caughey [1982]. This information wased by sev-
eral researchers (e.g., Basu et al. [2006], Nieuwstadt [1984]) totjieon mesoscale
and turbulent motions prior to ux estimation.

The observed vertical velocity spectra appear to follow a -5/3 skag. In con-
trast, the modeled vertical velocity spectra display a attening bbavior in the
low-frequency range. We speculate that, by increasing the modi#main size, we
might improve the shape of these spectra.

4.5.5 Sensitivity Experiments

In this section, we report results from various sensitivity experinms.

Observational Data Assimilation

As mentioned in Section 4.3, in this work, we performed two mesoscaenulations.

One of these simulations, called WRF-SN, included four-dimensionaatd assimilation

(FDDA) of public-domain observations; the other simulation, called VRF-NN, did not

include such data assimilation. In Figure 4.19, we present results fnothe WRF-NN

simulation. We also show di erences between this simulation and the WIRRSN 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 dadat included a
signi cant amount of observational data, the impact of additionalobservational data
was not signi cant. However, if one uses other data products witless assimilated data
(e.g., NCEP/NCAR Global Reanalysis Project, 2.5-degree grid spaginevery 6 hours;
NCEP GDAS FNL Analysis, 1-degree grid spacing, every 6 hours; NEEEta/NAM
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AWIP, 40-km grid spacing, every 6 hours), we would anticipate signtantly 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{4.22h&following inferences
can be made based on these gures and Figs. 4.9, 4.13, and 4.15:

The simulated mean proles are almost insensitive to grid resolution. His
is a strength of the LASDD-SGS model and has been reported earliby
Basu and Pore-Agel [2006] and Basu et al. [2008Db].

The strength of the LLJ peak slightly intensi es with increased redation.

The resolved variances increase with increasing resolution, as woblel expected.
However, the di erence in the resolved variance is small betweeneth.64-A-R-SN
and L80-A-R-SN runs (comparing Figure 4.21, right panels, with Fige 4.13, right
panels). This suggests that the resolved variance may not increasigni cantly

with further enhancement of the grid resolution.

Inside the boundary layer, the total momentum ux (representd by the local fric-
tion velocity) is almost insensitive to grid resolution. However, abovihe bound-
ary layer, increased resolution helps in dissipating the pile-up of spous turbulent
uxes.

The total sensible heat ux values are somewhat sensitive to grid selution. The
surface sensible heat ux values during 7{8 UTC change by25% by changing the
grid spacing from 20 m to 10 m (comparing Figure 4.22, bottom left pah with
Figure 4.15, bottom right panel). Similar levels of sensitivity of surfacsensible heat
uxes to grid resolution were reported by Richardson et al. [2013] ithe context
of idealized SBL simulations.

As expected, the contribution of the resolved uxes to the totaluxes increases
with increasing resolution. In the L40-A-R-SN run (Figure 4.22, babm right),
the resolved sensible heat ux is almost negligible. However, the simtitan does

72



mst

mst
400H 10 400 : : . : T —1
8
300 ] 300 11 los
E 6 E
5 200 Wi . £ 200 0
(] ‘©
§ : it iy
100 1 -0.5
2 i 0
v
—o 0 ‘ : : : : ‘ 1
5 6 7 8 9 10 11 12
Time (UTC)
degree degree
200 400 ‘ : - : —10
300 1 5
g 150 E
.-5’ %200 0
o) ©
I 100 T I
100 . -5
‘ &
— 0 ] : : ; : ‘ -1
%0 5 6 7 8 o 10 11 12 °
Time (UTC)
K K
288 —
286 0.6
0.4
= 284 ~
E B 0.2
5)200 282 .5’ 0
(] [5)
T 280 T -0.2
-0.4
278 0.6
27 ; ‘ — ‘ —-0.
6 5 6 7 8 9 10 11 12 08
Time (UTC)
1 -3 kg kgl 44
/%10 400 , ‘ o 9
35
300 2
E °E
E” 25 -E» 200 0
Q Q
: . "
100 . 1 -2
1.5
' : : : . : : —1 0! : : : : : : -4
5 6 7 8 9 10 11 12 5 6 7 8 9 10 11 12
Time (UTC) Time (UTC)

Figure 4.19: In the left panel, time-height plots of the WRF model-sinated (domain
4) wind speed (top panel), wind direction (second panel), potentidémperature (third
panel), and speci ¢ humidity (bottom panel) are shown. During this snulation (re-
ferred to as the NN simulation), no observational data are assimikedl. The right panels
show di erences between the NN simulation and the control WRF sintation 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 clasin this
scenario.

Longwave Radiation

In this sub-section, we document the e ects of longwave radiatioon the LES-generated
data. In Figure 4.23, results from an LES run with radiation schemeutned o (called
L80-A-SN) are presented. In this gure, we also show di erencdsetween this simulation
and the control simulation (i.e., L80-A-SN minus L80-A-R-SN). The gesence of longwave
radiational cooling results in a marginally cooler boundary layer and ée atmosphere.
Near the surface, due to lack of adequate vertical resolution, mall amount of erroneous
warming is noticeable. Similar results were reported by Ha and Mahrt(R3].

The overall impact of longwave radiational cooling was insigni cant fothe other
variables. Since the geostrophic wind was moderate (see Figure 4ldjing the night of
October 23/24, radiative ux divergence played a minor role in comp#son to turbulent
ux divergence.

Mesoscale Advection

The inuence of mesoscale advection forcing is summarized in Figure4. In the left

panel of this gure, results from the L80-SN run (with no meoscaladvection) are pre-
sented. The right panels show di erences between this simulation @rnhe control simu-
lation (i.e., L80-SN minus L80-A-R-SN). Since the e ects of longwawadiational cooling
were found to be marginal, the di erences reported in this gure a largely due to
the mesoscale advection forcing. The most noteworthy di erengs in the height of the
stable boundary layer. Due to the lack of thermal advection (seetiom left panel of Fig-
ure 4.5), the L80-SN run creates a shallower, colder, and moreattred 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 cas&his decoupling led to
a stronger LLJ, which persisted for much longer than in the contiaqun (Figure 4.24).
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Figure 4.22: Plots of local friction velocity (top panels) and sensibleelt ux (bottom
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Figure 4.24: In the left panels, time-height plots of the MATLES modesimulated wind
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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 traitional boundary
layers observed during the period, 00 UTC to 09 UTC on July 2, 2006 gart of the
GEWEX Atmospheric Boundary Layer Study (GABLS) - 3rd LES intercomparison case
study (GABLS3). GABLS is an ongoing collaborative study formed ttetter understand
stable boundary layer physics (see Bosveld et al. [2012] and theerehces therein). In
2008, the 3rd modeling intercomparison study (GABLS3 case studwas released. The
location of the study was Cabauw, the Netherlands. Based on a mitjear dataset, a
‘golden’ case was selected for the model intercomparison.

During this period, there was little change in the synoptic ow which is gen in the
historical surface analysis chart in Figure 5.1. A dominant high presse system was
located over the Baltic Sea which provides a quiescent ow at the axef interest. Clear
skies were shown due to the subsidence associated with the highspuee. The boundary
layer was stable with a relatively constant geostrophic wind of 7 m/sral a signi cant
surface cooling. Inertial oscillation caused a low-level jet to formhich was well observed
by a 200 m meteorological tower. Richardson's MS thesis [2012] reguced this low-level
jet by using the WRF model and performed sensitivity analysis usingi érent boundary
layer parameterization schemes.

The GABLS3 eld site was located near Cabauw, The Netherlands (88 N, 4.56 E).
This site has a at topography covered by grassland and reasorlathomogeneity, so a
uniform roughness £ = 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 locationithe 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 utilizedrfmodel validation. A 200
m tall meteorological tower is situated near Cabauw and has beenleating observations
including wind speeds, wind direction, temperature, humidity and vaances at various
heights for many decades [Bosveld et al., 2012]. High frequency wiradalis also collected
by sonic anemometers at di erent levels.

5.3 Mesoscale Modeling Con gurations

The selection of other numerical settings and physical parameizastions 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 dimensior82@ km
4320 km centered on Cabauw, the Netherlands (see the top leftngh of Figure 5.2).
Three one-way nested domains with grid spacings of 9 km, 3 km, andkth were set
up inside this outer domain. Also, 51 non-uniformly spaced verticalrig levels with
approximately 7 levels below 200 m (see the top right panel of Figure2h The FDDA
approach was applied with the same data source (NCEP) and con mations as in the
CASES-99 case study.

The initial and boundary conditions from ERA-Interim (European Catre for
Medium-range Weather Forecasts { ECMWEF reanalysis interim) datset (1.5 degree grid
spacing) were used for the WRF simulations. The simulations starteat 00 UTC on July
1st, 2006 and continued for 36 hours. The simulation results fron@QJTC (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 &ynthesis 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 CAS®ESstudy, we will not
repeat those here. The LES runs were initialized with the WRF modelegerated mean
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Figure 5.2: The WRF model runs utilize four nested domains (top leftgmel) of grid
spacing 27/9/3/1 km. The locations of the vertical grid points are Bown in the top
right panel. The elevation maps of the coarsest and the nest dorme are shown in the
bottom left and bottom right panels, respectively. The location ofie observational site
is marked on these panels.
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pro les for Cabauw at 00 UTC (local midnight), July 2nd, 2006 (not fiown). Note here,
WRF geogrid le de ned the land use value at the tower location as watr body which is
not true. This could lead to problems when we extract initial conditioa from that grid
point; hence, we extracts all needed information from one grid paieast of the original
location. Figure 5.3 shows the land use value in this area; a red stawosgls the modi ed
location. This particular initialization time was chosen to maintain consigncy with
the GEWEX Atmospheric Boundary Layer Study (GABLS) third LES intercomparison
project [Basu et al., 2011]. The SBL heighth, was estimated to be equal to 217 m at
00 UTC.
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Figure 5.3: Plots of Land use from WRF Domain-04. Extraction locatiois marked by
the red star

All the simulations were run for 9 h until 09 UTC. The surface roughess length was
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setasz =0:15 m. The WRF model-simulated time series for 2 m potential temperate

and 2 m speci ¢ humidity are shown in Figure 5.4. The overall cooling ratat 2 m was
1.03 K h * during the rst 3 simulated hours and the temperature rises with aate of
218K h 1

N
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Figure 5.4. The WRF model-simulated time series of 2 m potential tempaure (left
panel) and 2 m speci ¢ humidity (right panel). These data were usedsdower boundary
conditions for the LES runs. Cabauw, July 2, 2006

Potential temperature and speci ¢ humidity gradients were presibed at the upper
boundary as follows:d =dz=0.019 Km !, dQ=dz=-5.5 10 ®*KgKg 'm 1.

Time-height-dependent geostrophic wind eld componentdJ;; V) are shown in Fig-
ure 5.5 and the time-height-dependent mesoscale advection ter(far momentum, heat,
and moisture) are shown in Figure 5.6 (The full elds are shown in theflowing sections,
Figure 5.8 and Figure 5.9). Due to the reasons discussed in section, 3isidence was
not included in this case study either.

The selected domain size for the LES runs was again selected as 800 ®00 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 fohé¢ selected
location near Cabauw. The time step was set to 0.1 s, and the time duion of each
run was 9 h (i.e., 324,000 time-steps). In order to compare the résuwith the GABLS3
intercomparison (GABLS3-ICP) study, one run with 64 64 64 grid points ( x =12.5
m y=125m z=125m; t=0:2s)of GABLS3-ICP study was also shown
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Figure 5.5: Time-height plots of the WRF model-simulated zonal (eastest; left panel)
and meridional (north-south; right panel) geostrophic wind compeents. Cabauw, July
2, 2006

and analyzed. In addition, two more LES runs were performed to sess the impacts of
radiation and mesoscale advection on the simulated results. Table Sdmmarizes the
con gurations of all the LES runs. Planar-averaged pro les wer@utput every 10 min

from these simulations. For spectral analysis, time series data finoselected 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 125m 125m 125 m Yes Yes
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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 insig cant was
true for as the CASES-99 case. The WRF model-based simulated wisigeeds and wind
barbs at 90 m (left panel) and 150 m (right panel) above ground levéAGL) 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 locatioif€abauw.

Figure 5.7: The WRF model-based simulated wind speed at 90 m (left palpand 150 m
(right panel) above ground level at 04 UTC on July 2nd, 2006. The lation of the
observational site is marked on these panels.

In Figure 5.8, the WRF model-simulated wind speeds, wind direction, pential tem-
perature, and moisture are compared with tower-based obsetizans at Cabauw. The
following discrepancies between observed and modeled data are enid

the WRF model simulates a weaker and slightly higher LLJ;
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the potential temperature during 3 to 4 UTC in the modeled SBL is colet.

As we discussed in Section 4.5, it is well-known from the literature (e.@uxart et al.
[2006], Storm et al. [2008]) that the MMMs usually create weaker andgher LLJs due
to enhanced di usion.

The time-height plots of the simulated wind speed, wind direction, pential temper-
ature, and speci ¢ humidity are shown in Figure 5.9. For the WRF moderesults, the
vertical pro les represent instantaneous values from the grid pat closest to Cabauw. In
the case of the MATLES results, these pro les represent planaveraged values from the
entire domain.

The timing of the LLJ event as well as the temporal evolution of the imd direction
pro les are similar in both the mesoscale and the LES results. This glitative similarity
indicates that the dynamical forcings are similar in both of the simuladns. 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 te associated SBL.
Given that the strength of the WRF-generated jet is more similar tahe observed one (see
the left panel of Figure 5.8) than is the case for the LES-generadt®ne, we conclude that
the YSU PBL scheme of the WRF model has captured the night time mixg with greater
delity than the LES. Since the LES run does not include subsidencéhe simulated LLJ
height is slightly higher. This feature is also visible in the time-height plodf the potential
temperature. The LES generated a similar deep SBL, however, thy the period of 03
UTC to 06 UTC LES shows even more cold bias. The evolutions of specihumidity
and wind direction are very similar in the mesoscale and LES results.

We also chose those specic times for comparison of the observetd asimulated
vertical pro les (Figs. 5.10 and 5.11). Considering, rst, the aveaged pro les from 00
UTC to 01 UTC presented in Figure 5.10 at this initial simulation time, we ote that the
heights of the tower-based, the WRF-based, the LES based arttetGABLS3-ICP-based
LLJs are quite similar. Unlike these wind speed and wind direction pro k& the potential
temperature pro les show some cold bias at the very lower level (@0n AGL). This
is because the GABLS3-ICP uses the same tower-observed dagatlze initial pro le to
drive the simulation; hence, it matches the observation much bett¢han the WRF-based
simulation which has been running for 24 hours at this point. Therefe, the potential
temperature pro le from LES also shows this cold bias. Similar biaseseashown in the
speci ¢ humidity pro les.

89



Height AGL (m)
Height AGL (m)

1 2 3

4 5
Time (UTC)
degree
. 180
160
B 150
—
3 140
¢
g 120
[}
T
s 100
.
‘ ‘ ‘ ‘ ‘ ‘ L lgo
0 1 2 3 4 5 6 7 8 9 .
Time (UTC) Fig:MesoObs2
degree K
—180 W
296
~ 160
E E
£ > 294
3 140 3
g ¢
g 120 5 292
> [}
2 T
100
290
7 8 o -
7K kg kgt
—0.012
296
E B
= 294
a 0
< < 0.010
£ 292 5
S o
o £
290 Iq“
W
7 8 9 o 1 2 3_4 5 6 7 8 9 °0%
Time (UTC)
kg kgt
—0.012
0.011
0.01
0.009
—l0.008

1 2 3 4 5 6 7 8 9

Time (UTC)

Figure 5.8: Time-height plots of wind speed (top panels), wind directio(second panels),
potential temperature (third panels), and speci ¢ humidity (bottom panels). The left

and right panels represent results from the tower data and the WIRmodel, respectively.



Height AGL (m)
Height AGL (m)

degree degree
—180 180
—_ 160 _ 160
£ £
— —
o 140 3 140
< <
_-5, 120 -5, 120
T T
100 100
Llgo : ‘ ‘ ‘ Llgo
0 1 2 3 4 5 6 7 8 9
Time (UTC)
K K
296 296
E E
CI') 294 6| 294
< < 100¢
S 202 S 292
(] [}
T I 50f
290 290
Ll 0 n n n L
0 1 2 3 4 5 6 7 8 9
Time (UTC)
kg kgt kg kgt
—0.012 —0.012
E 150 0.011 g 1501
o) R
< 001 < 0.010
= =
2 =
() (]
T 50 0.009 T 50t
—0.008 —0.008

3 4 5 6 3 4 5 6
Time (UTC) Time (UTC)
Figure 5.9: Time-height plots of simulated wind speed (top panels), wdrdirection (sec-
ond panels), potential temperature (third panels), and speci c tlimidity (bottom panels).
The left and right panels represent results from the WRF model anithe MATLES model,

respectively. Cabauw, July 2, 2006

91



400

WRF-SN \ 'l
350! —— LBO-A-R-SN \i
-—--GABLS3-ICP \-{
° . mi
300! Tower (p50 w. min & max) ‘.\\
= \
E 250} N
3 )
0 A\
< 200t L\
= b
2 150} )
I .
7
100+ ==
_/’
50| =7
P
0 . il ‘
0 5 10 15
Wind Speed (m s1)
400 7
WRF-SN il
350 —— L80-A-R-SN l |
-—--GABLS3-ICP I
300 @ Tower (p50 w. min & max) "/I
I
— 1]
E 250t 4
O {
2 b
é 200r /{/
) /4
‘© 1501
3 #
100¢ e
///J'&‘
50r _ _z 7%
0 - .
285 290 295 300

Potential Temperature (K)

IS
S
S

WRF-SN ! /

0} —— L80-A-R-SN I' /
-—--GABLS3-ICP i //
0. @ Tower (p50 w. min & max) i //
_ i/
é 250 / //
- /
Q % //
<C 200f I
£ 27
2 150 '//)//
(O] ;_.§_¢
T /-//
7,7
100 - e //
'W/—" /
50 w/_{///
080 90 .160 i 1110 12‘0 1;0 140
Wind Direction (degree)
400 T i
WRF-SN \!
350/ —— L80-A-R-SN \
-—--GABLS3-ICP .'\\
300 ©® Tower (p50 w. min & max) 1\
— Iy
A
E 250 P
- | \
Q [
< 200f —e )
= v
T 1501 af
T
A
100} / \
[ °
50( [
0 ‘ A
4 6 8 10 12
Specific Humidity (kg kg™*) x10°

Figure 5.10: Plots of the wind speed (top left panel), wind direction ¢{p right panel),
potential temperature (bottom left panel), and speci ¢ humidity (bottom right panel)
pro les corresponding to 00-01 UTC. Cabauw, July 2, 2006

The averaged proles of 03 UTC to 04 UTC are compared. The WRF ahLES
models captured the wind direction and potential temperature prées remarkably well
and even better than the GABLS3-ICP simulation in terms of wind sped and wind
direction. As explained before, the LES-based LLJ is slightly higherué to the lack of
subsidence. The observed and simulated wind shears agree verly inghe lower part of
the SBL. The wind direction within the SBL (h
at higher elevations, the wind was more southerly. The modeled pot&al temperature
pro les portray a two-layered structure. Near the surface, ateong inversion is present
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in the observed and the modeled data; this inversion is overestimdteonsiderably by
WRF and LES. We believe this great amount of cold bias in the LES run isug to the
potential temperature advection. As is seen in Figure 5.6, there is sagni cant cold
advection coming during this time period, which can be explained by tHand use from
the WRF run. Figure 5.3 shows that close to the studied point, the lathuse is mostly
de ned as water body, therefore, we believe that the estimateddeection values are
dominated by local circulation rather than mesoscale advections.oTdemonstrate this,
the potential temperature pro les from the L80-SN run are also Iptted. It is found that
L80-SN shows much less cold bias. We also notice that the WRF modeled not capture
the convex shape of potential temperature pro le at the lower l@al whereas the LES
did, due to a better representation of the di usions. Above this ingrsion layer, a weakly
stable residual layer is presented by all the modeled pro les.

The modeled speci ¢ humidity pro les show same interesting biases: reear-surface
drier bias and an overmixed residual layer which shows the moister biaAll the models
qualitatively capture the moisture structure; however, there isaom for improvement.
GABLS3-ICP and LES indicate very similar results.

In Figure 5.12, we plot hodographs from observational (0-9 UTC)nal modeled (0-9
UTC) data. The signature of inertial oscillations [Stull, 1988, van d&Viel et al., 2010] is
clear in the observed and modeled hodographs. The hodograptmrirthe mesoscale and
LES runs are almost identicallemphasizing, again, the similar dynamichevolutions.

5.5.2 Second-Order Statistics

Similar as to the case for the CASES-99 study, the LES data wereved every 10 min.
Thus, for every hour, there are 6 data samples correspondingeach vertical level. From
these data points, we calculate and plot the median (p50) values. &ddition, the entire
range (minimum to maximum) of the LES values is shown as a shaded lohrnThe sonic
anemometer data from the Cabauw towers are available. Analogotassthe LES pro les,
we also report the median in conjunction with the minimum and maximum alues from
these datasets.

Observed and simulated variance pro les are shown in Figure 5.13. tdahat the
MATLES model does not solve a prognostic equation of turbulent ketic energy (TKE);
for this reason, we only show the resolved variances from LES. W&port results from
two consecutive time frames: 00-01 UTC and 03-04 UTC.

93



400

WRF-SN Vol
350 ——LBO-A-R-SN  \ !
-—-GABLS3-ICP  \ |
300 @ Tower (p50 w. min& n\\ax)
\ L
= W\
€ 250/ AN
h \
) \
< 200 ro— AN
< \_\\
=3 )
‘S 150+ !
2 )i
7/
100¢ R
Potad
50 //_/-//
7
0 /"“*/‘“ )
0 5 10 15
Wind Speed (m s'l)
400 T
WRF-SN I
350/ ——L8O-A-R-SN h
——L80-SN I / /
300}~~~ GABLS3-ICP v}
- ® Tower (p50 w. min & max) ,’/
E 250}
-
Q
< 200
5
‘© 1501
T
100t
50
0 Y . )
285 290 295 300

Potential Temperature (K)

Height AGL (m)

Height AGL (m)

IS
S
S

WRF-SN i I
%0 ——LBO-A-R-SN i /
-—--GABLS3-ICP i /
wo| @ Tower (p50 w. min & max) //
i /
250 /' /
/ e
200 4 // P
./ //
/’/ PRy
150 ‘/, L -
R P
7 Ve
100 v Pre
Rd ——@—
Rd //
50 /'/ "Q/
Y i
090 160 1‘10 1%0 13‘0 11110 1&0 1(‘50 1‘70 1{‘!0 190
Wind Direction (degree)
400 T T
WRF-SN il
350} ——L80-A-R-SN [
-—--GABLS3-ICP ‘\
300 ® Tower (p50 w. min & max) !\‘
1
i
250r A
I
[l
200r o A\
Al
\_ \
150+ W
—e— 4
100} }
ne
501 ¥
/' #
0 L L
4 6 8 10 12
Specific Humidity (kg kg™*) x10°

Figure 5.11: Plots of the wind speed (top left panel), wind direction ¢{p right panel),
potential temperature (bottom left panel), and speci ¢ 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 noctural turbulence
is generated near the surface and transported upwards. A ntnaditional upside-down
character [Mahrt and Vickers, 2002, Ohya, 2001], where turbulea 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 indide the existence of an
upside-down SBL at 180 m level during 03-04 UTC. The observed ambdeled horizontal
velocity variance and potential temperature variance become wesmall above 180 m
AGL. This height is at the h ; =200 m.
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Figure 5.12: Observed and simulated hodographs. The red dots regent velocity ob-
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Simulated data from the WRF model and the MATLES model are repieented by green-
square-line and black-star-line, respectively. The signature of i@l oscillations is visible
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The magnitude of the simulated horizontal velocity variance is a little rmaller than
the corresponding observed value (especially at 180 m level). This hitidpe due to an
inherent limitation of the LES approach, or a result of the omnipres# spatial variability.
The LES model underestimates the vertical velocity variance neaine surface which is
likely due to the lack of spatial resolution. The temperature variares 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 eldgsee 5.13 left panel).
The WRF based LES did similarly quite well when the SBL is developing (s&el13 right
panel). Note, GABLS3-ICP generally generates less variance ndbe surface, this is
again, because GABLS3-ICP has coarser resolution and less reswldetails.

Vertical pro les of the local friction velocity (u ), computed using local momentum
uxes, and the sensible heat ux (w° 9) are shown in Figure 5.14. In contrast to the
variance plots, the total LES-generated uxes (resolved plus &3 are shown in these
plots. In addition, the resolved uxes alone are overlaid for compgeson.
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Figure 5.13: Plots of variance pro les corresponding to 00{01 UTCl€ft panels) and
03{04 UTC (right panels). The top, middle, and bottom panels reprgent horizontal
velocity variance ( 2+ 2), vertical velocity variance ( 2), and potential temperature
variance ( 2), respectively. The red dots with whiskers represent median andimmum-
to-maximum values of the observations from the 200 m tall metedogical tower. The
solid black lines and the light grey areas correspond to the mediansdaimne minimum-to-
maximum ranges, respectively, of the LES-generated output dat The blue line shows
the GABLS3-ICP variances. Note that the simulated results repsent resolved variances,
whereas the observed data correspond to total variances. Galw, July 2, 2006
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The LES captures the near-surface observed heat uxes duri®@$-04 UTC relatively
well, but it overestimates it at higher levels (60 m and 100 m level). Theesolved
component of the uxes is much smaller than that of the correspaliing SGS uxes. For
a moderately/strongly strati ed case, this behavior is expectedrdém an LES run using a
grid spacing of 10 m. A ner grid resolution will undoubtedly lead to a lager contribution
of resolved uxes; it might also reduce the spurious pile-up of momimn uxes above
120 m AGL. However, a ner grid resolution is not expected to chamgthe total ux
pro les in any substantial manner.

The modeled variance and ux pro les are consistent with each othgghey 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 siwhether, by
simply re ning grid resolution, the LES model will be able to capture tis 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-largddy modeling ap-
proach managed to capture the intermittency in turbulence. We iiized sonic anemome-
try (also known as the eddy-covariance approach) ux measuremts for model validation.
Sonic anemometry is used for measuring turbulent uxes [Foken, @8).

In Figure 5.15, the observed and modeled surface uxes are showBoth WRF and
LES are able to capture the surface uxes very well. The observeslirface uxes do
not show signs of intermittency and the WRF- and LES-generateduxes are more or
less continuous in time. The YSU surface layer scheme of the WRF nabaarti cially
clipsu at 0.1 m s?! to avoid the so-called runaway cooling problem. This spurious
behavior is clearly visible in the left panel of Figure 5.15. Given that dimg 0-9 UTC,
the WRF-based friction velocity (U ) is much higher than 0.1 m s, we believe that the
clipping has not impacted our results in any signi cant manner. Nevéhneless, in our
future work, we will study the impact of this clipping and other thre$olding operations
on the simulation of intermittent turbulence.

LES simulation again overestimatesy ) values when compared with observed sonic
anemometer data but WRF captured them at nighttime very well. At @{09 UTC, the
simulated u values are in the range of 0.15-0.25 m’s Similarly, LES simulations also
overestimated the magnitude of (downward) sensible heat uxhg® 9) values through
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Figure 5.14: Plots of local friction velocity (top panels) and sensibleelat ux (bottom
panels) pro les corresponding to 00{01 UTC (left panels) and 03UTC (right panels).
The red dots with whiskers represent median and minimum-to-maxinmu values of the
observations from the 200 m tall meteorological tower. The solid kil lines and the
light grey areas correspond to the medians and minimum-to-maximumanges of the
LES-generated output data, respectively. The blue line is the totauxes from GABLS3-
ICP. Cabauw, July 2, 2006
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the whole time of study, while WRF does represent the night time valueery well. The
simulated hw® 9 values remained more or less constant during the period of 00-09 C/T

In Figure 5.16, we plot time series of observed and LES-generateattical velocity at
60 m and 180 m. In the case of LES, the time series represent simathtiata (sampling
rate, 10 Hz) from a grid point at the center of the model domain andonic 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 lelvduring 00 UTC
to 02 UTC and at 180 m level during 03z to 04z are not captured. Thabserved vertical
velocity displays non-stationary character. The LES-generatetime 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 &80 m shows
some evidence of intermittency. Unfortunately, such intermittecy 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. &2aw, 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 CASES3%tudy. The
analysis used is based on the data during the SBL condition (01 UTC 5@TC). The
following comments can be made based on Figure 5.17:

In the high-frequency (inertial) range, most of the sonic anemorte data-based
spectra become atter than a -5/3 slope; this may also be due to ¢hmeasurement
noise as we discussed in the CASES-99 study.

The LES-generated spectra show slopes which are steeper tha/34n the inertial
range due to the de ciency of modeling resolution.

Similar to the observation in the CASES-99 study, the sonic anemotee-based
horizontal wind speed and temperature spectra portray slopesstethan -3 in the
mesoscale regime, but greater than -5/3. The observed tempen@ spectra are
reported to follow a -1.4 slope by Bolgiano [1959]. In our results as wethe
observed temperature spectra follow this -1.4 slope.

In the case of horizontal wind speed and temperature, the modeélmesoscale spec-
tra also show slopes of -3. This speci ¢ result again signi cantly botssour con -
dence in the simulated data.

The location of the modeled spectral gap (around 0.01 Hz) is identlcaith the
results reported by Muschinski et al. [Muschinski et al., 2004] siva in Figure 4.18.
In the case of the sonic anemometer data, the spectral gaps aa discernible for
the near-surface horizontal wind speed and vertical velocity dat

The observed vertical velocity spectra appear to be following thé&/3 slope. In
contrast, the modeled vertical velocity spectra display a atter kehavior in the
low-frequency range. We speculate that, by increasing the modi#main size, we
might improve the shape of these spectra.

5.5.5 Sensitivity Experiments

In this section, we report results from various sensitivity experinmts including Obser-
vational Data Assimilation, Longwave Radiation, and Mesoscale Adeggon. Due to the
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fact that resolution sensitivity analysis shows similar results to thes 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 mesoscaenulations.
One of these simulations, called WRF-SN, included four-dimensionaata assimilation
(FDDA) of public-domain observations; the other simulation, called VRF-NN, did not
include such data assimilation. In Figure 5.18, we present results fnothe WRF-NN

simulation. We also show di erences between this simulation and the WARSN 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 ofdDA in the WRF

simulations:

FDDA decreases the overestimations of the wind speed overall atlte LLJ's
strength.

The wind direction shear is increased signi cantly towards the magnitle of the
observation.

Without FDDA, the cold bias of the potential temperature is greate, and the
inversion strength is much weaker during the night time.

In this study, the moisture observation data is not assimilated intolie model; the di er-
ence shown here is caused by the in uences of other elds (wind atemperature). We
would de nitely assimilate the observed moisture data in future stuies.

Longwave Radiation

In this sub-section, we document the e ects of longwave radiatioon the LES-generated
data. In Figure 5.19, results from an LES run with radiation schemeutned o (called
L80-A-SN) are presented. In this gure, we also show di erencdsetween this simulation
and the control simulation (i.e., L80-A-SN minus L80-A-R-SN). The gesence of longwave
radiational cooling results in a marginally cooler boundary layer and ée atmosphere.
Near the surface, due to the lack of adequate vertical resolutiom 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-simated (domain
4) wind speed (top panel), wind direction (second panel), potentidémperature (third

panel), and speci ¢ humidity (bottom panel) are shown.

During this snulation (re-

ferred to as the NN simulation), no observational data are assimilkad. The right panels
show di erences between the NN simulation and the control WRF sintation 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 lhe other vari-
ables. Since the geostrophic wind was moderate (see Figure 5.5)inigithe night of July
1st/2nd, radiative ux divergence played a minor role in comparison ih turbulent ux
divergence.

Mesoscale Advection

The in uence of mesoscale advection forcing is summarized in Figure®. In the left
panel of this gure, results from the L80-SN run (with no meoscaladvection) are pre-
sented. The right panels show di erences between this simulation @nhe control simu-
lation (i.e., L80-SN minus L80-A-R-SN). Since the e ects of longwawadiational cooling
were found to be marginal, the di erences reported in this gure a largely due to the
mesoscale advection forcing. The most noteworthy di erence is ité strength and the
height of the LLJ. Due to the lack of negative advection (see the poleft 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 UT, due to the
absence the cold advection, (see bottom left panel of Figure 5.6)e estimated inversion
is much stronger than the observed data which leads to a lower LLJ gontrast to the
L80-A-R-SN run.
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Figure 5.19: In the left panels, time-height plots of the MATLES modesimulated wind
speed (top panel), wind direction (second panel), potential tempagure (third panel),

and speci ¢ humidity (bottom panel) are shown. The radiation schem is switched o

during this simulation (referred to as L80-A-SN). The right panelsienmarize di erences
between this simulation and the control simulation (i.e., L80-A-SN minsi 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 modesimulated wind
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Chapter 6

Similarity Relationships

6.1 Introduction

In the previous chapter, we have shown that our newly proposehimework can generate
the overall mean characteristics of observed stable boundary ¢ag. Spectral analysis, one
of the rigorous evaluation tests, has also been applied. Here, moigorous evaluations
will demonstrate if the simulated ows conform to the various similariy relationships
proposed in the stable boundary layer literature [e.g., Nieuwstadt [88], Sorbjan [2006]].
Recently, some of these relationships (e.g., normalized variancegyafound to be "quasi-
universal' [see Basu et al. [2006] and Basu et al. [2010]]. In contraistere is very little
consensus among researchers regarding the exact magnitude/anthe exact shape
of a few other similarity relationships (e.g., the normalized velocity andemperature
gradients). Nevertheless, in the absence of any theoretical ults, all the similarity
relationships provide valuable guidance for evaluation of the LES{gerated ow elds.

6.2 Methods

From all the idealized and coupled mesoscale-LES runs, planar-aged mean, (resolved)
variance, and (resolved and subgrid) ux of relevant variables aravailable at a tempo-
ral resolution of ve minutes. From these variables, several nomtized variables are
estimated. These normalized variables are plotted as a function obrmalized height
or against the stability parameter. In all the plots, 10th, 25th , 5€h, 75th, and 90th
percentiles are depicted with various colors. In the case of vertigaro le plots, all the
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dependent variables are spline-interpolated to common height levelé = 0.1, 0.2, ...
etc.) prior to the percentile calculations. In the case of the plots imlving the stability
parameter as an independent variable, we partition the data in stdlty classes. We
use adaptive bin widths in order to have an equal number of samples @ach 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 haffe;ach simulation
(i.e., 6{12 h). In the case of the CASES-99 run, we only use data cesponding to 6{12
UTC. The rst hour of the simulation is discarded as spin-up. In the ase of the GABLS
run, we analyze data from the 1{5 UTC period. During this time framea LLJ was
clearly discernible in both observed and simulated data. We do not caider data after
sunrise since the surface layer becomes unstable at that time (mimg transition).

To avoid the e ect of the boundary layer top, we analyze the lower5% of boundary
layer data for the majority of the plots (except the normalized uxpro les). Following
Mahrt [1981] and numerous other studies, we assurhequals the height of the simulated
LLJ core in the case of the idealized LES runs. In the case of the péed mesoscale-LES
runs, it is di cult to ascertain the LLJ height accurately. In these cases, we estimatd
from the sensible heat ux pro les. Speci cally, for every time instace, we rst nd the
height where sensible heat ux decreases to 25% of the surfacéueathen, we multiply
that height by (1/0.75).

6.3 Normalized Fluxes

Utilizing the local scaling hypothesis and several other plausible assptions, Nieuwstadt
[1984, 1985] proposed the following relationships for normalized memum and sensible
heat uxes:

2

u?, z 2

—L= 1 = (6.1)
us, h

MoqL z b

mOG, - T h (6:2)

whereu , w® 4, z, and h represent friction velocity, sensible heat ux, height above
ground, and stable boundary layer height, respectively. The sutripts 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 idalized, CASES-99,
and GABLS LES runs, respectively.

Based on the observational data from Cabauw, the NetherlandBlieuwstadt [1984]
found a and b to be equal to 1.5 and 1, respectively (see Figure 6.1). In compariso
Lenschow et al. [1988] reported = 1.75 and b = 1.5, using observational data over the
U.S. Great Plains. Acknowledging the scatter in the SESAME 1979 eldata, Sorbjan
[1988] proposed the following constanta = 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 ahthe coupled
mesoscale-LES runs. For comparison, we also overlay Equationsahd 6.2. The median
values of normalized uxes from all the runs agree with the predictics by Nieuwstadt
[1984] quite well. Clearly, the momentum ux pro les have more curnvare than the
corresponding sensible heat ux pro les. Furthermore, in all the @ases, 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®. 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 th&op of the boundary
layer. This behavior is well-known in the LES literature. The LES subga-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 slowtifsappears with
increasing grid resolution.

6.4 Normalized Gradients

Based on the observations from the Cabauw tower, the Netherldsy, Duynkerke [1991]
proposed the following relationships:

am 1

m=1+ n 1+% (6.3)
ap 1

=1+ 1+% (6.4)

where , and | are the so-called non-dimensional velocity and temperature gradis.

is the local stability parameter [= £; calculated as a ratio of height£) and local Obukhov

length ()]. The following constants were used by Duynkerke [1991]a,, = a, = 0:8;
m =5;and y =7:5. From Figure 6.3, it is clear that the observational data contained

large scatter. Interestingly, the regression t (dashed line in Fige 6.3) proposed by

Duynkerke [1991] underestimated the normalized gradients for abist the entire range of

stability values.
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In a more recent study, Yagse et al. [2006] analyzed observat@ndata from a eld
campaign (called SABLES 98) in Spain. The estimated,, and  pro les show similar
trends as the Cabauw data. In their plots, both Duynkerke [199Hnd Yague et al. [2006]
overlayed linear ,, and | proles commonly utilized by numerical models.

Figure 6.3: Normalized velocity (left panels) and potential temperate (right panels)
gradients as function of the stability parameter. The top and bottm panel gures are
taken from Duynkerke [1991] and Yagse et al. [2006], respectively

The normalized gradients estimated from the LES runs are shown indtre 6.4. We
also overlay Equations 6.3 and 6.4 for comparison. Qualitatively the ape of these
pro les are similar to the observational data. The pro les derived rom the coupled
mesoscale-LES runs agree quite well with the idealized runs. Cleardyound # 3,
the gradients seem to start saturating. The saturation at highestability signi es more
turbulent ux than derivable from the widely used linear pro les.
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Figure 6.4: Normalized velocity (left panels) and temperature (righpanels) 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] predicteormalized standard
deviations as a function of stability and compared with observationsom Cabauw, the
Netherlands. In Figure 6.5, turbulent velocity ) 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. [20[Lfurther analyzed
stably strati ed observational data from mid-latitude regimes, awl the Antarctic plateau,
respectively. They found most of the estimated normalized standhdeviations to follow
the local scaling results by Nieuwstadt [1984] remarkably well. Basun@ Pore-Agel
[2006] and Basu et al. [2006] also analyzed data from the GABLS-ldartomparison case
[Beare et al., 2006] and came to similar conclusions.

Figure 6.5: Normalized vertical velocity variance and turbulent velaty as a function of
the stability parameter. These gures are taken from Nieuwstadf1984].

In Figure 6.6, we show normalized vertical velocity standard deviatioand turbulent
velocity as a function of the stability parameter. Both these statiscs behave quite sim-
ilarly to the observations shown in Figure 6.5. We would like to note thathe simulated
data are slightly lower in magnitude compared to the observed datalhis result is ex-
pected as we only plot the resolved standard deviations; our LES o does not provide
subgrid-scale standard deviation. The subgrid-scale standardwi&ions are expected to
increase with higher stability. Once again, the statistics from the epled mesoscale-LES
runs behave very similarly to the idealized cases.
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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-eddydelmg framework. We
demonstrated that if accurate boundary conditions and forcingetms (extracted from
a mesoscale simulation) are used, it is possible for a large-eddy simigkatto "mimic'
mesoscale model-generated rst-order statistics (e.g., hodoghe). In this manner, we
circumvented any ad-hoc nudging of the LES-generated ow elds

The coupled models generated a site-speci ¢ realistic stable boumgdayer and as-
sociated turbulence elds. They reproduced some of the characistics of an observed
low-level jet. More importantly, the LES model, driven by the mesasale model-generated
data, captured di erent scaling regimes of the energy spectra iluding the so-called spec-
tral gap. This was one of the key achievements of this study. Onefother hand, a major
shortcoming of this study is that the coupled models were unable t@jture the inter-
mittent nature of the observed surface uxes.

We found the model validation exercise to be quite challenging for theASES-99
study. This is due to: (i) unavoidable amplitude and displacement (spial and temporal)
errors associated with mesoscale simulations; (ii) tremendous Spatemporal variabilities
of observed and modeled SBL ow elds; and (iii) signi cant disagreemnt among the
di erent observational platforms. This last point was unexpectedand needs further
emphasis|in this work, we found and reported on disagreements kween: lidar and
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sounding (wind speed); scintilometer and sonic anemometer (swéa uxes); lidar and
sonic anemometer (variances). Even two sonic anemometers |l@chta few meters apart
provided di erent data. In closing, we note as Banta [2010] also did ihighlighting
distinctions distinctions between modelers and their models/simulatis on the one hand
versus observations/data on the other: \everyone believes a amirement except the
person who took it," but \no one believes a model result, except theerson who made
it." While such an innocuous statement is generally viewed with some leyjtin the
context of SBL modeling, we advise modelers not to "believe' based amy one or two
sets of observations, but rather validate their simulated resultsgainst a diverse suite of
observed datasets.

7.2 Future Work

Even though this new framework is superior to conventional appashes, it has several
limitations. In this chapter, we summarize these limitations and sugge possible solu-
tions. We also provide a list of scienti ¢ activities which should be pursed to further
our understanding of turbulence in stably strati ed ows.

The major focus of our current work is on two illustrative cases. T next logi-
cal step will be to create an extensive database of realistic turbale ows. This
database, in parallel with the idealized LES database, will be invaluabfer wind
turbine in ow and boundary layer research.

The realistic in ows should be used for wind turbine load calculations.t will be
interesting to nd out how estimated extreme and fatigue loads frm these cases
compare with loads based on idealized LES-SBL wind elds and with loatissed
on IEC-prescribed stochastic simulation for neutral boundary lagr conditions.
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Figure 7.1: Online coupling approach involving the WRF mesoscale andetWWRF-LES
models.

In this thesis, we focused on an o ine coupling approach. A bettergproach would
be to use an online coupled approach (Figure 7.1). In such an appcbaone would
have realistic terrain, land use, and all the necessary atmosphepicysics. However,
our preliminary analysis revealed that this approach is very limited (g=cially
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 SG8odels,
we found the simulated statistics to be highly sensitive to the choseroe cients
(see Figure 7.2). We recommend implementation of the locally-aveealy scale-
dependent dynamic (LASDD) SGS model in the WRF model.
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Figure 7.2: \Vertical pro les of resolved horizontal velocity varianes. Left panel: daytime
(unstable), right panel: nighttime (stable). This gure is taken fran Wang et al. [2012].
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In this work, we use nudging coe cients recommended by the Natiai Center for
Atmospheric Research. Extensive sensitivity studies should be famed to nd
optimal coe cients for future simulations.

Based on our work, it is clear that the coupled mesoscale-LES modiels the abil-
ity to capture the overall structure of observed boundary layar and to conform
with existing similarity relationships. However, our simulations do not prtray
any signature of the so-called bursting events (typically associatevith Kelvin-
Helmholz instability and other sub-mesoscale events). These eveman be seen
in the Cabauw tower data (Figure 7.3 - top panel), as well as in the sad 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 etla 2011] where
none of the LES models captured these bursting events. We splatel that the
LES domain size might be too small for the Kelvin-Helmholz waves to delop.
We recommend increasing the domain size (at the expense of morenpatational
costs) in future simulations.

Recently, we came across some ow visualizations based on direchmarical sim-
ulations of stably stratied ows (Figure 7.4). We recommend the us of such
intensive ow visualizations based on the idealized and realistic LES dat
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Figure 7.3: Top panel: vertical velocity time-series from the Cabautwer, the Nether-
lands (July 2, 2006). This gure is taken from Basu et al. [2011]. Botim panel: time-
height plot of vertical velocity variance from the sodar observatits taken near Lubbock,

TX on July 27, 2011.

Figure 7.4. Enstrophy elds from weakly (left), moderately (middle)
and strongly (right) stratied simulations. This gure is taken from:
http://www.engr.colostate.edu/ schaad/Research.html
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