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ABSTRACT

Terrain-induced gravity waves and rotor circulations have been hypothesized to
enhance the generation of submeso motions (i.e., nonstationary shear events with spatial
and temporal scales greater than the turbulence scale and smaller than the meso-gamma
scale) and to modulate low-level intermittency in the stable boundary layer (SBL).
Intermittent turbulence, generated by submeso motions and/or the waves, can affect the
atmospheric transport and dispersion of pollutants and hazardous materials. Thus, the study
of these motions and the mechanisms through which they impact the weakly to very stable
SBL is crucial for improving air quality modeling and hazard predictions.
It is important to note that while gravity waves and rotors have been thoroughly
studied through theoretical, observational, and idealized modeling studies, little still is
known about the response of nonstationary and nonlinear waves for real cases under typical
SBL conditions, and about the impact of different wave behaviors on rotor development
and evolution, and the generation of intermittent low-level turbulence. Consequently in this
thesis, the effects of waves and rotor circulations on submeso and turbulence variability
within the SBL is investigated over the moderate terrain of central Pennsylvania using
special observations from a network deployed at Rock Springs, PA and high-resolution
Weather Research and Forecasting (WRF) model forecasts. The investigation of waves and
rotors over central PA is important because 1) the moderate topography of this region is
common to most of the eastern US and thus the knowledge acquired from this study can
be of significance to a large population, 2) there have been little evidence of complex wave
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structures and rotors reported for this region, and 3) little is known about the waves and
rotors generated by smaller and more moderate topographies. Six case studies exhibiting
an array of wave and rotor structures are analyzed. Observational evidence of the presence
of complex wave structures, resembling nonstationary trapped gravity waves and
downslope windstorms, and complex rotor circulations, resembling trapped and jump-type
rotors, is presented. These motions and the mechanisms through which they modulate the
SBL are further investigated using high-resolution WRF forecasts.
First, the efficacy of the 0.444-km horizontal grid spacing WRF model to reproduce
submeso and meso-gamma motions, generated by waves and rotors and hypothesized to
impact the SBL, is investigated using a new wavelet-based verification methodology for
assessing non-deterministic model skill in the submeso and meso-gamma range to
complement standard deterministic measures. This technique allows the verification and/or
intercomparison of any two nonstationary stochastic systems without many of the
limitations of typical wavelet-based verification approaches (e.g., selection of noise
models, testing for significance, etc.). Through this analysis, it is shown that the WRF
model largely underestimates the number of small amplitude fluctuations in the small
submeso range, as expected; and it overestimates the number of small amplitude
fluctuations in the meso-gamma range, generally resulting in forecasts that are too smooth.
Investigation of the variability for different initialization strategies shows that deterministic
wind speed predictions are less sensitive to the choice of initialization strategy than
temperature forecasts. Similarly, investigation of the variability for various planetary
boundary layer (PBL) parameterizations reveals that turbulent kinetic energy (TKE)-based
schemes have an advantage over the non-local schemes for non-deterministic motions. The

v

larger spread in the verification scores for various PBL parameterizations than initialization
strategies indicates that PBL parameterization may play a larger role modulating the
variability of non-deterministic motions in the SBL for these cases. These results confirm
previous findings that have shown WRF to have limited skill forecasting submeso
variability for periods greater than ~20 min. The limited skill of the WRF at these scales in
these cases is related to the systematic underestimation of the amplitude of observed
fluctuations.
These results are implemented in the model design and configuration for the
investigation of nonstationary waves and rotor structures modulating submeso and mesogamma motions and the SBL. Observations and WRF forecasts of two wave cases
characterized by nonstationary waves and rotors are investigated to show the WRF model
to have reasonable accuracy forecasting low-level temperature and wind speed in the SBL
and to qualitatively produce rotors, similar to those observed, as well as some of the
mechanisms modulating their development and evolution. Here, it is demonstrated that for
these cases modest changes in the background wind speed appears to play a more crucial
role modulating the wavelength of waves within the valley than the low-level stratification.
Generally decreasing wind speeds through the night for both cases produce average
wavelength rates of change ranging from -15 to -8 % h-1, similar to those observed near
large mountain ranges. These nonstationary wave motions result in highly nonlinear wavewave interactions that lead to wave amplification and/or intensification of low-level rotors.
Rotors are shown to persist for extended periods throughout the night and to be highly
coupled to the wave structure. The rotor propagation speed is similar to that of the
transitioning modes, and the strongest wind reversal regions typically occur during periods
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of the largest wavelength rate of change and/or wave amplification. It is demonstrated
using real data conditions that rotor intensification is likely under weakening
environmental wind speeds, increasing environmental stratification, and transient waves
due to the combined effects from 1) wave amplification and 2) rotor nonstationarity.
Overall, the nonstationarity of the waves and rotors due to moderate chnages in upstream
background conditions must be recognized as an additional source of intermittency in the
SBL.
Finally, observations and high-resolution WRF forecasts under different
environmental conditions using various initialization strategies are used to investigate the
impact of nonlinear gravity waves and rotor structures on the generation of intermittent
turbulence and valley transport in the SBL. Evidence of the presence of elevated regions
of TKE generated by the complex waves and rotors is presented and investigated using an
additional four case studies, exhibiting two synoptic flow regimes and different wave and
rotor structures. TKE budget analysis shows that wave and rotor activity can enhance
turbulence intermittency in the nighttime through the development of shear and convective
instabilities and elevated regions of TKE. Turbulent transport is shown to play as much of
a role in the local change of TKE as shear production; however advective processes might
dominate the low-level TKE intermittency for these cases. The model is shown to
reproduce some of the hypothesized nonlinear dynamics and downslope-wind response for
one of the cases. However, very high horizontal resolutions (0.148-km grid spacing) are
needed in order to better resolve wave amplitudes, rotor structures, and near-surface
interactions. It is shown that the presence of strong wind speed and negative vertical shear
near ridge top is important for a downslope-wind response over the network. The non-
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dimensional mountain height, a type of Froude number, is shown to be an effective
parameter to identify downslope wind behaviors. However, it is not a good indicator of
the wave amplitude (and rotor intensity). The presence of rotors can enhance horizontal
thermal gradients and create regions of convergence with highly variable flow regimes and
little spatial coherence. Overall, waves and rotors can significantly affect the transport
within the valley, enhancing the downward transport of elevated materials and leading to
locally higher concentrations near the surface.
Throughout this thesis, terrain-induced gravity waves and rotors in the SBL are
shown to synergistically interact with the surface cold pool and to enhance low-level
turbulence intermittency through the development of submeso and meso-gamma motions.
These motions are shown to be an important source of uncertainty for the atmospheric
transport and dispersion of pollutants and hazardous materials under very stable conditions.
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CHAPTER 1

INTRODUCTION AND MOTIVATION

Under clear skies and weakly-forced synoptic conditions at night, radiative cooling
contributes to the development of the stable boundary layer (SBL), a shallow, strongly
stratified layer near the planetary surface. The SBL, often only tens of meters deep, is
characterized by strong static stability and weak, intermittent, turbulent mixing (Mahrt
1999; Mahrt and Vickers 2002; Vickers and Mahrt 2004). Recent studies by Mahrt and
Mills (2009), Mahrt et al. (2010), and Seaman et al. (2012) have shown that non-turbulent
motions can be generated in the SBL by nonstationary shear events with time scales on the
order of one to tens of minutes and horizontal scales ranging from the turbulent scales to
the meso-gamma scales (~0.02 to 2.0 km). These motions have been described in the
literature as submesoscale motions, i.e., submeso motions (e.g., Mestayer and Anquetin
1995; Finnigan 1999; Mahrt et al. 2010; Seaman et al. 2012; Mahrt et al. 2012b).
Submeso motions are of particular importance for the atmospheric transport and
dispersion (ATD) of contaminants and pollutants released in the SBL. Typically, the strong
stratification and very weak horizontal and vertical motions in these environments suppress
turbulence generation and oftentimes result in persistent high concentrations of such
material for several hours. However, intermittent bursts of turbulence, generated by
submeso motions, can result in the enhanced dispersion of pollutants near the surface, the
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meandering transport of plumes, and the temporary coupling of the SBL with the residual
layer—the left over mixed region above the stable layer (Zaveri et al. 1995; Salmond and
McKendry 2005; Mahrt 2007). Thus, the study of these motions and the mechanisms
through which they modulate the SBL is crucial for improving air quality modeling and
hazard predictions.
The study of the SBL is complicated by the presence of terrain-induced gravity
waves, which have been shown to enhance turbulence intermittency and submeso-like
motions (e.g., Finnigan et al. 1984, 31; Nappo 1991; Edwards and Mobb 1997a and b;
Nappo et al. 2004; Brown et al. 2003; Viana et al. 2009; Sandeepan et al. 2013; and Hoover
et al. 2015; Sun et al. 2015). These gravity waves are generated when stably stratified flow
is forced over an obstacle (i.e., a mountain), and thus they are common over complex
topography under stable conditions. They can be grouped in two main categories based on
their vertical propagation properties: horizontally-trapped waves and vertically
propagating waves (Fig. 1.1). Different gravity wave structures can impart different
responses in the near-surface fields. Trapped gravity waves, also commonly known as lee
a)

b)

Figure 1.1. Structure of (a) trapped gravity waves and (b) vertically propagating gravity
waves, based on Durran and Klemp (1973) and retrieved from the COMET program.
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waves (Fig. 1.1a), are weakly nonlinear and they can propagate within a ducting layer for
hundreds of kilometers (e.g., Nappo 2013). Thus, these waves can potentially modulate
submeso activity in the SBL in locations far away from the source topography. Vertically
propagating waves, on the other hand, are confined to the lee of the source topography.
However in the right environments, these waves can exhibit a large degree of nonlinearity
and result in downslope-type phenomena like those in Fig. 1.1b, which can affect and/or
erode the nighttime cold pools in the SBL.
One of the mechanisms through which both types of gravity waves can affect the
evolution of the SBL is the development of rotor circulations. Rotors are low-level vortices
that parallel the topography along the crests of quasi-two-dimensional waves excited by
narrow, elongated ridges (Doyle and Durran 2002). Rotors are a type of boundary-layer
separation phenomenon that is enhanced by wave-driven pressure gradients and surface
drag. Surface friction generates a layer of horizontal vorticity that is lifted by the upward
branch of the waves at the boundary layer separation point and produces turbulence through
the development of shear and convective instabilities (Doyle and Durran 2002; Doyle and
Durran 2007). The first conceptual models of the wave/rotor system, developed by Scorer
and Klieforth (1959) and Lester and Fingerhut (1974) and still used today, include a closed
circulation beneath the first wave crest, gusty surface winds beneath the first wave trough,
low-level turbulence zones, and reversed-direction surface winds (Fig. 1.2).
Rotor circulations can impact the development and evolution of the SBL since the
temporary coupling of rotor-generated turbulence with the surface can produce an upsidedown boundary layer as described by Mahrt and Vickers (2002), leading to enhanced
submeso activity and turbulence intermittency (e.g. Mahrt et al. 2014, Sun et al. 2015). The
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Fig. 1.2. Conceptual model of rotor circulation reproduced from Lester and Fingerhut
(1974). Here it is shown in an idealized cross-section of the low-level turbulent zone; A,
lenticular clouds; B, cap cloud; C, reversed rotor; D, region of gusty surface winds; E,
region of strong updraft and extreme turbulence; F, rotor or roll cloud; G, region of strong
downdraft and severe turbulence; H, lower portion of rotor circulation and occasionally
reversed surface winds.
intensity of the turbulence within the rotor circulation has been linked to the degree of
nonlinearity of the modulating waves; thus greater turbulence intensity can be expected for
large-amplitude or vertically-propagating waves than for low-amplitude trapped waves
(e.g., Hertenstein and Kuettner 2005). Overall, the presence of complex and nonlinear
waves and rotors can result in markedly different boundary layers, surface cold pool
structures, and ATD patterns, which can severely impact aviation near mountainous terrain
and public health and safety.
In this thesis, the impact of gravity waves and rotor circulations on the modulation
of submeso and meso-gamma (SMG) motion in the SBL is investigated over the
moderately complex terrain of Central Pennsylvania. Special observations from a network
deployed at Rock Springs, PA and high-resolution Weather Research and Forecasting
(WRF) model forecasts for six case studies exhibit an array of wave structures ranging
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from trapped waves to downslope-type events. The main goals and objectives of this work
are to use a combined observational and modeling approach 1) to assess the efficacy of the
WRF model to reproduce SMG motions, generated by waves and rotors and hypothesized
to impact the SBL, 2) to provide evidence of nonstationary waves and rotor structures
modulating SMG motions and the SBL, and 3) to investigate the mechanism driving the
interactions of elevated waves and rotors with the near-surface environment and the valley
transport. Results from this thesis have been published and/or will be submitted for
publication in meteorological journals, and consequently the following chapters
correspond to individual papers that address the different goals and objectives from this
project.
However first and foremost, it is worth noting that the study of waves and rotors in
this region is important for several reasons. First, while trapped gravity waves over the
Northeast US have been well documented and studied, complex and nonlinear wave
structures such as downslope windstorms have been addressed by a limited number of
studies in this region (e.g., Gaffin 2009; Decker and Robinson 2011; Manuel and Keighton
2014). Furthermore, little-to-no observational evidence of rotors over this region has been
presented in the literature. Rotors have been mostly observed near large mountains ranges,
such as the Rocky Mountains, Sierra Nevada Range, Wickham Range, and Cape Farwell,
standing ~600-2000 m over adjacent valleys, see Fig. 1.3 (e.g., Lester and Fingerhut 1974;
Grubisic and Billings 2007; Mobbs et al. 2005; Doyle et al. 2007; Renfew et al. 2008).
Finally, the moderate topography of central PA is common to most of the eastern US and
thus the knowledge acquired from this study can be of great importance to a large
population. An additional goal of this study is to provide, to the author’s knowledge, the
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Figure 1.3. Schematic diagram of the topography of Owens Valley in the Sierra Nevada,
the Front Range in the Colorado Rockies, Mount Wickham in the Falkland Islands, and
Nittany Valley in the Appalachian Mountains of Central PA.
first observational evidence of rotors generated by the moderate topography (300-350 m
valley to mountain-top height) of Central PA and to use sub-kilometer, WRF predictions
to study gravity waves and rotors within and above the SBL in this region.
This thesis is organized as follows. In Chapter 2, a new methodology for the
verification of stochastic motions is developed and implemented in the analysis of various
initialization approaches and model physics in order to determine the ability of the WRF
to reproduce the motions of interest and to qualitatively compare the forecasted variability
of different model configurations. This analysis is needed because the usefulness of WRF
and other mesoscale NWP models in the study of non-deterministic or stochastic
phenomena such as SMG fluctuations remains questionable. The accurate representation
of the SBL and its turbulent processes in numerical models has been difficult due to
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limitations in computational capability and to insufficient understanding of the relevant
physical processes (Seaman et al. 2012). Furthermore, the few studies that have attempted
to determine the accuracy of mesoscale model predictions of SMG processes have relied
on methods and metrics that cannot fully account for the nonstationary, non-deterministic
nature of these phenomena. The results from this analysis allow us to identify some of the
limitations of the forecasting system, to quantify the occurrence of variability in the model,
and to identify a suitable model configuration for the investigation of the SBL. Most of
the results presented in Chapter 2 have been taken from the article, “Wavelet-based
methodology for the verification of stochastic submeso and meso-gamma motions”,
recently published in Monthly Weather Review.
In Chapter 3, observations from a special network at Rock Springs, PA and WRF
forecasts, configured based on results from Chapter 2, are used to investigate the impact of
changing background conditions on wave and rotor nonstationarity for two real-data cases.
It is important to note that nonstationary gravity waves have been addressed by a very
limited number of studies in the literature, especially using a combined observation and
modeling approach for real data cases, while little-to-no research has been dedicated to the
study of transient rotors and their evolution due to changing environmental conditions.
Here, evidence of the efficacy of the WRF model reproducing some of the observed SMG
fluctuations, generated by transient waves and rotors, is presented. The sensitivity of wave
characteristics to changing background conditions and the reliability of linear theory
principles to capture these behaviors are demonstrated. Finally, the effect of changing
background conditions on near-surface fields and rotor structure and intensity is explored
for these cases. Overall, we illustrate the importance of accurately representing the
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background environment in order to understand the generation and modulation of SMG
motions in the SBL.
In Chapter 4, the predictability of trapped and vertically-propagating waves and
rotor structures, as well as their impact on low-level SMG motions and transport, is
investigated for four additional wave events impacting the Rock Springs network. For this
analysis, the suite of model initialization configurations used in Chapter 2 and very-highresolution forecasts (0.148-km grid spacing) are utilized in the study of 1) wave-turbulence
and wave-wave interactions, such as critical level interactions and wave breaking, and 2)
rotor structure and transport mechanisms. Elevated regions of rotor-generated turbulence
are demonstrated to impact low-level fields and the very shallow SBL. Furthermore,
evidence of the mechanisms affecting the interaction of these rotor-generated regions of
turbulence with the surface and the rotor transport are also studied. In general, gravity
waves and rotors are shown to be a large source of uncertainty in the SBL for hazard
predictions.
Finally, a brief summary of this research, concluding remarks, and recommended
future work are provided in Chapter 5. This chapter links together results from the three
separate papers comprising Chapters 2-4.

CHAPTER 2

WAVELET-BASED METHODOLOGY FOR THE VERIFICATION OF
STOCHASTIC SUBMESO AND MESO-GAMMA FLUCTUATIONS

In this chapter, verification of deterministic and non-deterministic model forecasts
is conducted in order to identify a suitable model configuration for the study of the
nocturnal SBL and gravity wave-turbulence interactions over Central Pennsylvania.
Numerical weather prediction (NWP) model skill is difficult to assess for transient,
nonstationary, non-deterministic motions that typically dominate the variability in the
nighttime SBL. Therefore, new approaches are needed to complement traditional methods
and to evaluate and quantify the variability and the errors for high-frequency, nondeterministic modes. Here, a new verification technique that uses the wavelet transform as
a bandpass filter to obtain scale-dependent frequency distributions of fluctuations is
proposed for assessing model skill. This new approach incorporates traditional skill scores
to quantify the non-deterministic variability independent of time while accounting for the
timescale and amplitude of each fluctuation.
The efficacy of this wavelet decomposition technique for the verification of
submeso and meso-gamma motions is first illustrated for a single case before the analysis
is extended to six cases. The sensitivity of sub-kilometer grid-length Weather Research and
Forecasting (WRF) model forecasts to the choice of three initialization strategies and four
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planetary boundary layer schemes is assessed deterministically and stochastically using
observations from a special network located at Rock Springs, Pennsylvania.
2.1 Introduction
In the SBL, submeso motions (i.e., nonstationary events with spatial scales between
the turbulence scale and the small meso-gamma scales and with time scales of minutes to
tens of minutes) can play a significant role in the atmospheric transport and dispersion
(ATD) of hazardous materials and pollutants. Intermittent turbulence generated by
submeso and meso-gamma (SMG) motions can reduce the near-surface stratification,
increase the turbulent mixing, and enhance the horizontal meander of plumes (Mahrt et al.
2012, Mahrt et al. 2013; Sun et al. 2015). Therefore, the accurate representation of these
motions in the NWP models typically used to drive ATD forecasts is crucial for ensuring
public health and safety.
Current numerical predictions have limited skill forecasting the timing and
frequency of these events, making them effectively non-deterministic or stochastic, and are
unable to accurately reproduce submeso variability and meandering (Gaudet et al. 2008;
Belusic and Guttler 2010; Luhar et al. 2009; Seaman et al. 2012). Improvements in the
forecast of SMG motions have been accomplished through higher model resolutions and
tuning of model parameters, such as explicit numerical horizontal diffusion and/or
background turbulent kinetic energy (Belusic and Guttler 2010; Seaman et al. 2012; Guttler
and Belusic 2012; Sandeepan et al. 2013). However, these improvements have been
typically identified through subjective examination of the model time series, the energy
spectra and/or the meandering of simulated plumes, as well as traditional statistics using
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time-averaged model and observed fields. To date, no study has attempted to quantitatively
compare the variability in the SMG range by different models and/or model configurations.
Quantifying the variability of the model forecast fields in a stochastic sense can be
useful information for the development of parameterizations for the SBL and for improving
ATD forecasts. However, we currently lack a verification method that would allow us to
assess and quantify the variability in these transient, nonstationary, non-deterministic
motions in an effective and systematic manner.
Traditional verification methods (e.g., peak response, root mean square errors,
principal component, and frequency response functions) assess dynamical systems based
on features extracted from the frequency or the time domain, providing only some
perspective of the validity of the model (Jiang and Mahadevan 2011). For example,
classical frequency-independent verification strategies such as the root mean square error
or mean absolute error can underestimate the predictability of the dynamical model due to
phase errors, while time-independent strategies such as Fourier analysis can also
misrepresent the predictability capabilities of the model by not fully accounting for
nonstationary, transient features (Jiang and Mahadevan 2011).
Verification techniques based on the wavelet transform have become popular in
recent years (e.g., Briggs and Levine 1997; Casati et al. 2008; Jiang and Mahadevan 2011),
because the wavelet transform permits the analysis of nonstationary fields in the timefrequency domain and thus bypasses many of the limitations typically encountered with
traditional verification methods (Terradellas et al. 2001). These wavelet-based verification
methods can be grouped into two general categories: 1) bivariate analysis of wavelet
coefficients in the time-frequency domain, and 2) statistical verification of wavelet-
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decomposed time series at multiple scales or frequencies.
The verification of dynamical systems using the wavelet coefficient has been
primarily implemented through the analysis of bivariate metrics such as wavelet crosscorrelation and cross-coherence (e.g., Jiang and Mahadevan 2011). Besides being
computationally expensive, these bivariate verification methods have several limitations.
For example, normalization and testing of the data relative to noise processes are needed
in order to assess the significance of the resolved signal. This requires the knowledge
and/or assumptions of an adequate noise model that is not always known for complex
meteorological phenomena. Incorrect noise models can result in spurious significance
regions that can complicate the interpretation of results especially for high frequency
modes that are typically not asymptotically distributed (Maraun and Kurths 2004). In
addition, high correlation among neighboring times and scales in the wavelet domain
results in highly nontrivial analytical test statistics (Maraun and Kurths 2004). Most
importantly, these bivariate methods can be susceptible to erroneous regions of coherence
when one of the signals exhibits very large wavelet coefficients (Maraun and Kurths 2004).
This can be worrisome for the verification of dynamical systems, particularly when the
dynamical model is unable to resolve observed, large-amplitude fluctuations.
On the other hand, verification methods based on wavelet decomposition (i.e.,
wavelet-filtering) approaches can bypass many of these issues, and allow the analysis of
frequency-dependent (i.e., scale-dependent) signals in the time domain. These methods use
the wavelet transform as a bandpass filter, with a known response function of uniform
shape and varying location (Torrence and Compo 1998), to assess the contributions of each
particular scale or frequency to the total signal and/or to determine the dominant scales or

13

frequencies. Wavelet-based filtering approaches for model verification have been
implemented in many fields, including economics (e.g., Tabak and Feitosa 2010),
transportation (e.g., Zheng et al. 2011) and even urban planning (e.g., Hagen-Zanker and
Lajoie 2008). In the atmospheric sciences, these filtering approaches have been shown to
be particularly useful in the verification of gridded forecasts of geopotential heights (e.g.,
Briggs and Levine 1997), precipitation (e.g., Casati et al. 2004; Livina et al. 2008; Roberts
and Lean 2008; Casati 2010), and lightning probability (e.g., Casati and Wilson 2007).
In this study, wavelet decomposition is proposed as a viable tool for the verification
of time series characterized by SMG motions in the SBL, and a new verification
methodology based on this approach is developed and demonstrated. Like the
methodologies proposed by Briggs and Levine (1997) and Casati et al. (2004), this
methodology implements a filtering approach that is based on wavelet decomposition and
reconstruction at given frequency scales. However, unlike previous approaches, this new
methodology permits the analysis of motions that are statistically correlated, like some
SMG motions, and introduces new forecast evaluation metrics to assess the model
performance and quantify the occurrence of variability at specific frequencies for any
stochastic process.
This chapter is organized as follows. A discussion of the meteorological model and
verification network is included in Sections 2.2 and 2.3 respectively. Descriptions of the
wavelet transform and decomposition methodology are provided in Section 2.4. The
efficacy of this new technique is first demonstrated in Section 2.5 for the verification of
submeso variability due to changes in the WRF model initial conditions. The technique is
illustrated for a case study characterized by terrain-induced gravity waves and
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nonstationary, submeso motions using observations at a special instrumented network
located at Rock Springs, PA. The technique is then extended to six case studies exhibiting
different types of wave motions. Finally, the verification is then used to evaluate four
planetary boundary layer (PBL) parameterizations for three of the previous case studies.
These results are provided in Section 2.6 while summary and conclusions are presented in
Section 2.7.
2.2. Meteorological Model Description and Experimental Design
This new methodology is demonstrated here for the verification of WRF, version
3.3.1, forecasts. The WRF is a non-hydrostatic, three-dimensional, fully compressible,
primitive-equation model with terrain-following vertical coordinates and Arakawa C-grid
horizontal-grid staggering (Skamarock et al. 2008).
For this study, the WRF model is configured with four one-way nested domains
with horizontal grid spacing of 12 (421x271 grid points), 4 (193x169), 1.333 (121x121),
and 0.444 (151x151) km (Fig. 2.1), and 44 full vertical levels with 2-m grid spacing in the
lowest 10 m, and 11 model levels in the lowest 68 m. Model fields are outputted every 12
min for the 1.333- and 0.444-km domains. High-frequency (10 s) outputs, used for
verification, are also available on the 0.444-km domain for a sub-region (28x28 grid points
and the lowest 33 vertical levels) encompassing the observing network.
Physics options are similar to those used by Seaman et al. (2012) and are
summarized in Table 2.1. However unlike Seaman et al. (2012), the radiation schemes are
updated every 5 min for all domains, and the Noah land surface model, coupled with
Moderate Resolution Imaging Spectroradiometer land use/land cover (MODIS; Friedl et
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Figure 2.1. Locations of WRF 12-km (D1), 4-km (D2), 1.333-km (D3), and 0.444-km
(D4) model domains.
al. 2002), is used rather than the 5-layer thermal diffusion scheme to better represent landsurface processes in the SBL. For the first set of experiments, a modified Mellor-YamadaJanjic (MYJ) turbulence parameterization scheme, with reduced background mixing to
better represent weak vertical mixing and horizontal meandering in the SBL as described
by Seaman et al. (2012), is coupled with the NCEP Eta model surface layer scheme (Janjic
2002).
Default initial and lateral boundary conditions are provided every 6 h by National
Centers for Environmental Prediction (NCEP) 0.5˚x0.5˚ Global Forecast System (GFS)
analyses and forecasts. These global model fields are approximately two orders of
magnitude coarser than the 0.444-km horizontal grid spacing of the innermost domain that
will be the primary focus for the model-generated solutions in this chapter. Coarse-
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Table 2.1. Physics configuration for WRF forecasts
Physics Option
Radiation (Long Wave) Rapid Radiative Transfer Model
Radiation (Short Wave) Dudhia Short-wave Radiation
Microphysics
3-class simple ice
Cumulus*
Kain-Fritsch
Land surface model**
Noah
*12 km domain only
**Using MODIS land use/land cover

Reference
Mlawer et al. (1997)
Dudhia (1989)
Hong et al. (2004)
Kain and Fritsch (1998)
Chen and Dudhia (2001)

resolution GFS data sometimes lead to large localized errors especially in initial low-level
temperature fields. Such initial errors can significantly degrade subsequent fine-scale WRF
forecasts that can adversely impact the forecasts of SMG motions and variability. Thus as
a demonstration of the verification methodology, three initialization strategies are
investigated: 1) a control forecast initialized at 0000 UTC and integrated for 12 h (CTRL),
2) a 24-h baseline forecast initialized 12 h prior to 0000 UTC (BSL), and 3) a 12-h forecast
preceded by a 12-h four-dimensional-data-assimilation, pre-forecast period initialized at
1200 UTC (FDDA).
The FDDA experiments are initialized 12 h prior to the nocturnal stable period of
interest. During the pre-forecast, Stauffer and Seaman (1994) multi-scale four dimensional
data assimilation with analysis nudging of GFS analysis data is performed on the 12-km
domain (Deng et al. 2009; Rogers et al. 2013). This analysis nudging approach is used to
constrain the 12-km WRF solution toward coarse-grid GFS analyses above the PBL,
thereby minimizing solution “drift” from the analyzed synoptic-scale state over time.
Meanwhile, observation nudging is applied over all levels to constrain local aspects of the
WRF forecasts to World Meteorological Organization (WMO) data (including University
Park Airport). WMO soundings, surface stations, buoy data, and special observations from
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the network described in the next section and located at Rock Springs, PA (surface
temperature and wind at Site 3 in Fig. 2.2) are assimilated for all domains.
Using the FDDA strategy, the forecast sensitivity to four PBL parameterizations
currently included in the WRF model is also tested. The PBL parameterizations include: 1)
Mellor-Yamada-Janjic (MYJ, Janjic 1990), 2) Yonsei University (YSU; Hong et al. 2006),
3) the Quasi-normal Scale Elimination (QNSE; Sukorianky et al. 2005), and 4) the MellorYamada-Nakanishi-Niino (MYNN; Nakanishi and Niino 2004). These parameterizations
differ in how they estimate atmospheric mixing. The MYJ and QNSE parameterizations
are 1.5-order closure schemes that can only treat layer-to-layer (local) mixing in the SBL
(Shin et al. 2012). These1.5-order, level-2.5 schemes require one additional prognostic
equation of turbulent kinetic energy (TKE) and differ in the computation of the mixing
length and a proportionality coefficient (Shin et al. 2011). It is important to note that,
following the recommendation from Bravo et al. (2008), Jimenez et al. (2011) and Seaman
et al. (2012), the model's background TKE for the MYJ PBL scheme is reduced from 0.1
to 0.01 m2s2 due to the much smaller TKE values in the nighttime versus the daytime PBL.
Another TKE-based scheme, the MYNN, can be configured as a 1.5-order, level2.5 closure scheme, similar to the MYJ scheme, or a level-3 closure in the current
configuration of the WRF. In order to maintain a direct comparison among the TKE-based
schemes, the level 2.5 MYNN parameterization is adopted here. The MYNN scheme uses
the same form of the TKE equation as the MYJ scheme. However, the MYNN implements
a different computation of mixing lengths and also accounts for TKE advections. This
scheme has been shown to reduce PBL height and temperature biases associated with the
MYJ scheme. On the other hand, the YSU parameterization is a nonlocal first-order
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scheme; that is, it effectively mixes throughout the entire PBL depth each time step using
K-theory. This scheme represents the nonlocal mixing by adding a counter gradient
adjustment term to the local gradient of each prognostic variable (Noh et al. 2003).
In the current configurations of the WRF, PBL schemes are coupled with unique
surface-layer parameterizations. The surface-layer schemes provide the lower boundary
condition for the PBL scheme and compute the friction velocity and exchange coefficients
needed for the calculations of surface heat, moisture, and momentum fluxes by the land
surface model and PBL scheme. In this research, the MYJ PBL scheme is paired with the
NCEP Eta surface layer scheme (Janjic 1990, 1996, 2002). This surface layer scheme is
based on Monin-Obukhov similarity theory and uses Beljaars (1995) correction to
eliminate singularities when the friction velocities go to zero. The MYNN PBL allows
a)

b)

Figure 2.2. High-resolution (90-m) terrain elevation (m MSL, colored according to scale).
(a) A 40 km by 40 km region containing the Rock Springs network (R) and major
topographical features. (b) A 5 km by 5 km region denoted by the black square in a) showing
the distribution of instrumented towers and SODARs. X and O represent the locations of
SODAR 2028 and 2027 respectively before (blue) and after (magenta) 29 September 2011,
respectively.
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coupling to various surface layer schemes, but in this study, the MYNN PBL is coupled
with the NCEP Eta surface layer scheme in order to isolate the impact of the PBL scheme
on the model forecast. The QNSE PBL scheme is tied to the QNSE surface layer scheme
(Sukoriansky et al. 2005; Galpering and Sukoriansky 2010). This surface layer scheme is
also based on similarity theory and considers horizontal-vertical anisotropy and the effect
of unresolved high-frequency gravity waves and turbulence. Finally, the YSU PBL scheme
is coupled with the Mesoscale Model version 5 (MM5) surface layer scheme (Zhang and
Anthes 1982) for the computation of surface fluxes, gradient adjustment terms, and mixing
coefficients (Shin et al. 2012).
2.3. Rock Springs, Pennsylvania, Observation Network
Model verification is conducted over the 0.444-km domain using observations from
a network deployed at Rock Springs, PA. The Rock Springs network is located within the
Nittany Valley in Central PA, approximately 15 km southeast of the Allegheny Mountains
(~400 m above the valley floor and 15-20 km in width) and adjacent to Tussey Ridge (~300
m above the valley floor and 3 km width) (Fig. 2.2a). The network consists of an array of
2-, 10-, and 50-m above ground level (AGL) towers (Table 2.2) and two WindExplorer
4500 Hz sonic detection and ranging (SODAR) instruments distributed over a 3-km long
region to the north of Tussey Ridge (Fig. 2.2b). All of the sites are equipped with Campbell
Sci. T107 thermistors (1-min sampling rate) and Vaisala WS425 2-D sonic anemometers
(1-min sampling rate) that measure wind speed and direction at various heights. In addition,
Sites 7, 8, 9 and 10 are equipped with high-frequency (20 Hz) Campbell Sci. CSAT3 3-D
sonic anemometers that sample horizontal and vertical wind components. Site 9 is also
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equipped with Omega Engineering TMTSS-020G thermocouples at 0.5, 1, 1.5, 2, 3, 4, 5,
6, 8, and 10 m AGL. For a detailed description of the network and the instrumentation see
Hoover et al. (2015).
The verification of submeso variability is investigated using 1-min averages from
the 2- and 3-D sonic anemometers and thermistors at six locations: Sites 3, 6, 7, 8, 9, and
12. The verification of both deterministic and non-deterministic motions is conducted from
0100-1100 UTC in order to avoid edge effects due to the 2-h running average and the larger
temperature changes typically observed at sunset and sunrise.
Table 2.2. Instrumentation information for the Rock Springs observation network.
Sites Lat N
Lon W
Elev. (m) Instrumentation
Data Res. Height(m)
Thermistor
1 min
2
3
40.71035 77.95762 368
2-D sonic
1 min
2
Thermistor
1 min
2
5
40.72029 77.93098 378
2-D sonic
1 min
9
Thermistor
1 min
2
6
40.70042 77.95728 416
2-D sonic
1 min
2
Thermistor
1 min
2
7
40.70296 77.95925 385
2-D sonic
1 min
2
3-D sonic
0.05 s
2
Thermistor
1 min
2,9
8
40.71816 77.94582 364
2-D sonic*
1 min
9
3-D sonic
0.05 s
2
Thermistor
1 min
2, 5, 9
2-D sonic*
1 min
2
3-D sonic
0.05 s
1,2,8.5
9
40.70848 77.95892 368
0.5,1,1.5,
Thermocouple** 0.05 s
2, 3, 4, 5,
6, 8, 10
Thermistor
1 min
17
10
40.70885 77.97009 367
2-D sonic
1 min
17
3-D sonic
0.05 s
33, 47
Thermistor
1 min
2
12
40.70369 77.96681 363
2-D sonic
1 min
2
* Data available until 22 August 2011
**Thermocouple data available after 22 August 2011
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2.4. Verification Strategy for Non-Deterministic and Deterministic Motions
2.4.1. Wavelet-based Verification for Non-deterministic Motions
In this study, a wavelet decomposition approach is implemented in the development
of a verification strategy for non-deterministic or stochastic SMG motions. Model
verification is separated into a low-frequency deterministic component and a highfrequency non-deterministic or stochastic component, following Seaman et al. (2012)
model verification and the Gaudet et al. (2008) spectral decomposition analysis. That is,
fluctuations with periods less than 2 h (submeso and smaller meso-gamma range) are
considered stochastic and non-deterministic. The verification of non-deterministic
observed and modeled fields is conducted for 1-min-averaged time series. The verification
procedure is as follows:
1. Decomposition: The signal is decomposed into its wavelet coefficients using the
continuous wavelet transform (CWT) and Morlet mother wavelet. For a detailed
description of the CWT and its application for the analysis of time series, the reader
is referred to Daubechies (1991), Farge (1992), Lau and Weng (1995), Terradellas
et al. (2001), and Torrence and Compo (1998).
The CWT of a discrete time series, 𝑥𝑛 , is defined as the convolution of 𝑥𝑛
and the complex conjugate of a scaled (compressed or dilated) and translated
mother wavelet, 𝜓 ∗ . This convolution is given by
𝑁−1

𝑊𝑛 (𝑠) = ∑ 𝑥𝑛′ 𝜓 ∗ [(𝑛′ − 𝑛)
𝑛′ =0

𝛿𝑡
]
𝑠

(2.1)

where s is the scale parameter, n is the local time index or translation parameter,
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and 𝛿𝑡 is the timestep. The elements of 𝑊𝑛 are the wavelet coefficients. The
frequency domain of the CWT is represented by variations of s, which affect both
the central frequency of the wavelet and the analysis window length.
The CWT is the result of the dilations and continuous translations of a
mother wavelet along a signal; and as a result it is non-orthogonal, leading to
redundancy of information at large scales and to wavelet coefficients that are not
statistically independent from one scale to the next. Here, the non-orthogonal CWT
is selected over the more-commonly-used, orthogonal, discrete wavelet transform
(DWT) for several reasons. First, the redundancy of information may enhance
some important features of the signals, such as shape and discontinuities (Farge
1992; Terradellas et al. 2001). Furthermore, the CWT enables the decomposition
and reconstruction (i.e., approximation) of scale-localized components over a userdefined range of frequency bands. This is a very important advantage of the CWT
over the DWT for this analysis, since the range of scales we would like to verify
can be highly correlated to one another and thus might not easily be captured by
the DWT. Nonetheless, the impact of correlation among neighboring scales and the
reconstruction errors in the CWT can be minimized by selecting scale vectors
defined according to:
𝑠𝑗 = 𝑠0 2𝑗𝛿𝑗

𝑁𝛿𝑡
𝑓𝑜𝑟 𝑗 = 0,1, … , 𝑖𝑛𝑡 [𝛿𝑗 −1 𝑙𝑜𝑔2 (
)],
𝑠0

(2.2)

where 𝑠𝑗 is the set of scales, 𝑠0 is smallest resolvable scale (≈ 2𝛿𝑡), 𝛿𝑗 is a waveletspecific factor (~ 0.5 for the Morlet wavelet), and N is the size of the time series
(Torrence and Compo 1998). It is important to note that the following methodology
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could also be implemented using the DWT for the verification of frequency bands
that are orthogonal and statistically independent.
The time-frequency localization properties of different mother wavelets can
impact the distribution of energy in the wavelet power spectra and the
decomposition and reconstruction of time series at a given scale. So as with any
wavelet application, the choice of mother wavelet for the implementation of this
methodology should be based on the properties and characteristics of the physical
phenomena being investigated. For a rigorous discussion of mother wavelets and
their properties and/or comparison studies see Daubechies (1991), Fargue (1992),
Torrence and Compo (1998), de Moortel et al. (2004), and Mi et al. (2005).
In this study, the analysis is performed using the Morlet wavelet as the
mother wavelet due to its superior time-frequency localization properties over other
mother wavelets (e.g., De Moortel et al. 2004; Mi et al. 2005) and its better
representation of intermittent motions in the SBL (e.g., Salmond 2005, Terradellas
et al. 2005). The Morlet wavelet is a plane wave modulated by a Gaussian function
(Fig. 2.3), expressed as
1 2

𝜓0 (𝜂) = 𝜋 −1/4 𝑒 𝑖𝜔𝑜 𝜂 𝑒 −2𝜂

(2.3)

where η is a non-dimensional period or time parameter and ω0 is a non-dimensional
quantity known as the base frequency. Here, a base frequency of 6 is selected in
order to satisfy the admissibility condition for a mother wavelet, meaning
∞

∫ 𝜓0 (𝜂) 𝑑𝜂 = 0,

(2.4)

−∞

to within a negligible error term (Farge 1992). The Morlet scales are related to the
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Figure 2.3. Real part of the Morlet mother
𝜂 wavelet (i.e., ℜ{𝜓0(𝜂)}) with a base
frequency ω0=6.
equivalent Fourier period (F) through
𝐹=

4𝜋 ∙ 𝑠𝑗
𝜔0 + √2 + 𝜔0 2

.

(2.5)

2. Reconstruction: Frequency-dependent time series at each Morlet scale can be
reconstructed using the inverse CWT (ICWT) given by
𝐽

ℜ{𝑊𝑛 (𝑠𝑗 )}
𝛿𝑗 𝛿𝑡1/2
𝑥𝑛 =
∑
𝐶𝛿 𝜓𝑜 (0)
𝑠𝑗 1/2

(2.6)

𝑗=0

where 𝐶𝛿 is 0.776 for the Morlet wavelet, 𝜓𝑜 (0) is the mother wavelet evaluated at
0, j is a scale index, and ℜ indicates the real part of the wavelet coefficients. The
ICWT can be considered a bandpass filter of uniform shape and varying location
and width with a known response function (Torrence and Compo, 1998). An
approximation to the original signal can be obtained by summing the scaled CWT
coefficients over the desired scales.
3. Peak-Detection: A peak-detection algorithm is implemented in order to retrieve the
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amplitude of each oscillation within a particular frequency-dependent time series.
Only oscillations that intercept zero are considered in this analysis. In addition, the
peak-detection algorithm is used only to determine positive amplitude fluctuations.
Finally, fluctuations with amplitudes less than the instrument precision (e.g., 0.01
K and 0.01 m s-1) are ignored since they are not physically based.
4. Binning: Distributions of the amplitudes of the fluctuations are constructed for both
observations and model forecasts. Here, constant-width bins are used in the
construction of the frequency distributions. It is important to note that the choice of
the number of bins and bin width can influence the resulting distribution at a
particular scale. In the implementation of this algorithm, wider amplitude bins
result in less restrictive conditions and better verification statistics while narrower
amplitude bins will result in more restrictive conditions and poorer verification
statistics. We implement the most restrictive binning of 0.1 K and 0.1 m s -1, based
on the instrument accuracy. The number of bins is chosen to expand the range of
amplitude possibilities, and it is implemented for all distributions, independently of
the number of data points in the sample, in order to be consistent among varying
scales.
5. Statistics: The frequency-dependent amplitude distributions can then be used to
compute traditional statistics. For this study, two metrics are implemented in the
investigation of model variability: frequency relative error (FRE) and mean
frequency relative error (MFRE). The FRE is given by
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𝐹𝑅𝐸𝑠𝑎

𝑁𝐹𝑠𝑎 − 𝑁𝑂𝑠𝑎
= 𝐴
∑𝑎=1 𝑁𝑂𝑠𝑎

(2.7)

where a refers to the amplitude bin, s refers to the scale or timescale, and NF and
NO represent the number of forecasted and observed fluctuations, respectively; it
is used to assess the difference in the number of observed and forecasted
fluctuations at a particular scale and amplitude. The FRE is normalized over the
total number of observed fluctuations (as opposed to the number of observations of
amplitude a in order to avoid dividing by zero for amplitude bins where no
oscillations are observed. (Note that the denominator in Eq. 2.7 is the total number
of fluctuations at a particular scale and it is not a function of amplitude).
The FRE can be used to summarize information over multiple sites (N)
and/or cases (C) by computing the MFRE given by
𝑁

𝐶

1
1
𝑎
𝑀𝐹𝑅𝐸𝑠𝑎 = ∑ ( ∑ 𝐹𝑅𝐸𝑠,𝑐,𝑛
).
𝑁
𝐶
𝑛=1

(2.8)

𝑐=1

The MFRE is a measurement of the error bias and can be either positive or negative.
Large MFRE magnitudes imply that the model predictions are not able to capture
the occurrence of variability of the observed time series at the correct frequency
(scale) and/or with the correct amplitude. Positive MFRE values indicate a model
over-prediction of the number of fluctuations with amplitudes and scales equal to
those observed, while negative values indicate a model under-prediction of the
number of fluctuations. Upper and lower values within the MFRE range are
reached, for example, when the forecasts fail to reproduce any of the observed
variability with the correct amplitude for a given scale.
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The MFRE is scale and amplitude dependent and it is prone to cancellation
errors when summing over multiple cases and/or locations. To minimize the impact
of cancelation error, the sum of mean absolute relative error (SMARE) over all sites
and cases is computed for each set of experiments. The SMARE is defined as
𝐴

𝐶

𝑁

𝑎
𝑎
1
1
𝑁𝑂𝑠,𝑐,𝑛
− 𝑁𝐹𝑠,𝑐,𝑛
𝑆𝑀𝐴𝑅𝐸𝑠 = ∑ ( ∑ [ ∑ |
|]).
𝑎
𝐶
𝑁
∑𝐴𝑎=1 𝑁𝑂𝑠,𝑐,𝑛
𝑎=0

𝑐=1

(2.9)

𝑛=1

0
0
𝑎
𝑎
where 𝑁𝑂𝑠,𝑐,𝑛
= 0, and 𝑁𝐹𝑠,𝑐,𝑛
= ∑𝐴𝑎=1 𝑁𝑂𝑠,𝑐,𝑛
− ∑𝐴𝑎=1 𝑁𝐹𝑠,𝑐,𝑛
.

The SMARE

includes 1) the summed error over all analyzed amplitude bins (i.e., a=1…A) and
2) a correction term (i.e., a=0) that accounts for the total missed variability over all
analyzed amplitude bins. In the formulation of this additional term, the missed
variability over all forecasted amplitudes, compared to the number of observed
amplitudes, is placed into a missed-event bin. To illustrate the advantages of this
correction, consider for example the single-case, single-site SMARE for a null
forecast, where the number of forecasted fluctuations is zero over all amplitude
bins, and a forecast that produces the correct number of fluctuations but all at the
incorrect amplitude. Without this correction, the SMARE will be smaller for the
null forecast than for the forecast with the incorrect amplitude due to the double
penalty applied to this latter case (i.e., the forecast is penalized for not predicting
the fluctuation with the correct amplitude and for predicting fluctuations with the
incorrect amplitude). Similar issues are typically encountered in the verification of
precipitation (Michaelides 2008). Here, we bypass this issue by consistently
penalizing the forecast under all scenarios, which ensures that the null forecast does
not have a better skill score than a forecast that produced the correct number of
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𝑎
𝑎
fluctuations but with the incorrect amplitude. So when 𝑁𝑂𝑠,𝑐,𝑛
> 𝑁𝐹𝑠,𝑐,𝑛
, the

SMARE will be 0 for a perfect forecast and 2 for a forecast in which the model
does not reproduce any of the observed variability at all or reproduces the observed
variability with the incorrect amplitude.
Confidence intervals for the SMARE are estimated using the standard errors
derived from bootstrapping. The standard errors of the mean over all cases for each
amplitude bin and scale are computed and summed in quadrature to obtain the
bounds of the SMARE. It is important to note that the accurate implementation of
the bootstrapping technique can be affected by the small sample size used in this
study. Nonetheless, the bootstrap technique can still provide useful information
about the confidence intervals around the mean for these cases.
While these statistical measurements (e.g., MFRE, SMARE) are not
explicitly dependent on time, they account for the model’s ability to produce the
correct occurrence of variability at a given scale and with the correct amplitude.
That is, this verification technique assesses the marginal distributions of the
observations and the forecasts across scales. This implies that good skill scores are
associated with scales where the model is able to reproduce the frequency and
amplitude of the observed, non-deterministic fluctuations. These skill scores can be
affected by the number of scales and/or number of amplitude bins selected.
2.4.2. Verification for Deterministic Motions
For completeness, model verification is also conducted for deterministic modes by
comparing 2-h center-averaged model outputs to 2-h center-averaged observations. These
low-frequency motions have been shown to be typically well captured by model forecasts
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in the SBL (Gaudet et al. 2008; Seaman et al. 2012). Therefore, traditional verification
approaches, such as the mean absolute error (MAE) and the mean error (ME), are
appropriate. These skill measurements are selected because they provide information about
the typical model errors and biases.
2.5. Sensitivity to Initial Conditions and FDDA
2.5.1

Verification of the 16 September 2011 Wave Event

The new verification strategy is first illustrated for a single case study occurring on
16 September 2011 (SEP16). SEP16 is characterized by strong stability and northwesterly
flow with a large cross-mountain wind component with respect to the Allegheny
Mountains. This case exhibits terrain-induced lee waves generated by the Allegheny
Mountains. They propagate downstream into the Rock Springs network and interact with
the underlying surface cold pool, resulting in a variety of SMG motions within the
observing network.
Overall, SEP16 is characterized by temperature and wind speed fluctuations that
are simultaneously observed at all sites throughout the network (not shown). At Site 12 for
example, the wind speeds are highly variable and generally less than 1 m s-1 throughout
most of the night (Fig. 2.4a). Two particular events can be identified in the observed wind
speed time series occurring between 0200-0300 and 0600-0800 UTC that exhibit highfrequency fluctuations of up to 3.7 m s-1 (Fig. 2.4c) embedded in lower-frequency
fluctuations of less than 0.5 m s-1 (Fig. 2.4b). SODAR measurements suggest that the event
observed between 0600-0800 UTC is associated with a transient rotor circulation over the
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a)

b)

c)

Figure 2.4. Observed (gray) and forecasted (CTRL black, BSL blue, and FDDA red) 2-m
wind speed time series at Site 12 for SEP16: (a) total, (b) deterministic and (c) nondeterministic components.
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network (not shown).
2.5.1.1 VERIFICATION OF DETERMINISTIC MOTIONS
All of the model experiments appear to do a reasonable job reproducing the
generally less than 1 m s-1 wind speeds and some of the observed, deterministic variability
(Fig. 2.4b). Qualitatively, FDDA appears to better reproduce the observed, 2-h averaged
wind speed. CTRL and BSL appear to overestimate the wind speed throughout the night
and produce wind speed changes not present in the observations. None of the model
configurations is able to reproduce the observed, low-amplitude increase in speed between
0630-0800 UTC. This analysis can be quantitatively shown by examining the deterministic,
10-h MAE and ME (or mean bias) for 2-m wind speed at this site. The 10-h MAEs are 0.3,
0.3, and 0.1 m s-1 for CTRL, BSL and FDDA respectively; and the 10-h ME is 0 m s-1 for
FDDA and 0.3 m s-1 for both CTRL and BSL (not shown). So overall, the deterministic
component of the FDDA forecasts appears to have an advantage over the BSL and the
CTRL in reducing the total wind speed MAE and ME.
2.5.1.2 VERIFICATION OF NONDETERMINISTIC MOTIONS
Next, we examine the normalized wavelet power spectra (i.e., |𝑊𝑛 2 |/𝜎 2 , where 𝜎 2
is the variance of the time series) (Fig. 2.5). The wavelet power spectra of the observed
time series is presented in Fig. 2.5a. Note that the energy is distributed over an array of
scales (Fourier periods). Oscillations with periods of 93 min are observed through most of
the night, although their amplitude is largest during the early evening. Part of the energy is
also located at smaller scales. The normalized wavelet power spectra of the observed time
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series reveals that the event occurring from 0200-0300 UTC in Fig. 2.4c is characterized
by fluctuations with periods of ~12 min, roughly the period of oscillation for gravity waves
in the lower atmosphere (Nappo 2013), while the event associated with the transient rotor
structure from 0600-0800 UTC exhibits fluctuations with periods of ~23 min. Both events

Figure 2.5. Normalized wavelet power spectra (colored) of 2-m wind speed, time series at
Site 12 for (a) observed, (b) CTRL, (c) BSL, and (d) FDDA. Following Torrence and
Compo, the wavelet cone of influence is shown in thin black contours and the 95 %
confidence bounds with respect to red noise (computed using the lag-1 autocorrelation
coefficient α) are shown in thick black lines.
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are statistically significant against red noise processes as shown by the thick black contours
(computed using the lag-1 autocorrelation coefficient α by the method of Torrence and
Compo (1998)).
All of the experiments have some difficulty reproducing the observed variability
especially at the smallest scales. CTRL produces forecasts that are too smooth in the SMG
range, as noted by the near-zero normalized wavelet power (Fig. 2.5b). Most of the energy
for this experiment is located for Fourier periods of 93 min. BSL forecasts large-amplitude,
oscillations with periods of 93 min through most of the night (Fig. 2.5c). Also for BSL,
the oscillations noted between 0400-0500 UTC and 0700-0830 UTC in Fig. 2.4c have
periods of oscillations of ~23 min and 12 min (Fig. 2.5c), similar to those observed (Fig.
2.5a). FDDA forecasts fluctuations with periods of 93 min during some intervals
throughout the night and a statistically significant structure with period ranging from 12 –
33 min from 0400-0630 UTC (Fig. 2.5d). Despite the clear advantage of the FDDA
experiment forecasting the deterministic wind speed, BSL appears to have a slight
advantage over FDDA and CTRL reproducing the non-deterministic wind speed variability
for this particular case and site, especially from 0330-0900 UTC (Fig. 2.5c), because it
produces multiple regions of larger normalized power spectra similar to those observed at
these scales.
To objectively quantify the above analysis, our new scale verification strategy for
non-deterministic motions is applied to the verification of SMG motions from 0100-1100
UTC. Here, we first evaluate the reconstruction errors (original minus reconstructed signal)
for the observed and forecasted time series in order to evaluate the validity of the proposed
wavelet decomposition/reconstruction method and to ensure that these procedures do not
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significantly alter the signals. The typical reconstruction MAEs of the observed and the
forecasted wind speeds using the CWT are ~0.04 m s-1, indicating a percentage error of
less than 5 %. The small MAE shows that despite the fact that there is reduced accuracy
when reconstructing the time series at each scale independently, the total errors are very
small, and therefore the reconstructed time series are good proxies to the original signals.
Single-site SMARE values for CTRL, BSL, and FDDA for all amplitudes are
presented in Fig. 2.6 as a function of equivalent Fourier periods. Wind speed SMAREs for
𝑎
all experiments are close to 2 for the smallest periods. At these timescales, ∑𝐴𝑎=1 𝑁𝑂𝑠,𝑐,𝑛
>
𝑎
∑𝐴𝑎=1 𝑁𝐹𝑠,𝑐,𝑛
. Therefore a value of 2 indicates that the model is unable to reproduce any of

observed fluctuations with the correct amplitude. In this case in particular, all of the
forecasted fluctuations at these scales fall below the detection amplitude of 0.01 m s-1,
meaning that the model forecast tends to greatly under-estimate the amplitude of the
fluctuations and it is too smooth at these timescales. It is important to note that this result
is expected since the WRF is designed to filter out small-scale, high-frequency fluctuations
(Skamarock et al. 2008), and so it shows that the technique is able to reproduce the expected
behavior for high-frequency scales. The SMARE values rapidly decrease for increasing
Fourier periods. However, some larger values compared to the downward trend in the
SMARE are noted for some larger time scales, e.g., 33 and 93 min, as the sample size
becomes smaller. (Note these do not appear in the six-case results presented later in Fig.
2.10). Also as expected from the subjective analysis of the wavelet power spectra in Fig.
2.5, BSL has an advantage over CTRL and FDDA reproducing the occurrence of variability
for periods of 12 – 23 min, while CTRL has an advantage over BSL and FDDA for periods
of 47 and 93 min.
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Figure 2.6. Wind speed SMAREs at Site 12 for SEP16 summed over all amplitude bins for
CTRL (black), BSL (blue), and FDDA (red) as a function of the equivalent Fourier period.

MFREs provide information about the distribution of the error bias by amplitude
and are presented as a function of Fourier period on the x-axis and error by amplitude bin
(shaded) as stacked bars (Fig. 2.7). That is, each bar represents the sum of the MFREs for
amplitude bins ranging from 0.01 to 0.9 m s-1 at a particular scale. These plots allow us to
further analyze the SMARE results and determine the amplitudes and periods for which the
model has the greatest accuracy. All of the experiments under-estimate the number of small
amplitude (<0.2 m s-1) fluctuations for periods less than 6 min. Note that the improvement
in the SMARE from periods of 2 - 12 min for all three experiments is associated with the
better representation of the smaller amplitude fluctuations. However, all of the simulations
still greatly under-estimate the variability at these scales.
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The experiments transition from under-estimation to over-estimation of 0.01-0.1 m
s-1 fluctuations for periods greater than 12 min. This amplitude bin contributes to the larger
spread among experiments for larger periods. None of the experiments can accurately

Figure 2.7. Wind speed MFREs at Site 12 presented as a function of the equivalent
Fourier period (min) and amplitude bin (colored) for SEP16: (a) CTRL, (b) BSL, and (c)
FDDA. Stacked bars represent the total contribution of each amplitude bin error at each
period to the total MFRE. Negative values indicate an underestimation of the observed
variability, while positive values indicate an overestimation of the observed variability.
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reproduce the observed variability with the correct amplitude, even for larger scales where
better model accuracy could be expected. Overall, the model appears to be able to
reproduce the number of oscillations but tends to under-estimate their amplitude. Note, for
example that for periods greater than 16 min the under-estimation error in Fig. 2.7 at a
given scale is typically equal to the over-estimation error for smaller amplitude bins at the
same scale (e.g., 30 min for CTRL). However, this is not always true and the overestimation
of larger amplitude fluctuations can result in high SMARE and MFRE values as well. Note
that CTRL produces the smallest SMARE and MFRE values for periods of 93 min while
underestimating the amplitudes of observed fluctuations. In contrast, BSL has larger
SMARE and MFRE values for periods of 93 min while over-estimating the amplitude of
observed wind speed fluctuations at this scale (consistent with the subjective analysis of
Fig. 2.5).
Looking at the reconstructed time series for a period of 93 min (Fig. 2.8), we can
illustrate how the verification methodology works and perhaps some of its limitations. Of
the total number of oscillations observed at this scale, two have amplitudes ranging from
0.01 - 0.1 m s-1 and four have amplitudes ranging from 0.1 – 0.2 m s-1. CTRL produces
three oscillations in each of these two amplitude bins, resulting in a 0.16 magnitude error
for each bin (Fig. 2.7a); BSL produces two oscillations in each of the lowest three bins,
resulting in a 0.33 error in the second and third smallest amplitude bins (Fig. 2.7b); and
FDDA has larger magnitude errors in the two smallest bins of 0.5 (Fig. 2.7c). Because
regardless of initialization strategy the model is able to forecast the same number of
fluctuations as observed, the error in the missed event bin is 0 at this scale and the resulting
SMAREs are 0.32, 0.66, and 1.00 for CTRL, BSL, and FDDA respectively. Thus, CTRL
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Figure 2.8. Reconstructed, observed (gray) and forecasted (CTRL black, BSL blue and
FDDA red) time series at scale 12 (Fourier period = 93 min) for SEP16. Amplitude bins
used in the constructions of the histogram distributions are shown with dotted lines.
shows the smallest SMARE at 93 min and better reproduces the energy at this scale (Fig.
2.5). It can be noted that many of the oscillations have amplitudes that fall near the
boundaries of the bin; therefore small changes in the binning distribution could potentially
affect the results. This is a known disadvantage of histogram distributions. Fortunately, this
effect becomes less pronounced as the sample size increases.
2.5.2

Verification for Six Wave Events in the SBL

The aforementioned analysis is now extended to six sites and to six case studies
exhibiting nonstationary motions in the SBL. The cases, characterized by gravity waves
and submeso motions generated by the Allegheny Mountains and Tussey Ridge, exhibit 2m temperatures and wind speeds that can be characterized by small and large amplitude
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fluctuations and some step-like changes of up to 7 K and 4 m s-1 through the night at
multiple sites (e.g., Suarez and Stauffer 2014). It is important to note that regardless of the
initialization strategy all of the experiments exhibit terrain-induced, gravity waves within
the Nittany Valley and are able to reproduce some of the observed temperature and wind
speed trends and fluctuations (Suarez and Stauffer 2014). Before we examine how the
amplitude and frequency of the fluctuations vary by choice of initialization strategy, we
perform a standard verification of deterministic motions.
2.5.2.1 VERIFICATION OF DETERMINISTIC MOTIONS
The verification of near-surface, deterministic, temperature and wind speed MAEs
and MEs over six cases and locations from 0100-1100 UTC is presented in Fig. 2.9 as a
notched box plot. Here, the notches in the box plots indicate the 95 % confidence intervals
around the median, the filled squares indicate the mean, and the red + signs indicate the
outliers. The assimilation of data during the pre-forecast period (FDDA) results in
statistically-significant, smaller 10-h-averaged forecasted temperature MAE/ME (1.6 K/0.8 K) than CTRL (2.2 K/ -1.8 K) and BSL (2.3 K/-1.9 K) respectively (Fig. 2.9a, b).
Although the 10-h-averaged wind speed MAEs for CTRL, BSL and FDDA fall within 0.1
– 0.2 m s-1 from one another (~ 0.8, 1.00 and 0.9 m s-1 respectively) while the ME ranges
from -0.3 to 0 m s-1 (Fig. 2.9c, d), CTRL shows a statistically significant advantage over
BSL by reducing the total wind speed MAE, while BSL and FDDA significantly minimize
the wind speed ME over CTRL. Overall, the model does a reasonable job predicting the
near-surface, deterministic wind speed for all experiments, as illustrated by small MAEs
(<1.00 m s-1) and ME (≤ 0.3 m s-1) through most of the night. In general, FDDA has a clear
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a)

c)

b)

d)

Figure 2.9. Notched box plot of 2-m deterministic temperature and wind speed scores from
0100-1100 UTC over six cases. (a) Temperature MAE (K), (b) temperature ME (K), (c)
wind speed MAE (m s-1), and (d) wind speed ME (m s-1). The mean of the distribution is
shown as a filled square. The notches around the median indicate the 95 % confidence
intervals. Outliers are indicated by red + sign.
advantage over CTRL and BSL when forecasting deterministic temperatures in the SBL
and also reducing the wind speed ME and standard deviation around the mean.
2.5.2.2 VERIFICATION OF NONDETERMINISTIC MOTIONS
The reconstruction of the observed and forecasted signals over six cases and
locations using the CWT and ICWT is reasonable. The reconstruction MAEs for the
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temperature and wind speed time series are approximately 0.17 K and 0.06 m s-1, for a
percentage errors of less than 1 % and 7 % respectively. So, the decomposed time series
can be considered good approximations to the observed and forecasted time series.
The temperature and wind speed SMAREs over all amplitudes in Fig. 2.10 show
that all of the experiments perform comparably for periods less than or equal to 16 min and
23 min respectively. As expected for very small timescales, the SMAREs can be very
large, indicating poor model accuracy. Temperature SMAREs for CTRL are larger than
BSL and FDDA for periods greater than 23 min, while the FDDA has some advantage
forecasting the occurrence of variability for periods greater than 16 min (Fig. 2.10a). The
2-m, non-deterministic wind speed SMARE for all amplitude bins (Fig. 2.10b) exhibits less
spread among initialization experiments than the temperature SMAREs (Fig. 2.10a). FDDA
has some advantage over CTRL for periods greater than 23 min and over BSL for periods
a)

b)

Figure 2.10. Six-case SMAREs over all amplitudes for the initialization strategy
sensitivity experiments. (a) Temperature SMAREs and (b) wind speed SMAREs. Error
bars indicate the 95 % confidence intervals around the SMARE.
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greater than 47 min. Nonetheless, the SMAREs can still exceed 1 for some experiments at
these larger timescales. For these larger timescales, the correction term tends to be very
small (not shown), indicating that the model has some accuracy forecasting the total
number of fluctuations but has limited accuracy reproducing their amplitude.
The summed temperature and wind speed MFREs for CTRL, BSL, and FDDA,
given by the stacked bars in Fig. 2.11, show that all of the experiments under-predict the
number of small-amplitude (less than 0.1 K and 0.1 m s-1) fluctuations with periods smaller
than 23 min and 16 min respectively while they over-predict these small-amplitude
fluctuations for larger periods. These small-amplitudes account for up to 98 % and 70 %
of the respective temperature and wind speed MFREs in the smallest submeso range
(fluctuations with periods of minutes) and up to 30 % of the error in the meso-gamma range
(fluctuations with periods of several tens of minutes) (Fig. 2.11).
As seen in the distribution of the MFREs, most of the variability among
experiments is associated with the representation of the smallest amplitude fluctuations
over all scales. It is important to note that even when these smaller amplitudes are ignored
in the computation of the SMARE, the advantages and disadvantages of different
initialization strategies still holds over most scales (not shown).
Test statistics for the difference of paired samples for the SMARE, computed using
a bootstrapping approach, reveal that the difference among the experiments is not
significant at the 95% confidence interval (not shown). The limited spread and/or lack of
statistical significance in the SMARE indicate that the experiments are more similar when
representing non-deterministic motions than deterministic motions in the SBL and that
different initialization strategies might not play a significant role in the model's ability to
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a)

b)

c)

d)

e)

f)

Figure 2.11. Six-case temperature and wind speed MFREs presented as a function of the
equivalent Fourier period (min) and amplitude bin (every 0.1 K and 0.1 m s-1 respectively;
colored) for (a),(b) CTRL; (c),(d) BSL, and (e),(f) FDDA.
resolve small, submeso motions in these cases. Nonetheless, it is important to keep in mind
that we are using a relatively small sample size, which can greatly affect the performance
of the test statistics implemented in this demonstration.
Regardless, these results seem to validate previous work by Gaudet et al. (2008)
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investigating the wind speed variance of SMG features in the SBL and provide some
insight about the sources of the errors. Gaudet et al. (2008) show that WRF forecasts
greatly under-predict the wind speed variance for periods or timescales less than 20 min
and better represent the observed composite kinetic energy spectra for timescales greater
than 20 min. Similarly, the results using this unique verification technique for nondeterministic motions show that there is better accuracy in the non-deterministic wind
speed verification for periods greater than ~20 min. The errors for these timescales, where
the WRF forecasts better resemble the spectra and better accuracy might be expected, can
still be large even when the most-uncertain, small-amplitude fluctuations are ignored (not
shown). The under-prediction of the variance for these periods appears to be related to the
model’s inability to accurately reproduce observed, large-amplitude fluctuations.
2.6 Sensitivity to PBL Parameterization for Three Wave Events
The sensitivity of WRF forecasts using FDDA initialization to PBL parameterization
is investigated for three of the cases previously examined. Each of the cases exhibited a
different synoptic flow regime and different forcings on the SBL and the SMG motions
near the surface.
2.6.1

Verification of Deterministic Motions

The evaluation of deterministic temperature fluctuations has revealed that the MYJ,
MYNN, and YSU produce very similar temperature MAEs and statistically-significant,
better temperature forecasts than QNSE (Fig. 2.12a). Over the evaluation period, QNSE
has the largest temperature MAE and ME (2.2 K and 0.8 K respectively) (Fig 2.12a, b),
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a)

b)

c)

d)

Figure 2.12. As in Fig. 2.9 except for PBL parameterization experiments over three cases.

and smaller wind speed MAE and ME and greater skill than the other PBL schemes (Fig
2.12c, d). Nonetheless, the deterministic, wind-speed MAEs for all experiments are already
small (<1.0 m s-1).
2.6.2

Verification of Nondeterministic Motions

The non-deterministic evaluation of temperature and wind forecasts in Fig. 2.13
show that TKE-based local schemes, such as MYJ, MYNN and QNSE, have some
advantage over the YSU nonlocal PBL scheme.

The YSU produces the highest
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temperature and wind speed errors over most scales (Fig 2.13a, b). Over all experiments,
the YSU consistently produces forecasts that are “too smooth” compared to observations,
resulting in poor SMARE statistics. This experiment perfectly illustrates the need for this
combined deterministic and non-deterministic verification approach for the SBL, because
while in the deterministic forecast the YSU performs comparably to the MYJ and MYNN,
the non-deterministic analysis shows that this scheme does not take much of a risk
forecasting SMG motions. Thus, it is a poor candidate for the study of the SBL.
On the other hand, the QNSE produces better non-deterministic statistics than the
other schemes for many scales for both temperature and wind speed. In addition, the QNSE
has a statistically significant advantage over the YSU forecasting temperature fluctuations
for period ranging from 8 to 33 min, except at 23 min, and forecasting wind speed
fluctuations for periods ranging from 8 to 12min (Fig. 2.13a, b). Overall, the advantage of
a)

b)

Figure 2.13. As in Fig. 2.10 except for four PBL parameterization experiments (MYJ
black, MYNN blue, QNSE red, and YSU green) over three cases.
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the QNSE over the other PBL schemes in the small SMG range might be in part associated
with the tendency of this scheme to produce stronger near-surface stratification that results
in larger temperature and wind speed fluctuations given a similar forcing (not shown).
The MYNN and MYJ perform comparably through most scales and are not
statistically significant at the 95 % with respect to one another. However for this limited
number of cases, the MYNN shows a slight advantage over the MYJ at time scales less
than 16 min while the MYJ has an advantage over the MYNN for periods larger than 23
min. The advantage of the MYJ over the MYNN over these larger scales for these cases
make the MYJ a good candidate for the study of the SBL, since as has been previously
mentioned, these larger periods have been shown to modulate the ATD. In general, it is
important to note that the lack of statistically significant differences among the schemes
might be once again related to the limited sample size implemented in this demonstration.
This analysis shows that while the QNSE produces the smallest SMARE values,
especially for temperature, and more accurately represents non-deterministic processes, it
has limited skill representing the deterministic near-surface thermal environment. The
current configuration of the MYJ, on the other hand, appears to be a reasonable PBL
parameterization scheme for the study of SMG motions in the SBL. The MYJ forecasts
temperature and wind fluctuations closer to those observed than MYNN for larger, moreimportant scales (periods greater than 23 min), and without the large temperature bias of
the QNSE scheme.

While MYJ produces similar deterministic temperature and wind

speed predictions to MYNN, it has a greater advantage predicting the variability of wind
fluctuations for larger scales associated with forecasted gravity-wave motions that can play
a major role in the ATD.
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Note that the larger spread in the SMAREs for PBL physics than initialization
strategy (compare Fig. 2.10 and Fig. 2.13) indicates that model physics may play a greater
role modulating the forecasted variability of non-deterministic temperature and wind speed
motions within the cold pool than the initial conditions. For these three cases, different
initialization strategies primarily affect the onset of gravity wave development and/or
temporal variations in the wave structure above ridge top, while varying PBL physics can
impact the wave amplitude, which can enhance the interactions of wave-driven circulations
with the surface (not shown). These results indicate that in order to identify the uncertainty
of non-deterministic SMG motions in the SBL, ensemble methods that include varying
initialization strategies and physics options are needed.
2.7. Summary and Conclusions
A new wavelet-based verification methodology for assessing non-deterministic
model skill in the SMG range to complement standard deterministic measures is proposed
and demonstrated for the verification of WRF with different initialization strategies and
physics options. This method can also be used to evaluate different model resolutions. The
proposed methodology relies on the CWT and ICWT to obtain scale-dependent
distributions of fluctuations over a range of desired scales where the use of traditional skill
scores can be used for assessing model performance. While in this work the feasibility of
the technique is only illustrated for the verification of SMG motions, this wavelet-based
methodology could be implemented for the verification of any non-stationary, nondeterministic phenomena.
Here, the deterministic and non-deterministic verification techniques are first
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illustrated for different model initialization strategies for a single case study and then
applied to the verification over six cases and six sites. The single case study is used to
illustrate the technique’s implementation and some of its limitations. The complementary
deterministic verification over all cases shows that FDDA has some advantages over CTRL
and BSL for reducing the temperature MAE and ME and the wind speed ME and spread.
Deterministic wind speed predictions are shown to be less sensitive to the choice of
initialization strategy than temperature forecasts. However, all of the experiments generally
produce small wind speed MAEs (< 1.0 m s-1) through the entire night.
The non-deterministic verification of model initializations over all cases reveals
that the model largely underestimates the number of small amplitude fluctuations in the
small submeso range, as expected. It also tends to overestimate the number of small
amplitude fluctuations in the meso-gamma range, generally resulting in forecasts that are
too smooth. All of the experiments produce similar temperature variability over smaller
scales with the largest spread across experiments in the SMARE for periods greater than 16
min, where FDDA shows a slight advantage over CTRL and BSL. The prediction of nondeterministic wind speed shows less sensitivity to initialization strategy, producing similar
SMARE values for all experiments, but larger spread for periods greater than 23 min where
FDDA also shows a slight advantage.
The verification of various PBL parameterizations in the SBL reveals that TKEbased schemes have an advantage over the non-local YSU scheme for non-deterministic
motions.

QNSE produces the smallest SMARE values, but it also exhibits large,

deterministic temperature errors near the surface that can complicate the analysis and
interpretation of the cases. The MYJ, which produces small deterministic and non-
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deterministic errors at large scales, makes it a good candidate for the study of SMG motions
in the SBL. The larger spread in the SMARE for various PBL parameterizations than
initialization strategies indicates that PBL parameterization might play a larger role
modulating the variability of non-deterministic SMG motions in the SBL.
The relatively small spread among some experiments and the limited statistical
significance of the results for larger-scale, non-deterministic SMG motions could be related
to the small sample sizes used in this demonstration and the fact that regardless of
initialization strategy and PBL parameterization all of the experiments resolve gravity
wave motions that produce slightly similar variability in this range. These results confirm
the findings by Gaudet et al. (2008), Belusic and Guttler (2010), and Guttler and Belusic
(2012) that have shown WRF to have limited skill forecasting submeso variability.
Furthermore like Gaudet et al. (2008), we find greater sensitivity among experiments and
better skill in the non-deterministic wind speed verification for periods greater than ~20
min, when the most-uncertain, small-amplitude fluctuations are ignored. Through the
implementation of this new verification approach however, we have gained some insight
into the sources and distributions of the biases and errors in the SMG range. The WRF is
shown to have some difficulty accurately reproducing the observed variability with the
correct amplitude even for the lower-frequencies in the SMG range where better model
performance can be expected. The limited skill of the WRF at these scales in these cases is
related to the systematic underestimation of the amplitude of observed fluctuations.
Overall, this new non-deterministic scale evaluation appears to be a viable tool for
the verification of observed fluctuations independent of time and phase error but
accounting for the scale and amplitude of the fluctuations. The new methodology allows
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the quantification of the variability at each particular scale and can even provide
information about the typical error associated with fluctuations of varying amplitude.
These distributions of model skill over multiple scales and amplitudes for a large set of
cases can be useful information for the development of improved numerical weather
predictions especially for the SBL and ATD forecasts. This new verification methodology
can be used for realtime system verification over a large range of cases and synoptic
conditions, to further investigate the source of the amplitude biases over all scales in the
SMG range.

CHAPTER 3

NONSTATIONARY LEE WAVES AND ROTOR CIRCULATIONS IN THE SBL
OVER CENTRAL PENNSYLVANIA

In this chapter, the impact of changing background conditions on wave
nonstationarity and low-level rotor circulations is investigated for two real-data cases using
special observations from a network deployed at Rock Springs, Pennsylvania and highresolution Weather Research and Forecasting (WRF) model forecasts. Evidence of rotor
circulations, generated by the smaller-scale (~350 m valley to mountain-top height)
mountains of central Pennsylvania is provided, and the efficacy of the WRF model to
reproduce wave motions in the SBL is investigated. WRF forecasts also are used to
investigate the impact of modest changes in the background conditions on the structure of
trapped lee waves and rotors. Complex, nonlinear wave-wave interactions during periods
of nonstationarity and their impact on low-level rotors are also examined. Thus, lee waves
and rotors are investigated using real-data case simulations in terms of their transient
features that are coupled to the evolution of the background environment.
3.1 Introduction
In the SBL, trapped lee waves, commonly observed over complex topography, can
modulate the evolution of low-level fields and the surface cold pool through the
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modification of momentum and thermal fluxes (Nappo 2013, Sun et al. 2015). These waves
can enhance the generation of meso-gamma motions, submeso fluctuations (i.e., shear
events with horizontal scales of ~0.02-2 km), and intermittent turbulence, which can
greatly complicate the study of the SBL (Mahrt 2007; Mahrt 2011; Mahrt et al. 2014; Sun
et al. 2015). Thus, understanding the mechanisms modulating the generation and evolution
of lee waves under stable nocturnal conditions is crucial for improving meteorological and
hazardous-release predictions in the SBL.
There has been a considerable amount of research concerned with the study of
trapped lee waves in the atmosphere from an idealized, steady-state, linear framework (e.g.,
Scorer 1949, Nappo 2013). However, lee waves in the atmosphere have been shown to be
highly nonstationary, exhibiting a variety of frequencies and amplitudes in time and space
(e.g., Queney et al. 1960; Ralph et al. 1997; Caccia et al. 1997; and Worthington 2015).
Three primary nonstationary behaviors have been identified: 1) downstream drifting of the
wave pattern, 2) changes in horizontal wavelength, and 3) changes in the location and
amplitude of local ridges and troughs. The temporal changes in the horizontal wavelength
of lee waves have been extensively studied through theoretical, observational, and
idealized modeling studies (e.g., Ralph et al. 1997; Nance and Durran 1997; Hills and
Durran 2012).
Changes in the horizontal wavelength of trapped lee waves due to changing
background conditions have been observed and noted in the literature for several decades
(e.g., Collis et al. 1968; Reynolds et al. 1968; Vergeiner and Lilly 1970; Weiss 1976; Ralph
et al. 1997; Worthington 2015). Transient lee waves have been observed over the Sierra
Nevada Mountains (e.g., Collis et al. 1968), the Colorado Rocky Mountains (e.g.,
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Vergeiner and Lilly 1970; Brinkmann 1974), and the Appalachian Mountains (e.g., Weiss
1976; Smith 1976) just to name a few. A survey of two dozen observed events by Ralph et
al. (1997) shows that wave nonstationarity due to changing background conditions can
result in average wavelength rates of change of 9 % h-1, but they can range from -43 % h-1
to 30% h-1. These rates of change can persist for several hours. It is suggested by Ralph et
al. that one of the primary factors affecting the nonstationary behavior of the waves is
related to the decreasing stratification of the elevated stable layer, due to the growth of the
mixed layer, which favors the observed temporal increases of the horizontal wavelength.
However, it is important to note that only two out of the 24 cases surveyed by Ralph et al.
occur during the nighttime periods; they both exhibit negative wavelength rates of change.
Thus, the statistics and conclusions presented by Ralph et al. (1997) are more representative
of daytime environments than those expected during nighttime conditions. Overall, despite
the large volume of observational evidence of transient wave structures in the atmosphere,
there is still limited observational evidence of nonstationary wave structures and their
behavior in the SBL.
Numerous idealized studies have illustrated the nonstationary response of trapped
lee waves and the subsequent temporal enhancement of wave-wave interactions due to a
variety of changes in background conditions (e.g., Nance and Durran 1997; Hills and
Durran 2012). For example, Nance and Durran (1997) investigate nonstationary wave
responses and wave harmonics for several configurations of background stratifications,
including 1) a transition from a strongly stratified to a weakly stratified ducting region (Fig.
3.1a), and 2) a transition from a weakly stratified to a strongly stratified ducting region
(Fig. 3.1b). It is shown by Nance and Durran that during the transition from weakly

55

a)

b)

Figure 3.1. Hovmoller diagrams of vertical velocity illustrating wavelength transitions
(a) from a strongly stable to weakly stable and (b) from weakly stable to strongly stable,
after Nance and Durran (1997).
stratified to strongly stratified environments, as would be expected during the nighttime
period due to negative heat fluxes near the surface, the phase velocity of the waves before
the transition is greater than that after transition, resulting in the development of
interference regions and new resonant waves that overtake the initial wave pattern through
the superposition of various wave modes (Fig. 3.1b).
It has been shown that unsteady background conditions, (i.e., changes in the
background conditions due to local changes or the passage of synoptic disturbances), can
significantly affect the lee waves’ characteristics, resulting in rapid (< 1 h) changes in both
the amplitude and wavelength of the waves (Queney et al. 1960; Lott and Teitelbaum 1993;
Ralph et al. 1997; Nance and Durran 1997; Hills and Durran 2012; and Worthington 2015).
However, the Nance and Durran (1997) analysis suggests that changes in static stability
alone are not sufficient to produce the large wavelength rates of change over short time
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scales typically observed in the atmosphere. Thus other mechanisms (i.e., changes in the
background wind, the cross mountain wind gradients, or non-uniform forcing) must be
responsible for generating the rapid wavelength transitions cited in the literature. The
impact of varying background wind conditions has been studied using idealized models by
Lott and Teitelbaum (1993), Chen et al. (2005), and Hills and Durran (2012) among others.
Lott and Teitelbaum (1993) and Hills and Durran (2012) investigate the nonstationary
behavior of trapped lee waves resulting from unsteady wind conditions due to the passage
of an isolated jet and show that the wavelength at which the trapped waves are generated
steadily increases in time prior to the arrival of the wind maximum. Hills and Durran
(2012), however, provide limited evidence of trapped wave generation and negative
wavelength rates of change after the passage of the jet. Thus overall, little still is known
about the response of nonstationary waves for real cases under typical SBL conditions of
increasing stratification and decreasing wind speeds.
Another mechanism complicating the study of nonstationary wave motions due to
changing background conditions in the SBL is the presence of rotors. Rotors are low-level
vortices, commonly present along the crests of quasi-two-dimensional waves excited by
narrow, elongated ridges. They are a result of boundary-layer separation processes,
enhanced by wave-driven pressure gradient and surface drag (Doyle and Durran 2002,
2007; Hertenstein and Kuettner 2005; Doyle et al. 2009). Friction generates a layer of nearsurface horizontal vorticity that is lifted by the upward branch of the wave at the boundarylayer separation point. In the SBL, elevated turbulence generated by rotors can result in an
“upside-down boundary layer”, where the turbulence is decoupled from the surface as
described by Marht and Vickers (2002). The coupling of these elevated regions of
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turbulence with the surface has been hypothesized to enhance near-surface turbulence
intermittency. Rotors are highly coupled to the evolution of the waves; thus changes in
wave characteristics such as wavelength or amplitude can potentially affect low-level wind
and turbulent fields. Despite their importance, the impact of nonstationary wave behaviors
on rotor development and evolution and the generation of intermittent low-level turbulence
has been mostly ignored.
Here, the impact of changing background conditions on wave characteristics, wave
nonstationarity, and low-level rotor circulations is investigated for two real data cases using
special observations from a network deployed at Rock Springs, PA and high-resolution
WRF model forecasts. The objectives of this chapter are twofold. First, observational
evidence of nonstationary gravity waves and/or rotor circulations generated by smallamplitude topographical features of central PA is provided. To the authors’ knowledge,
this is the first study to provide observational evidence of nonstationary rotors generated
by the moderate topography (300-350 m valley to mountain-top height) of Central PA.
Second, the impact of nonstationary wave motions on wave structure and rotor circulations
is investigated for two real data cases over this region. The investigation of these
nonstationary motions generated by the moderate topography of this region is particularly
important since they can be representative of those over most of the northeast US. This
chapter is organized as follows. Descriptions of the special observation network and model
configuration are provided in Sections 3.2 and 3.3 respectively. Case selection and case
descriptions are provided in Section 3.4. Results and discussion of the impact of changing
background conditions on wave nonstationarity and rotor circulations are presented in
Section 3.5. Finally, summary and concluding remarks are provided in Section 3.6.
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3.2 Observation Network Description

Observations from the network at Rock Springs, PA, are used to identify and study
cases characterized by nonstationary lee waves over the complex terrain of Central PA
(Fig. 2.2). As previously noted, this region is characterized by narrow, quasi-parallel ridges
that stand 200-700 m above their adjacent valleys and are favorable for the development
of wave motions. The Rock Springs network is located within the Nittany Valley, 20 km
southeast of the Allegheny Mts. (~350 m above the valley and 15-20 km in width), and
adjacent to Tussey Ridge (~300 m above the valley and 3 km width) (Fig. 2.2a). For a
detailed description of the network and instrumentation, see Section 2.3 and Hoover et al.
(2015). In this chapter, tower data, including that from fast-response thermistors,
thermocouples, and 2-D and 3-D sonic anemometers, and SODAR measurements are used
to identify rotors in the SBL and to verify WRF forecasts. Towers measure 1-min
temperature and 10-hz and 1-min winds at low levels (e.g., 2 and 9 m), while the SODARs
provide 10-min-averaged u, v, and w and wind variances from 30-250 m AGL with 5-m
vertical resolution. Network data is supplemented with observations from the University
Park Airport (KUNV), located approximately 18 km away from Rock Springs.
3.3 Meteorological Model Configuration
WRF, version 3.3.1, is used to investigate nonstationary lee waves in the SBL. In
this chapter, the model and physics options are like those described in Section 2.2 and
Suarez et al. (2015). The four-dimensional data assimilation (FDDA) approach described
in Section 2.2 is implemented in this investigation. This initialization configuration has
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Figure 3.2. WRF 0.444-km domain and terrain (m). Note the alignment of the crosssection (dashed line), valley cross-section (red line), and the location for the upstream
evaluation of the background flow (blue star).

been shown to better represent the behavior of low-level fields in the SBL for this region
(e.g. Suarez et al. 2015, Wendoloski et al. 2015). The model verification and analysis is
conducted for the 0.444-km domain (Fig. 3.2). The 0.444-km domain pre-forecasts are
constrained directly by two sets of local surface observations during the observation
nudging period: University Park Airport (KUNV) and Rock Springs network Site 3.
Similarly, the MYJ PBL parameterization is utilized due to its greater accuracy reproducing
deterministic and nondeterministic motions in the SBL (Chapter 2). It is important to recall
that, following recommendation from Bravo et al. (2008), Jimenez et al. (2011), and
Seaman et al. (2012), the model's background turbulent kinetic energy used for computing
vertical mixing in the MYJ scheme is reduced from 0.1 to 0.01 m2s2 to facilitate the
development of deep, strongly-stratified layers and low level jets for very stable conditions.
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3.4 Case Studies
3.4.1

Case Selection

Synoptic-scale and local environments suitable for the development of transient
wave structures are identified using North American Regional Reanalysis (NARR) and
local KUNV and Rock Springs observations. NARR data are 32-km, grid-spaced
reanalyses produced from NCEP Eta model output and observations, including land surface
data, satellite fields, and orographically-corrected precipitation (Luo et al. 2005). Favorable
synoptic environments are assessed through profiles of potential temperature (θ),
streamwise cross-mountain wind speed (U), and Scorer parameter (l), given by
(

𝑁2
1 𝑑2𝑈
𝑙2 =
−
(𝑈)2 (𝑈) 𝑑𝑧 2

(3.1)
𝑔 𝛿𝜃

where N is the Brunt-Vaisala frequency given by 𝑁 = √Θ ( 𝛿𝑧 ), g is the gravitational
acceleration, and Θ is the ambient potential temperature. The Scorer parameter is a measure
of the transmissivity of gravity waves in the atmosphere. The first term is typically known
as the buoyancy term while the second term is known as the curvature term (Nappo 2013).
The Scorer parameter can be used in the computation of the vertical wavenumber, m, which
describes the vertical propagation of gravity waves. The vertical wavenumber is given by
𝑚2 = 𝑙 2 − 𝑘 2

(3.2)

where k is the horizontal wavenumber. In regions where m is complex (k2 > l2), wave
motions decay with height and the waves are referred to as evanescent. In regions where
m is real (k2 ≤ l2), gravity wave motion is permissible. Trapped lee waves typically form in
regions characterized by large changes of l2 with height due to vertical variation in N or
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wind speed.
3.4.2

Case Descriptions

Two cases, characterized by terrain-induced gravity waves impacting the Rock
Springs network, are studied: 14 April 2011 (APR14) and 16 September 2011 (SEP16).
Vertical profiles of θ, U, and l2 at 0000, 0600, and 1200 UTC for both cases are provided
in Fig. 3.3. These cases exhibit increasingly stable conditions and northwesterly flow in
the lower and mid-troposphere from 0000 to 1200 UTC (Fig. 3.3a,b,d,e), associated with
eastward-propagating high pressure systems moving into the region through the night (not
shown). The 850 hPa wind directions range from 290-350°, having a strong perpendicular
component with the Alleghany Mountains. These wind directions have been shown to be
favorable for the development of lee waves in the Appalachians (e.g., Lindsay 1962). For
APR14, the cross-mountain wind speed profile resembles that of an isolated jet. It is
characterized by increasing wind speeds from 0000 to 0600 UTC and decreasing wind
speeds after 0600 UTC (Fig 3.3b). The evolution of this wind profile is somewhat similar
to that investigated by Hills and Durran (2012) using an idealized framework. For SEP16
on the other hand, the wind speeds in the lower troposphere generally decreases in time
from 0000 to 1200 UTC (Fig 3.3e).
For both cases, l2 is small and generally decreases with height from roughly 800 to
3000 m, due to the presence of low-level wind maxima and layered, stability profiles (Fig.
3.3c, f). This atmospheric structure can confine wave activity in the vertical and be
conducive to the development of trapped lee waves downstream of the Allegheny Mts.
Increasing stratification and decreasing cross-mountain wind speeds result in l2 profiles
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that generally support the development of waves with varying characteristics (e.g.,
wavelengths) through the night.

Figure 3.3. NARR profiles of potential temperature (K), streamwise cross-mountain
wind speed (m s-1), and l2 (km-2) over the 0.444-km domain at 0000 UTC (solid),
0600 UTC (dashed), and 1200 UTC (dotted) for (a),(b),(c) APR14 and (d),(e),(f)
SEP16.
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3.5 Rock Springs Observations and Model Predictions
3.5.1

Observations

Analysis of 12-min-centered-averaged time series of 2-m temperature, wind speed,
and wind direction at Site 9 for these cases, shown in Fig. 3.4, reveals that temperature
fluctuations are typically accompanied by weak wind speeds and large wind direction shifts
through the night. For example, APR14 experiences small amplitude temperature
fluctuations of less than 1 K from 0400-0800 UTC (Fig 3.4a). During this period, wind
speed decreases from ~ 3 m s-1 to 1 m s-1 and wind directions shift by more than 90° from
northwesterly to mostly southeasterly (Fig. 3.4c, e). Similarly for SEP16, temperature
fluctuations of approximately 3 K from 0500-0900 UTC are associated with wind speeds
of less than 1.5 m s-1 and wind directions shifts from northwesterly to easterly (Fig. 3.4b,
d, f). Both cases exhibit horizontally coherent temperature fluctuations at multiple sites
throughout the network (not shown), suggesting that the feature responsible for
temperature and wind changes extends more than 1 km from the base of Tussey Ridge and
3 km along the valley.
Measurements from SODAR 2027, located approximately 800 m to the southsouthwest of Site 9, indicate the presence of well-defined circulation near Tussey Ridge
during the periods of temperature and wind fluctuations for both cases (Fig. 3.5a, b). For
APR14 for example, the flow from 30 to 180 m AGL is mostly northwesterly with wind
speeds ranging from 3-8 m s-1 prior to 0500 UTC (Fig. 3.5a). From 0530-0630 UTC, the
flow is less than 2 m s-1 and it is characterized by large directional shear below 180 m AGL,
with wind directions varying from southwesterly to northerly through the layer. The
veering winds with height suggest the presence of a short-lived circulation, where reversed
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Figure 3.4. Observed (black) and forecasted (red) time series retrieved at Site 9 for 2-m
temperature (K), wind speed (m s-1), and wind direction (°) for (a),(c),(e) APR14 and
(b),(d),(f) SEP16.
flow is not fully achieved this high up the slope. Nonetheless, it is important to note that
reversed winds (with a southeasterly component like those at Site 9) are measured at Sites
3, 6, 7, and 12 during this period (not shown). The onset of this feature is also characterized
by weak downward vertical motions (Fig. 3.5a) and TKE greater than 0.2 m2 s-2 below 80
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m AGL (not shown).
For SEP16, SODAR 2027 observations also suggest a rotor-like circulation from
0600-0800 UTC (Fig. 3.5b). Prior to 0600 UTC, SODAR-derived winds are generally
northwesterly and westerly with speeds of 3 - 5 m s-1. After 0630 UTC, the flow becomes
less than 1 m s-1 and a distinct wind reversal region (i.e., easterly flow) is noted below 180
m AGL. The depth of the reversal region varies in time (55, 160, and 100 m AGL at 0650,
a)

b)

c)

d)

Figure 3.5. SODAR-derived (a), (b) and forecasted (c), (d) time-height cross sections of
wind speed (m s-1, colored according to scale on right), horizontal wind direction (arrow),
and negative vertical velocities (m s-1, contoured at -0.1, -0.2, -0.4, -0.8, and -1.6 m s-1)
from 0200-0900 UTC for (a),(c) APR14 and (b),(d) SEP16.

66

0730, and 0810 UTC respectively) suggesting a period of amplification between 0650 and
0730 UTC. The onset of the reversal flow is associated with downward vertical motions
exceeding 1 m s-1 (Fig. 3.5b) and TKE exceeding 1.4 m2 s-2 (not shown). This period
corresponds to the highest 2-m temperature measured during the event and the deepest flow
reversal layer in the SODAR. Lag-time correlations of vertical velocities from 0500-0900
UTC for SODAR 2027 and 2028 suggest the circulation responsible for the 3-K
temperature fluctuation is transient and propagates with speeds ranging from 0.1 m s-1
(perpendicular to the topography) to 0.6 m s-1 (between the SODARs).
3.5.2

Model Predictions

WRF is used to investigate the generation of nonstationary lee waves by the
Allegheny Mountains for APR14 and SEP16. Quantitative verification of results, provided
in Table 3.1, shows that the magnitude of the mean absolute error (MAE)/mean error (ME)
of 2-m temperature and wind speed for both cases are relatively small (< 1.2 K/-0.8 K and
1.2 m s-1/-0.4 m s-1, respectively). So, WRF does a reasonable job capturing the nearsurface cold pool variability during the nighttime period for both cases. Nonetheless, it is
important to note that the time scales of the phenomena being investigated have been
shown to be stochastic or nondeterministic (e.g., Gaudet et al. 2008, Suarez et al. 2015).
Thus, the MAE and ME include phase errors and may overestimate the actual deterministic
error.
Table 3.1. MAE and ME and their standard deviations of 2-m temperature (K) and
wind speed (WSP; m s-1) for WRF forecasts.
Temp. MAE
Temp. ME
WSP MAE
WSP ME
APR14
1.1 ±0.8
-0.6±1.3
1.2±0.8
-0.4±1.4
SEP16
1.2±0.5
-0.8±0.9
0.4±0.2
0.0±0.3
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Qualitatively for APR14, the model has some difficulty reproducing the
temperature from 0000-0500 UTC but it accurately captures the cooling trend from 05000900 UTC (Fig. 3.4a). The errors noted during the first few hours of the forecast are related
to the inability of the model to produce the weak, low-level stratification and the low-level
cloud observed during this period (not shown). During this period, KUNV reports indicate
low-level clouds from 500-800 m mean sea level (MSL) prior to 0500. Nonetheless
temperature fluctuations of up to 2 K are forecasted for 0300-0400, 0500-0600, and 07000800 UTC. It is important to note that large temperature fluctuations of 2 K are observed
at Site 3 and 8 for this case (not shown). Like those observed, these temperature
fluctuations are accompanied by wind speed oscillations up to 2.8 m s-1 and wind direction
shifts exceeding 90° (Fig. 3.4c, e). For SEP16, there is also good agreement between the
observed and the predicted temperature and wind speed time series (Fig 3.4b, d).
Temperature fluctuations similar to those observed from 0600-0900 UTC are forecasted
from 0500-0700 UTC, and as expected, they are accompanied by wind speeds less than 1
m s-1 and large wind directional shifts (Fig 3.4b, d, f).
For both cases, WRF produces rotor-like features similar to those measured by the
SODARs during periods of temperature and wind fluctuations. These rotor-like features
are characterized by weak wind speeds of less than 2 m s-1 extending as high as 180 m
AGL, with strong downward vertical motions, and in some instances reversed low-level
flow (Fig. 3.5c, d). It is important to note that directional shifts of 180° (similar to those
observed) extending up to 70 m AGL are forecasted one grid-cell to the west of the location
of SODAR 2027 (not shown). However, at neither location is the reversed flow predicted
for more than 20 min below 70 m AGL. Although, the model forecast wind speeds are up
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to 3 m s-1 larger than those observed by the SODAR during several periods throughout the
night, they agree reasonably well with observations in terms of capturing these transient
wave-rotor phenomena.
In general, the WRF reproduces the observed temperature and wind speed trends
and fluctuations with some skill, although phase errors can be large. It is encouraging to
see that positive temperature and wind speed fluctuations appear to be correlated with
periods of horizontal wind directional shifts (consistent with observations). Also, despite
errors forecasting the profiles of wind speed, the model forecasts low-level, rotor-like
features that resemble those observed over the Rock Springs network. So overall, the model
configuration appears to reasonably represent the important observed mechanisms and
low-level features impacting the network for these cases.
3.6 Analysis of Nonstationary Lee Waves and Transient Rotors
3.6.1 Lee Wave Structure and Behavior
WRF output is used to investigate gravity waves and rotor-like features and their
response to unsteady background conditions for both of these cases. Hovmoller diagrams
of vertical velocity for APR14 and SEP16, retrieved at 1.2 km MSL are shown in Fig. 3.6.
At this height, the impact of shallow (< 100 m) topographical features on the vertical
velocity is small and the wave signature induced by the larger topography is well-defined.
APR14 and SEP16 are characterized by trapped lee waves that are generated by the
Allegheny Mountains (at approximately 38 km) and propagate downstream to other valleys
across the domain. These waves are nonstationary and undergo multiple wavelength
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transitions through the night. For APR14, the wavelength pattern, characterized by lowamplitude waves with horizontal wavelength of ~5 km from 0000-0200 UTC, rapidly
transitions to a longer wavelength of 6.5 km after 0230 UTC (Fig. 3.6a). These longer
wavelengths remain until 0500 UTC, when a gradual shortening of the wavelength from
6.5 km to 3 km is noted over the following 7-h period, resulting in an average wavelength
rate of change of -8% h-1. Regions of constructive interference, marked by larger vertical
velocities exceeding 1.5 m s-1, can be noted through the Nittany Valley from 0500-0600
UTC and 0700-0900 UTC associated with the periods of largest wavelength decreases.
SEP16 exhibits similar decreases in wavelength to those forecasted for APR14 (Fig. 3.6b).
SEP16 is characterized by wavelengths of approximately 7 km within the valley prior to
0200 UTC and they rapidly decrease to 4 km from 0300-0700 UTC. Regions of weak

a)

b)

-1

Figure 3.6. Hovmoller diagrams of vertical velocity (m s , shaded according to scale) at
1.2 km MSL oriented from NW to SE across the 0.444-km domain for (a) APR14 and (b)
SEP16. The Allegheny Mountains are located at 38 km, Tussey Ridge is located at 58 km,
and Stone Mountain is located at 75 km. Dashed lines illustrate the gradual downstream
propagation of regions of interference.
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constructive interference, exceeding 1 m s-1 in amplitude, are forecasted within the Nittany
Valley during the transition period. Over the 12-h forecast, the wavelength decreases from
approximately 7 km to roughly 3.5 km resulting in a total wavelength change of roughly 50%; the wavelength rate of change, however, varies through the night and can be up to 15% h-1 from 0300-0500 UTC, during the periods of fastest transitions.
The wavelength rates of change forecasted for both of these cases are negative and
of the same order of magnitude as those observed and documented by Ralph et al. (1997)
for their nighttime cases. However unlike those cases, the decreases in wavelength are
highly variable and occur over an extended period throughout of the night, resulting in
averaged wavelength rates of change that range from -8 to -15% h-1 and total wavelength
changes of -50 %. Large decreases in wavelength can occur over short periods (e.g., < 30
min). The period of wavelength adjustment due to changes in background conditions has
been observed and estimated to be less than 1 h by Reynolds et al. (1968), Vergeiner and
Lilly (1970), Ralph et al. (1992), Lott and Teitelbaum (1993), Nance and Durran (1997),
and Ralph et al. (1997) to name a few. Adjustment timescales on the order of 10-30 min,
and similar to those in this study, have been identified by Queney et al. (1960) to result
from the downstream propagation of the lee wave’s group velocity.
These changes in the horizontal wavelength are accompanied by a thinning (i.e.,
shallowing) of the ducting layers, as shown in the cross-sections of w and θ within the
0.444-km domain in Fig. 3.7. APR14 exhibits trapped lee waves below 3-3.5 km MSL with
6.5-km wavelengths at 0300 UTC (Fig. 3.7a). However by 0900 UTC, waves with 3-km
wavelength are forecasted within a shallow ducting layer below 1.4 km MSL (Fig. 3.7b).
This ducting region behaves like a filtering layer, constraining the vertical propagation of
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smaller wavelength (i.e., larger k) but transmitting the energy of larger wavelength modes;
hence, waves with 7-km wavelength are noted above 2.0 km MSL at this time. Similarly
for SEP16, a thinning ducting region from 0300 to 0900 UTC acts to filter shorter
wavelengths above ~2 km and 1.5 km MSL respectively, resulting in a wavelength of 7 km
above these ducting layers (Fig. 3.7c, d).
The presence of these ducting regions are somewhat well captured in the profiles
b)

Height (km)

a)

Distance (km)

Distance (km)
d)

Height (km)

c)

Distance (km)

Distance (km)

Fig. 3.7. Cross section of vertical velocity (m s-1; colored according to scale) and potential
temperature (K, contoured every 0.25 K) for (a), (b) APR14 and (c), (d) SEP16 at (a), (c)
0300 UTC and (b), (d) 0900 UTC.
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2

-2

Figure 3.8. WRF profiles of l (km ) at 0300 UTC (solid) and 0900 UTC (dashed) for
APR14 (black) and SEP16 (red).

of l2 at these times (Fig. 3.8). For APR14 for example, Eq. 3.2 can be used to show that a
minimum in l2 of 5.3 km-2 noted at 1.5 km MSL at 0900 UTC results in evanescent waves
with wavelengths greater than ~3.0 km above this level, which is consistent with those
predicted in Fig. 3.7b. Furthermore, for SEP16, minima in l2 at ~ 1 km MSL at 0300 UTC
(0.76 km-2) and 0900 UTC (6.9 km-2) suggest the trapping of waves with wavelength of
~7.1 km and 2.4 km respectively, again somewhat consistent with the wavelength
forecasted over the valley. Nonetheless, as l2 increases above these layers, the waves
become evanescent. The relatively good performance of l2 predicting the forecasted wave
structures, especially during the later times, might be related to the fact that the waves are
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mostly in a quasi-stationary state, and thus we are justified in assuming that the phase speed
of the waves is equal and opposite to the background flow.
3.6.2 Wave-wave Interactions
For both cases, regions of wave-wave interactions (constructive/destructive
interference) can be traced as they propagate through multiple valleys within the 0.444-km
domain (see Fig. 3.6). Particularly within the Nittany Valley, there are numerous
mechanisms that could enhance wave-wave interactions for these cases. One common
source of wave interference is the interaction of different wavelength waves generated by
various topographical features. The wavelength of the waves can be modified by the
presence of secondary and tertiary features downstream of the primary mountain as well
as the amplitude of and the distance between the ridges (e.g., Grubisic and Stiperski, 2009;
Stiperski and Grubisic, 2011). However, the topography within the Nittany Valley can be
neglected as a significant source of wave activity since the largest topographical feature
within this region is Bald Eagle Mountain, which stands ~100 m above the Nittany Valley
floor. Further evidence of the small effect this secondary ridge imparts on the wave
structure is provided in Figs. 3.6 and 3.7. Note that in the Hovmoller diagrams at 1.2 km
MSL, the vertical velocity response due to the presence of Bald Eagle Mountain (near 43
km) is very small compared to that of Tussey Ridge (near 58 km) and Stone Mountain
(near 75 km). Thus, these regions of interference are most likely the result of other
mechanisms/interactions within the valley.
Another source of wave interference in this region could be the result of
propagating nonstationary modes that interact with the preexistent wave pattern. For both
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cases, the regions of interference propagate downstream in time. Thus, the influence of
upstream propagating wave modes interacting with the waves is very small and/or
negligible.

The most likely cause of these wave-wave interference regions is the

superposition of the waves generated prior to the transition and the waves generated during
and after the transition as they propagate downstream. These types of interactions have
been investigated by Nance and Durran (1997) using only an idealized framework. Their
results reveal that regions of interference similar to those presented here occur for
transitions from weakly stable to strongly stable environments (compare Fig. 3.1b and 3.6),
and they are well represented by the superposition of two wave groups that are out of phase
and transverse with one another (Nance and Durran 1997).
To confirm that similar interactions are at play for APR14 and SEP16, the
normalized wavelet power spectra of the vertical velocity across part of the 0.444-km
domain at 1.2 km MSL are investigated at various times (Fig. 3.9). Here, the normalized
wavelet power spectra are computed using the continuous wavelet transform and the
Morlet mother wavelet following Torrence and Compo (1998). Wavelet analysis is useful
because it provides time-frequency information of the signal and has been widely
implemented in the study of the SBL and gravity waves (e.g., Terradellas et al. 2001, Rees
et al. 2001, Terradellas et al., 2005, Viana et al. 2009; Suarez et al. 2015).
For APR14 and SEP16, the wavelength across the Nittany Valley (located from 18
km to 38 km) is roughly 7 km at 0300 UTC, prior to the transition (Fig. 3.9a, b). Note that
for both cases, broad regions of wavelet power that are statistically significant against a
background red noise process are located at approximately 18 km. This indicates that the
~7-km wavelength waves forecasted during this period are generated by the Allegheny
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a)

b)

c)

d)

e)

f)

Figure 3.9. Normalized wavelet power spectra (colored according to scale) of vertical
velocity at 1200 m MSL for a northwest-to-southeast oriented slice centered over Nittany
Valley. The Allegheny Mountains are located at ~18 km and Tussey Ridge is located at
~ 38 km. The normalized wavelet power spectra is computed for APR14 at (a) 0300
UTC, (c) 0500 UTC, and (e) 0900 UTC and for SEP16 at (b) 0300 UTC, (d) 0400 UTC
and (f) 0900 UTC. Following Torrence and Compo, the wavelet cone of influence is
shown in thin black contours and the 95 % confidence bounds with respect to red noise
(computed using the lag-1 autocorrelation coefficient α) are shown in thick black lines.
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Mts. as also seen in the Hovmoller diagrams. During the period of greatest wave
nonstationarity at 0500 and 0400 UTC respectively, interactions among multiple wave
modes emerge (Fig. 3.9c, d). Note that for APR14, for example, the greatest wavelet power
is noted for wavelength of 7 km, but statistically significant oscillations in the vertical
velocities can also be noted for smaller wavelengths greater than 3.5 km and generated in
the lee of the Allegheny Mountains and Tussey Ridge (Fig. 3.9c). The evidence of
nonlinear interactions among different wavelengths is greatest for SEP16, where broad
regions of statistically significant fluctuations are present for wavelength scales of 4-7 km
and holes are noted within the significance regions (Fig. 3.9d).

The presence of these

holes has been shown to be related to phase-coherent oscillations among neighboring scales
(i.e., wavelengths) due to nonlinear interactions in the time series (Schulte et al. 2015).
These nonlinear interactions in the time series of vertical velocity at 1.2 km MSL can result
from leakage of energy at low levels from the upper ducting region characterized by larger
wavelength waves. By 0900 UTC, most of the energy for APR14 is located for 2.5-5 km
wavelengths, whereas for SEP16 strong nonlinear coupling between longer 7-km
wavelength and shorter 2.5-5 km wavelengths, as also seen in Fig. 3.7d, can be noted.
3.6.3 Wavelength Response to Varying Background Conditions
For these cases, decreases in wavelength through the night are related to unsteady
background conditions. Given that under steady-state conditions the horizontal wavelength
is given by
λ = 2πU/N,

(3.3)

where U is the cross-mountain wind speed and N is the Brunt-Vaisala frequency, here we
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investigate the degree of usefulness of the background wind and stratification to predict
changes in the forecasted wavelength for these nonstationary real cases. Time-height crosssections of the stratification (i.e., θz=δθ/δz), wind speed, and horizontal wind direction are
retrieved at an upstream location (indicated by a star in Fig. 3.2) within the Allegheny
Mountains, approximately 20 km to the northwest of the Nittany Valley (Fig. 3.10). For
APR14, WRF forecasts increasing θz through the night and decreasing wind speeds after
0500 UTC below 1200 m MSL (Fig. 3.10a). This later period corresponds to the onset of
the decreasing wavelength noted within the Nittany Valley (see Fig. 3.6a). Similarly for
SEP16, WRF forecasts increasing θz through the night and decreasing wind speeds after
0200 UTC at 1200 m MSL (Fig. 3.10b). Note that the largest deceleration of the
background flow occurs from 0200- 0500 UTC, which coincides with the period of greatest
wavelength rate of change for this case (in Fig. 3.6b).
The relative importance of changing background stratification and wind conditions
upstream of the Allegheny Mountain on changing wavelength within the Nittany Valley is
investigated assuming that
𝜆∝

𝑈

(3.4)

𝜃𝑧 1/2

and
𝜕𝜆
𝜕𝑡

∝

𝑈
𝜃𝑧

1/2

[

1 𝜕𝑈
𝑈 𝜕𝑡

−

1 𝜕𝜃𝑧
2𝜃𝑧 𝜕𝑡

].

(3.5)

Scatter plots of the normalized local time rate of change for 1-h averaged fields from 7001500 m MSL are presented in Fig. 3.11. It is important to point out that for these cases the
advective time scales from this location to the Allegheny Mountains are much less than the
1-h averaging period. There appears to be a very weak positive correlation between

𝜕𝜆
𝜕𝑡

and
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a)

b)

Figure 3.10. Time-height cross-section of θz (K m-1, shaded according to scale),
wind speed (contoured every 2 m s-1) and horizontal wind vectors retrieved
upstream of the Allegheny Mts. for (a) APR14 and (b) SEP16.
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a)
a
)

b)
b)

Figure 3.11. Scatter plots for 1-h average WRF fields centered at 1200 m MSL from
0100-1100 UTC for APR14 (triangles) and SEP16 (squares). (a) Time rate of change
of the stratification upstream of the Allegheny Mountains versus the time rate of change
of the horizontal wavelength within the Nittany Valley. (b) Time rate of change of the
streamwise wind speed upstream of the Allegheny Mountains versus the time rate of
change of the horizontal wavelength within the Nittany Valley. Linear fit curves for
APR14 and SEP16 are provided as dashed and dotted lines, respectively.
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1 𝜕𝜃𝑧
2𝜃𝑧 𝜕𝑡

, with r2 values of 0.52 and 0.11 for APR14 and SEP16 respectively (Fig. 3.11a).

For these cases, θz steadily increases through the night within this 700-1500 m layer (Fig.
3.10). Despite this, the wavelength of the waves can increase at times (e.g., from 01000300 UTC for APR14) and/or remain quasi-stationary (e.g., from 0900-1200 UTC for
SEP16). Furthermore unlike SEP16, the wavelength of the waves for APR14 is increasing
during the first few hours of the night, resulting in a stronger positive correlation during
this period. This helps explain the larger r2 for APR14 than SEP16. When these time
periods are ignored, the relationship between these variables and the correlation
coefficients for APR14 are more similar to those for SEP16 (not shown).
On the other hand, there is a strong, positive correlation between

𝜕𝜆
𝜕𝑡

1 𝜕𝑈

and 𝑈 𝜕𝑡 , with

r2 of 0.76 and 0.60 for APR14 and SEP16 respectively (Fig. 3.11b). This implies that
changes in the background wind conditions result in fast (< 1 h), directly proportional
changes in the wavelength within the valley and may play a more significant role in
modulating the wavelength in the valley than the local stratification. This is consistent
with some of the results by Nance and Durran (1997) which suggest that the typical
gradients of stratification in the atmosphere are not sufficient to generate the wavelength
rates of change similar to those observed in the atmosphere and forecasted for these case
studies. Thus changing background wind conditions appear to be the primary mechanism
responsible for the forecasted reductions of wavelength for these cases.
3.6.4

Transient Rotors and Their Response to Changing Background Conditions

Both cases exhibit highly-transient, rotor circulations beneath the crests of the
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trapped lee waves through most of the nighttime period (not shown). To demonstrate the
nonstationary behavior of rotors under changing background conditions, cross-sections of
horizontal vorticity, η, potential temperature, and U are shown every 36 min from 02240336 UTC for SEP16 (Fig. 3.12). The horizontal vorticity is given by
𝜂=

𝜕𝑈 𝜕𝑤
−
𝜕𝑧 𝜕𝑥

(3.6)

where U again is the streamwise wind component in the plane defined as positive to the
right and w is the vertical velocity. The period from 0224-0336 UTC coincides with the
largest wavelength rate of change forecasted for SEP16 and the amplification of the waves
due to wave interactions, as seen in the Hovmoller diagram in Fig. 3.6b. These rotors are
associated with the wave crest closest to Tussey Ridge within the Nittany Valley in Fig.
3.6b and they are shown to impact the Rock Springs network (located near the 8-km mark
in Fig. 3.12).
Figures 3.12a, b show a well-defined rotor circulation, characterized by positive η
within the upward branch of the wave and weakly negative U (left-to-right flow) at 0224
UTC. At this time, the regions of positive η become lofted at the boundary layer separation
point and they extend up to ~650 m MSL; however, fully reversed flow is only noted below
500 m MSL. As the horizontal wavelength decreases in time, the rotor strengthens and
deepens as noted by larger-magnitude, reversed, low-level flow and the upward
displacement of the η maxima at 0300 UTC (Fig. 3.12c, d).
By 0336 UTC, the rotor structure has become less defined and the η maxima and
the stagnation zone extend well above 650 m MSL (Fig. 3.12e, f), as the waves undergo a
brief period of amplification due to wave interactions. A second rotor, associated with a
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a) 0224

b) 0224

c) 0300

d) 0300

e) 0336

f) 0336

Figure 3.12. Cross-section of in-plane streamlines and horizontal vorticity (s-1, shade
according to scale) (a), (c), (e) and streamwise U (m s-1, shaded every 1 m s-1 according
to scale) and potential temperature (K, contoured every 0.5 K) (b), (d), (f) for SEP16 at
(a), (b) 0224 UTC; (c), (d) 0300 UTC; and (e), (f) 0336 UTC.
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developing wave crest adjacent to Tussey, is also predicted at 0336 UTC. This circulation
is the one responsible for the weak, reversed winds and low-amplitude temperature
fluctuations noted during this time near the surface and aloft in Fig. 3.4b, f and Fig. 3.5d
respectively. It is important to note that the reversed flow for this case, which can exceed
3 m s-1 in Fig. 3.12f, enhances both shear and buoyant turbulence production through the
development of strongly sheared regions and convective instabilities. Environments
characterized by elevated turbulent regions can behave like an upside down boundary layer
and modulate the SBL and turbulence intermittency at low levels through enhanced
downward transport and advection. Over the course of this 72 min period, the rotor moves
more than 3 km upstream, along with the amplifying wave, while maintaining most of its
structure. First, note that the propagation speed of these rotors is ~0.7 m s-1, which is
similar to the propagation speeds observed at Rock Springs for this case. Second, note that
the propagation speed of this feature is the same as that of the transient waves.
To better illustrate the correlation between the propagating waves and the
underlying rotor circulations, Hovmoller diagrams across the Nittany Valley of the
minimum streamwise wind component (umin) below 650 m MSL and positive w at 1 km
MSL are shown for both cases in Fig. 3.13. Rotor wind reversal regions can be noted
multiple periods through the night, and they propagate upstream at the same speed as the
1 km MSL wave pattern. The strongest reversed flow, which can be -3 m s-1, typically
occurs during the periods of largest wavelength rates of change and propagation speeds for
both cases (Fig. 3.13). This might be related to the fact that the propagation of these rotors
against the mean flow imposes an additive negative component to the low-level flow,
which can reduce 𝑢𝑚𝑖𝑛 and intensify the circulation.
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b)

a)

Figure 3.13. Hovmoller diagram across the Nittany Valley of negative umin below 650 m
AGL (m s-1, shaded according to scale, positive to the right) and positive w (contoured
every 0.5 m s-1; zero contour is thick solid line) at 1 km MSL showing reversed-flow
regions propagating upstream (to the left) for a) APR14 and b) SEP16. Dashed blue line
indicates the position of the second wave crest from the Allegheny Mountains for APR14.

Strong rotor circulations are also forecasted in regions where the wave crests are
quasi-stationary, e.g., adjacent to the Allegheny Mountains (0-4 km) after 0400 UTC for
SEP16 in Fig. 3.13b, but only typically when stronger w is noted. This correlation between
rotor intensity and periods of wave amplification is demonstrated in Fig. 3.14. with scatter
plots of

𝜕𝑢𝑚𝑖𝑛
𝜕𝑡

and

𝜕𝜃
𝜕𝑡

at 1000 m MSL within the Nittany Valley. Here it is illustrated that

periods of increasing wave amplitude (i.e., decreasing θ at the reference level) result in
increasing reversed flows (i.e., more negative

𝜕𝑢𝑚𝑖𝑛
𝜕𝑡

) and vice-versa (Fig. 3.14). These

periods of wave amplification, which have been shown by Nance and Durran (1997) and
in this study to be the result of nonlinear wave-wave interactions, can lead to rotor
intensification through the enhancement of wave-driven pressure gradients near the
surface.
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a)

b)

Figure 3.14. Scatter plot of the time rate of change of low-level minimum streamwise
velocity and averaged potential temperature below 1 km MSL within the Nittany Valley
for a) APR14 and b) SEP16.
Thus, there appears to be two mechanisms impacting the intensity of the low-level
flow under changing background conditions and transient waves: 1) wave amplification
and 2) rotor nonstationarity. It can be shown that both mechanisms play a significant role
in the intensification of the reversed low-level flow. Time series of 𝑢𝑚𝑖𝑛 , the streamwise
wind contribution due to locally-driven pressure gradient (𝑢𝑃𝐺𝐹 ), and the propagation
speed of the features (𝑢𝑝 ) for the second wave crest within the Nittany Valley for APR14
(as indicated by dashed blue line in Fig. 3.13a) are presented in Fig. 3.15. The wave-driven
pressure gradient contribution to the low level flow is computed at the surface for every
available time. Through most of the night, the contribution to 𝑢𝑚𝑖𝑛 from 𝑢𝑃𝐺𝐹 is larger
than that from 𝑢𝑝 . The 𝑢𝑃𝐺𝐹 component is mostly negative, indicating that the generation
of pressure gradient-driven, reversed flow even when the rotor remains quasi-stationary
from 0300-0500 UTC (see Fig. 3.13a). However, weakly-negative and positive 𝑢𝑃𝐺𝐹 are
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Figure 3.15. Time series of the minimum streamwise wind speed (𝑢𝑚𝑖𝑛 , solid line) below
650 m MSL, the streamwise wind component due to locally driven pressure gradients
(uPGF, dash-dot line) and the propagation speed of the rotor feature (up, star) at 650 m
MSL following the second wave crest within the Nittany Valley for APR14 as indicated
in Fig. 13a.

noted from 0600-0700 UTC, when the period of largest rotor intensification occurs. This
period corresponds to the largest upstream rotor propagation for this case. Note that 𝑢𝑝
during this period is negative and can be -0.9 m s-1. This indicates that the intensification
of the rotor circulation during this period, might be a result of the wave/rotor propagation
rather than wave amplification. Thus, at times both of these terms can be of the same order
magnitude and/or can evenly contribute to the enhancement of the reversed flow.
3.7 Summary and Conclusions
The response of nonstationary trapped lee waves and rotor circulations in the SBL
over the Nittany Valley to changing background conditions for two real data cases is
investigated using special observations and high-resolution WRF forecasts. Observational
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evidence from towers and SODARs of complex rotor structures impacting low-level SBL
fields in the Rock Springs observation network is presented. To the author’s knowledge
this is the first time evidence of rotor circulations generated by the shallow (~350 m)
topography of central PA has been reported. A high horizontal and vertical resolution
configuration of the WRF model is shown to have reasonable accuracy forecasting lowlevel temperature and wind speed in the SBL for these cases and to qualitatively produce
rotors, similar to those observed, as well as some of the mechanisms modulating their
development and evolution.
For both case studies, the WRF forecasts trapped lee waves and rotors, exhibiting
significant nonstationarity as a response to changing background conditions. Modest
changes in the background environment can produce large, complex changes in the
structure of gravity waves and the underlying circulations. Here, it is demonstrated that for
these cases wind speed appears to play a more crucial role modulating the wavelength
within the valley than the low-level stratification. These results confirm Nance and
Durran’s speculations that large wavelength rates of change for real cases are likely the
result of changing wind conditions since the typical gradients of stability in the atmosphere
are relatively small and not sufficient to significantly affect the wavelength of trapped lee
waves.
Generally decreasing wind speeds through the night for both cases produce
averaged wavelength rates of change ranging from -15 to -8 % h-1, similar to those observed
by Ralph et al. (1997) for nighttime cases, and total reduction of the wavelengths up to
50% over the nighttime period. The decreasing wavelength of the waves is accompanied
by a shallower ducting layer near the surface. The Scorer parameter is shown to be helpful
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for predicting the presence of these ducting regions and provides somewhat good estimates
of the wavelength of quasi-stationary waves under quasi-steady conditions.
Complex, nonlinear interactions among wave modes during periods of wavelength
transitions result in the development of interference regions that propagate downstream in
time. Modeling evidence of these wavelength transitions and interference patterns due to
changes in background conditions has been shown by Nance and Durran (1997); however,
they are from a 2-D modeling framework. Here, evidence of these phenomena are
presented for real data cases using a 3-D framework for real mountains and changing
background conditions. Using wavelet analysis, it is shown that periods of wavelength
transitions are characterized by highly-nonlinear interactions among multiple waves with
varying wavelengths.
These transient, highly nonlinear wave-wave interactions lead to wave
amplification and they can impact low-level fields in the SBL through the development
and/or intensification of low-level rotors, which are shown to persist for extended periods
throughout the night. Rotors, shown to be highly coupled to the wave structure, are highly
nonstationary due to changes in background conditions. The rotor propagation speed is
similar to that of the transitioning modes, and the strongest wind reversal regions typically
occur during periods of the largest wavelength rate of change and/or wave amplification.
It is shown that rotor intensification is likely under weakening environmental wind speeds,
increasing environmental stratification, and transient waves due to the combined effects
from 1) wave amplification and 2) rotor nonstationarity. This stronger, reversed, low-level
flow can enhance the shear turbulence generation and thus provide an additional source of
mixing in the SBL.

89

Overall, these results suggest that in addition to model resolution and physics, to
further improve SBL predictions over complex topography, significant attention has to be
dedicated to ensuring the accurate representation of the background environment, given
that local fields can be greatly impacted by moderate changes in upstream conditions
through nonstationary and nonlinear interactions. Furthermore, investigations of the SBL
near or within complex topography must account for transient lee waves and rotors as a
potential source of nonstationarity. Transient rotor circulations provide a source of
elevated turbulence, which can enhance low-level turbulent intermittency and variability
through advective or transport processes and can be highly dependent on the background
flow. Future work should further investigate the relationship between changing
background conditions and lee wave/rotor nonstationarity using a larger set of cases and/or
an ensemble approach to determine the uncertainty and/or the predictability of these
interactions and to identify general conditions under which use of these model fields (e.g.,
for hazard prediction) warrants additional caution.

CHAPTER 4

IMPACT OF NONLINEAR WAVES AND ROTORS ON TURBULENCE
INTERMITTENCY IN THE SBL OVER CENTRAL PENNSYLVANIA

Observations from a special network deployed at Rock Springs, PA and very highresolution (0.444-km and 0.148-km grid spacing) Weather Research and Forecasting
(WRF) forecasts are used to investigate complex waves and rotor structures in the stable
boundary layer (SBL) for four case studies. Observational evidence of complex rotor
structures generated by the moderate topography of this region is shown through the
analysis of low-level wind and temperature fields and SODAR data. Using high-frequency
measurements, the relative contribution of TKE budget terms to the low-level turbulence
variability is compared among cases and synoptic regimes. The simulated near-surface
response and structure of the waves and rotors are hypothesized to be sensitive to the model
initial conditions and background environment. First, the efficacy of the WRF model using
different model initialization and grid resolutions to reproduce the observed temperature,
wind speed, and turbulence variability for these cases is assessed through the comparison
of observed and modeled fields. Then, comparisons of rotor structures over the valley are
conducted using a limited analysis of model-derived horizontal vorticity and turbulence
fields. The impact of different waves and rotor structures on the transport in the SBL is
also explored for two case studies.
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4.1 Introduction
Rotors are boundary-layer processes characterized by low-level vortices that
parallel the topography (Doyle and Durran 2002; Grubisic and Billings 2007). These
vortical structures are commonly present along the crests of quasi-two-dimensional waves
excited by narrow, elongated ridges (Doyle and Durran 2002) and they can be characterized
by closed circulations or broad regions of moderate to extreme turbulence extending to the
mountain top or higher (Hertenstein and Kuettner 2005). Rotor-generated turbulence can
severely impact aviation near mountainous terrain (e.g., Lester 1994; Agustsson and
Olafsson 2013) and the atmospheric transport and dispersion (ATD) of pollutants (Etling
1990; Chow et al. 2013; Sun et al. 2015). Rotors pose additional challenges in
understanding the SBL through the enhanced submeso motions (i.e., nonstationary, shear
events with time scales of one to tens of minutes and horizontal scales of 0.02-2.0 km) and
turbulence intermittency near the surface (e.g., Suarez et al. 2015). Turbulence complicates
the dispersion of pollutants and the meandering transport of plumes (Zaveri et al. 1995;
Salmond and McKendry 2005; Mahrt 2007; Wendoloski et al. 2015). Despite their
importance for public safety, rotors have been addressed by only a handful of studies
compared to the large volume of research dealing with gravity waves.
Recent advances in computing capability and numerous field campaigns have
facilitated the identification of the relevant dynamical processes for rotor development and
evolution (e.g., Doyle and Durran 2002; Vosper 2004; Hertenstein and Kuettner 2005;
Sheridan and Vosper 2006; Grubisic and Billings 2007; Gohm et al. 2008; Doyle et al.
2009). Rotors are now known to be boundary-layer separation processes, enhanced by
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wave-driven pressure gradient and surface drag (Doyle and Durran 2002). Friction
generates a layer of near-surface horizontal vorticity that is lifted by the upward branch of
the waves at the boundary-layer separation point (Doyle and Durran 2002, 2007).
Turbulence then develops through shear-driven and convective instabilities. Subrotors, i.e.,
shear instabilities, can develop along the leading edge of the elevated sheet of horizontal
vorticity and produce severe turbulence as they propagate downstream around the main
rotor structure (Doyle and Durran 2007; Doyle et al. 2009; Hill et al. 2010; Cohn et al.
2011). Rotors are also nonstationary features that have been shown to be highly coupled to
the wave evolution and time-varying environmental conditions (Ralph et al. 2007;
Kuhnlein et al. 2013; Suarez and Stauffer 2014). Observations by Kuhnlein et al. (2013)
and Suarez and Stauffer (2014) have shown that rotors can be highly transient and provide
intermittent forcing.
Two general types of rotors have been identified in the literature. Type 1 rotors are
characterized by moderate or severe turbulence; they are commonly located beneath the
crest of trapped lee waves (as described by Scorer 1949). Type 2 rotors are characterized
by severe to extreme turbulence and are associated with high-amplitude, jump-like waves.
The definition of this rotor type is generally broad, and thus Type 2 rotors can be generated
by a variety of flow structures, including hydraulic jumps such as those described by Smith
(1979, 1989) and low-level wave breaking (Chow et al. 2013). Overall, the rotor structure
is highly coupled to the structure of the gravity waves. Thus to better understand low-level
rotor behavior and evolution, it is imperative to have a clear understanding of the
development, evolution, and behavior of the gravity waves.
Recent idealized, nonlinear, numerical modeling studies have begun to examine the
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correlation between background environmental conditions and rotors. For example, Vosper
(2004), Hertenstein and Kuettner (2005), and Hertenstein (2009) investigate the role of
shear and upstream inversions in the development of different rotor types for daytime,
mixed potential temperature profiles. Vosper (2004) shows that resonant lee waves and
̅/√𝑔′𝑧𝑖 where 𝑈
̅ is the
rotors develop as the upstream Froude number, defined as 𝐹 = 𝑈
wind speed, g’ is a reduced gravitational acceleration, and zi is the height of the inversion,
is reduced to some critical value. Further decreasing the Froude number results in a
stationary hydraulic jump. The occurrence of each rotor type is linked to a ratio of the
mountain height to the inversion height and the upstream Froude number (Sheridan and
Vosper 2006; Teixeira et al. 2013). On the other hand, sensitivity studies by Hertenstein
and Kuettner (2005) and Hertenstein (2009) have shown that a strong-shear profile within
a near-mountain-top inversion leads to the development of Type 1 rotors while a weakshear profile leads to Type 2 rotors; and moderate near-mountain-top inversions are
conducive to Type 1 rotors while strong inversions are associated with Type 2.
Despite these theoretical, nonlinear modeling results, there is limited guidance for
forecasting rotors and rotor intensity, and many questions remain about their internal
structure, strength, climatology and microphysical processes of rotor circulations (Doyle
and Durran 2004, Chow et al. 2013). In general, three primary upstream components are
relied upon for wave and rotor forecasting: 1) cross-mountain wind component of at least
10 m s-1, 2) an elevated inversion near ridge top, and 3) significant increase in crossmountain wind speed above ridge top. These guidelines, however, have been developed
in the study of waves and rotor circulations generated by large mountain ranges (e.g.,
Rocky Mountains, Sierra Nevada Range, and Wickham Range standing ~600-2000 m
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valley-to-ridge top) and many questions remain about their usefulness for forecasting
gravity waves and rotors over moderate topographies that are more representative of the
eastern US.
In this chapter, the impact of complex wave structures and rotor circulations
generated by the moderate topography of central Pennsylvania (PA, ~300 m valley-to-ridge
height) on the generation of intermittent turbulence and the atmospheric transport in the
SBL is investigated using special observations from a network deployed at Rock Springs,
PA and high-resolution WRF forecasts. Four cases, including trapped gravity waves and
downslope windstorm-type events, are utilized in the study of the near-surface temperature,
wind, and turbulent field response to the degree of nonlinearity of the wave motions. The
transport in the SBL due to waves and rotors is also investigated. This is accomplished
using a suite of experiments with varying initialization strategies because the amplitude of
terrain-induced waves depends on background environmental conditions (Chapter 3). In
general, the objectives of this study are three-fold. First, the efficacy of current theoretical
approaches to identify complex wave structures is examined for the SBL within the
moderate topography of this region. Second, the development of complex rotor structures
and their impact on turbulence generation and low-level fields in stable environments are
explored. Finally, some of the mechanisms modulating the in-valley transport under wave
and rotor conditions are identified. It is important to note that while trapped gravity waves
over the Northeast US have been well documented, complex wave structures such as
downslope windstorms have been addressed by a limited number of studies in this region
(e.g., Gaffin 2009; Decker and Robinson 2011; Manuel and Keighton 2014); and little to
no observational evidence of complex rotors over this region has been presented in the
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literature. Furthermore, the impact of low level rotors in the modulation of the SBL has not
been extensively studied.
This chapter is organized as follows. In Section 4.2, the special Rock Springs
observation network is introduced, while in Section 4.3, the meteorological model and
experimental design are presented. Section 4.4 includes case selection and description.
Results derived from network observations and analysis are provided in Section 4.5.
Following description of the meteorological model performance for these cases, detailed
discussions of the model-simulated waves and rotors and their impact on low-level fields
in the SBL are provided in Section 4.6. Finally, a summary, concluding remarks, and future
work are provided in Section 4.7.
4.2 Study Region and Observation Network
Nonlinear waves and rotors are investigated over central PA using observations
from a network, deployed at Rock Springs, PA (Fig. 2.2). This region is characterized by
narrow, quasi-parallel ridges that stand 200-700 m above their adjacent valleys and are
favorable for the development of wave motions. The Rock Springs network is located
within the Nittany Valley, 20 km southeast of the Allegheny Mountains (~350 m above the
valley and 15-20 km in width), and adjacent to Tussey Ridge (~300 m above the valley and
3 km width) (Fig. 4.1). Here, we will investigate lee waves and rotor circulations generated
by Tussey Ridge and directly impacting the Rock Springs network, since the proximity of
the network to the mountain has been shown to enhance submeso motion in the SBL
(Hoover et al. 2015). Observations from this network have been used to study submeso
motions and cold pools, and to verify high-resolution model simulations and ensembles
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Figure 4.1. Terrain (m) of (a) the WRF 0.444-km domain (D4) and location of the 0.148km domain, and (b) the WRF 0.148-km domain (D5) showing the major topographical
features of the region, and the location of the Rock Springs network (R) and the local
University Park Regional Airport (KUNV).

(e.g., Mahrt et al. 2010; Mahrt et al. 2012a, b; Seaman et al. 2012; Hoover et al. 2015;
Suarez et al. 2015; Wendoloski et al. 2015).
The network consists of an array of 2-m (Sites 3, 6, 7, and 12), 10-m (Sites 5, 8,
and 9), and 50-m (Site 10) above ground level (AGL) towers and two SOnic Detection and
RAnging (SODAR) instruments distributed over a 3-km region to the north of Tussey
Ridge (Fig. 2.2). The tower sites are equipped with fast-response thermistors,
thermocouples, and 2-D and 3-D sonic anemometers. The SODARs provide 10-minaveraged wind components (i.e., u, v, and w) and wind variances from 30-250 m AGL with
5-m vertical resolution. For a detailed description of the network and instrumentation, see
Hoover et al. (2015). In addition, network data is supplemented with observations from
the University Park Airport (KUNV), located approximately 18 km north-northeast from
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Rock Springs.
4.3 Model Configuration and Experimental Design
The WRF, version 3.3.1, is used to investigate gravity waves and rotors in the SBL
(Skamarock et al. 2008). The WRF is a non-hydrostatic, three-dimensional, fully
compressible, primitive equation model with terrain-following vertical coordinates and
Arakawa C-grid horizontal staggering. In this study, the model is configured like that in
Seaman et al. (2012), Suarez et al. (2015), and Chapter 2. It includes four one-way nested
domains with horizontal grid spacing of 12 (421x271 grid points), 4 (193x169), 1.3
(121x121), and 0.444 (151x151) km, and 44 full vertical levels with 2 m grid spacing in
the lowest 10 m and 11 full model levels in the lowest 68 m. Model fields are outputted
every 12 min for the 1.333- and 0.444-km domains, and every 10 s for a sub-region (28x28
grid points with 0.444-km horizontal grid spacing and the lowest 33 vertical levels)
encompassing the Rock Springs network. For two of the cases with smaller horizontal
wavelengths, results from a fifth one-way nested domain with 0.148-km horizontal grid
spacing (D5, Fig. 4.1) are also examined to compare with that of the 0.444-km grid to
resolve finer-scale, meso-gamma features and to better represent the rotor structure within
Nittany Valley.
Physics options used in this study are similar to those implemented in previous
chapters and in Suarez et al. (2015). They are summarized in Table 4.1. Model physics
also include the Mellor-Yamada-Janjic planetary boundary layer scheme (MYJ, Janjic
1990) coupled with the NCEP Eta surface layer scheme (Janjic 1990, 1996, 2002).
Following recommendation from Bravo et al. (2008), Jimenez et al. (2011), and Seaman et
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Table 4.1. Physics configuration for WRF forecasts
Physics Option
Radiation (Long Wave) Rapid Radiative Transfer Model
Radiation (Short Wave) Dudhia Short-wave Radiation
Microphysics
3-class simple ice
Cumulus*
Kain-Fritsch
Land surface model**
Noah
*12 km domain only
**Using MODIS land use/land cover

Reference
Mlawer et al. (1997)
Dudhia (1989)
Hong et al. (2004)
Kain and Fritsch (1998)
Chen and Dudhia (2001)

al. (2012), the model's background mixing for the MYJ scheme is reduced from 0.1 to 0.01
m2s2 to facilitate the development of deep, strongly-stratified layers and low level jets for
very stable conditions.
The initialization approach implemented in this study is similar to that implemented
by Suarez et al. (2015). Default initial and lateral boundary conditions are provided every
6 h by National Centers for Environmental Prediction (NCEP) 0.5˚x0.5˚ Global Forecast
System (GFS) analyses and forecasts. To constrain initial errors that significantly degrade
subsequent fine-scale WRF forecasts and to assess the sensitivity of rotor development and
evolution to various background environments, three initialization strategies are
investigated for all four cases: 1) a control forecast initialized at 0000 UTC and integrated
for 12 h (CTRL), 2) a 24-h baseline forecast initialized 12 h prior to 0000 UTC (BSL), and
3) a 12-h forecast preceded by a 12-h four-dimensional-data-assimilation, pre-forecast
period initialized at 1200 UTC (FDDA).
4.4 Synoptic Case Descriptions
Four cases, characterized by stable conditions and mostly clear skies, are
investigated. They are 6 November 2011 (NOV06), 4 December 2011 (DEC04), 24 August

99

2011 (AUG24), and 13 November 2011 (NOV13). Using North American Regional
Reanalysis (NARR) data, these cases can be classified into two general case sets or regimes
based on the low-level and mid-level flow. The first flow regime, which includes NOV06
and DEC04, is characterized by southeasterly flow near ridge top and a strong crossmountain component across Tussey Ridge; while the second flow regime, which includes
AUG24 and NOV13, is characterized by south-southwesterly flow near ridge top and a
weaker cross-mountain component across Tussey Ridge.
Figure 4.2 shows the mean sea level pressure, 10-m winds, 2-m temperature, and
integrated cloud fraction derived from NARR at 0000 UTC for all four cases. Both cases
in the first flow regime at 0000 UTC (Fig. 4.2a, b) exhibit southeasterly 10-m winds of less
than 5 m s-1 and clear skies over central PA associated with a slow, eastward-propagating,
high-pressure system that moves offshore by 1200 UTC (not shown). On the other hand,
both cases in the second flow regime at 0000 UTC (Fig. 4.2c, d) exhibit southsouthwesterly winds of less than 5 m s-1 over central PA associated with a ridge over the
West Atlantic. These cases experience increasing pressure gradients over central PA as a
low-pressure system approaches from the west by 1200 UTC (not shown). For all four
cases, KUNV reports very weak winds and clear skies, except for some scattered and
elevated (2-3 km MSL) clouds at 0200, 0400 and 0700 UTC for AUG24.
NARR-derived vertical profiles of potential temperature (θ), cross-mountain wind
speed (U), and Scorer parameter are presented in Fig. 4.3. The Scorer parameter (l2), which
is given by
𝑙2 =

𝑁2
1 𝑑2𝑈
−
(𝑈)2 (𝑈) 𝑑𝑧 2

(4.1)
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Figure 4.2. NARR reanalysis of surface pressure (black; contoured every 1 hPa), 2-m
temperature (blue; contoured every 4 K), 10-m winds barbs (m s-1), and total cloud
fraction (shaded according to scale) at 0000 UTC for (a) NOV06, (b) DEC04, (c)
AUG24, and (d) NOV13. The location of the Rock Springs network is marked by a red
R.
where N is the Brunt-Vaisala frequency, is a measure of the transmissivity of gravity waves
in the atmosphere. These fields in Fig. 4.3 are used to classify the large scale environment
and infer the types of gravity wave motions that may occur over the valley. For example,
NOV06 and DEC04 are characterized by mostly weak low-level stratification and wind
speed maxima below 1500 m MSL (Fig. 4.3a, b). The profiles of l2 for these cases
generally increase with height, supporting vertically propagating waves through the lowest
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2500-3000 m MSL, except at 0000 UTC for DEC04 where wave trapping might be
supported below 3000 m AGL (Fig. 4.3c).
For both cases, large directional shear through the night induces critical levels,

Figure 4.3. NARR profiles of potential temperature (K), cross-mountain wind speed (m
s-1; positive to the southwest), and the Scorer parameter (l2 in km-2) retrieved at R at
0000 UTC (solid) and 1200 UTC (dashed) for (a-c) NOV06, and DEC04 and (d-f)
AUG24 and NOV13.
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where the wind component orthogonal to the mountain vanishes, between 2500 and 3000
m MSL for all profiles except 0000 UTC DEC04. (Note from Fig. 4.1 that the along-valley
flow is associated with either 63° or 243° wind directions, which are threshold wind
directions for critical levels). Critical levels can constrain the vertical propagation of waves
through dissipative processes or wave breaking, enhance upscale energy transfer due to
wave momentum flux deposition, lead to wave ducting due to wave reflection between the
critical levels and the surface, or amplify the waves due to over-reflection when the
Richardson number (Rib), given by
𝑁2

𝑅𝑖𝑏 =
(

(4.2)
2

𝑑𝑈
)
𝑑𝑧

does not exceed the critical value of 0.25 (Chow et al. 2013, Sun et al. 2015). Thus, they
can be of great importance for understanding wave structure and dynamics and rotor
circulations. For NOV06, the Rib is 0.1 and 3.2 (not shown) through the 100-m layer
encompassing the critical levels at 0000 UTC and 1200 UTC, respectively. This suggests
the over-reflection of the waves at the critical level and trapping during the early evening
hours and the partial reflection or absorption of wave energy during the later periods of the
night. For DEC04, the Rib through the critical level is 0.36 at 1200 UTC (not shown), again
suggesting partial reflection or absorption of the waves.
AUG24 and NOV13 are characterized by increasing stratification through the night
and wind speed less than 6.5 m s-1 below 1000 m MSL (Fig. 4.3d, e). AUG24 features
small directional shifts (< 45º) and weak wind speed shear below 5000 m MSL at 0000
UTC (not shown), a necessary condition for the development of Type 2 rotors (Hertenstein
and Kuettner 2005). There is a wind speed maximum at 800 m MSL by 1200 UTC, which
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can enhance low level trapping, as supported by decreasing l2 profiles through this layer
(Fig. 4.3f). Critical levels between 3000-3500 m MSL at 0000 UTC (Fig. 4.3e) are
associated with near-zero Rib (not shown). NOV13, on the other hand, features low-level
wind shear, weak cross-mountain wind component (< 3 m s-1), and a critical level below
1000 m MSL through most of the night. Very-weakly positive Rib through the night (not
shown) suggest that wave amplification and growth due to over-reflection of the vertically
propagating wave might be possible. For these two cases, the background environments
are characterized by conditions that can enhance nonlinear interactions and strong
downslope winds in the lee of Tussey Ridge.
4.5 Analysis of Rock Springs Observations
Observations from the special Rock Springs network are used to investigate the
impact of gravity waves and rotors generated by Tussey Ridge on the local SBL. It is
important to note that the observation of terrain-induced gravity waves using in-situ
measurements is very challenging because the waves tend to be locked to the terrain and
thus quasi-stationary, resulting in weak or no fluctuations in time. Due to these challenges,
in this study, thermistor, 2-D and 3-D sonic anemometers, and SODAR data are used to
link temperature and wind fluctuations to nonlinear wave interactions, such as wave
breaking and rotors. The turbulence is quantified using the 2-m turbulent kinetic energy
(TKE), given by
1 ̅̅̅̅2 ̅̅̅̅2 ̅̅̅̅̅2
𝑇𝐾𝐸 = (𝑢′
+ 𝑣′ + 𝑤′ )
2

(4.3)

where ¯ denotes the mean and ’ denotes the perturbation. Here, 12-min-averaged TKE are
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computed using Reynolds averaging (e.g., 𝑢 = 𝑢̅ + 𝑢′) and a time-averaging window of 1
min. Time averaging windows of 36 s have been previously used for Rock Springs data by
Mahrt et al. (2012b) for the study of submeso motions and very stable cases. For the cases
in this study, the local Rib over the network varies from weakly stable to very stable (not
shown); thus a longer averaging window of 1 min is used.
4.5.1

Near-surface Observations
Time series of 12-min center-averaged temperature, wind speed, wind direction,

and TKE for all four cases are shown in Fig. 4.4. It can be noted that both large-scale flow
regimes exhibit markedly different responses in the low-level fields (Fig. 4.4) due to
various synoptic and wave forcings. For example, NOV06 and DEC04 are generally
characterized by very weak cooling through the night (< 4 K) at both 2 m and 9 m AGL
despite clear, stable conditions and highly variable wind speed and wind directions (Fig.
4.4a, c, e). NOV06 even experiences temperature increases of 2.5 K from 0100-0300 UTC.
This case also exhibits 1-2 K fluctuations associated with 1-m s-1 wind speed oscillations
and 90-180º directional shifts, similar to those typically observed under wave and rotor
conditions. For this case, the Rib is generally much larger than 1 (not shown); nonetheless
the 2-m TKE can exceed 0.4 m2 s-2 at times (Fig. 4.4g). Other sites throughout the network
also show similar temperature trends through most of the night, except for Sites 6 and 7
(on the slope) which experience a 3-K temperature decrease and increase from 0330-0700
UTC and Site 8 (located furthest from the ridge and at lower elevation) which experiences
a 5.5-K temperature drop from 0000-0400 UTC (not shown).
DEC04, on the other hand, exhibits temperature fluctuations of up to 0.5 K
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Figure 4.4. Rock Springs observations of 2-m (solid) and 9-m (dashed) (a),(b)
temperature (K); (c),(d) wind speed (m s-1); and (e),(f) wind direction (°), and (g),(h)
2-m TKE (m2 s-2) for (a),(c),(e),(g) NOV06 (black) and DEC04 (red) and
(b),(d),(f),(h) AUG24 (black) and NOV13 (red) retrieved at Site 9.
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throughout the night, which are accompanied by wind speed fluctuations of 3-4 m s-1 and
wind directional shifts of 90-180º (Fig. 4.4a, c, e). During these periods, large TKE values
exceeding 2.0 m2 s-2 are noted at 2 m AGL (Fig. 4.4g) even when Rib exceeds 1 (not shown).
The low-level temperature and wind fluctuations are horizontally coherent for Sites 7, 9
and 12, while Site 8, lower in the cold pool, once again becomes decoupled from the other
sites (not shown). This analysis suggests that the coherent waves and/or rotor structures
observed for both cases can only impact the sites in close proximity to Tussey Ridge and
they are not strong enough to perturb or modify the strongly stratified cold pool 1.5 km
away from the base of the slope.
The second case set is characterized by large temperature and wind speed
fluctuations at Site 9 (Fig. 4.4b, d). For AUG24 and NOV13, period of rapid cooling (~2
K h-1) and wind speeds of less than 1 m s-1 are followed by a large, step-like temperature
and wind speed increase of 5-6 K and 3-4 m s-1 at 2 and 9 m AGL (Fig. 4.4a, b, d). For
AUG24, the higher temperatures and wind speeds persist for several hours, except for brief
periods from 0500-0530 UTC and 0600-0700 UTC. The onset of the warming is
accompanied by southerly winds (downslope from Tussey Ridge) and TKE of ~0.4 m2 s-2
(Fig. 4.4f, h). The temperature increase observed at 0300 UTC for this day is horizontally
coherent along the valley; however, the amplitude of the temperature perturbations are
larger for sites located lower within the cold pool (e.g., ~7 K at Site 12) than for sites
located higher on the slopes (e.g., ~2 K at Sites 6) (not shown). The source of the
temperature fluctuations oscillates backward and forward through the night since the onset
of the warming is noted at Sites 7, 12, 9, and 3 successively while the opposite behaviors
are observed during the cooling periods (not shown). For NOV13 on the other hand, two
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abrupt temperature fluctuations, of 5 K and persisting for 3 and 1 h, are observed at Site 9
at 0500 UTC and 1030 UTC respectively. The warming periods are associated with
southerly flow and large TKE ranging from 0.4 - 0.8 m2 s-2 (Fig. 4.4f, h). The phenomenon
impacting the network produces larger temperature fluctuations (~7 K) at sites located
lower in the valley (e.g., Sites 3, 9 and 12) than those higher on the slopes (e.g., Sites 6 and
7), suggesting some coherence across the network (not shown). It is important to note that
during these periods of larger temperatures and wind speeds for both of these cases, the Rib
can approach and fall below 0.25 (not shown), indicating shear generation of turbulence
and possible wave breaking.
4.5.2

SODAR Observations
SODAR observations for all four events indicate the presence of rotors and elevated

regions of turbulence impacting the Rock Springs network despite markedly different wind
speed and directions for the two regimes (Fig. 4.5). Both cases in the first regime exhibit
weak wind speeds < 2 m s-1, variable winds directions, and regions of TKE maxima
exceeding 0.8 m2 s-2 below 110 m AGL (Fig 4.5a, b). Evidence of some reversed flow
regions, characterized by predominantly westerly and northwesterly wind directions, can
be observed for both cases. NOV06, for example, has southwesterly and westerly flow
(with a component back towards Tussey Ridge) below 110 m AGL after 0400 UTC, and
brief periods of fully reversed flow (northwesterly wind) can be noted, for example from
0840-0940 TUC, below 50 m AGL (Fig. 4.5a). Note that this period is associated with
large temperature and wind speed fluctuations and directional shifts of ~180° at the surface
at Site 9 (Fig. 4.5a, c, e). Similarly for DEC04, evidence of rotor circulations characterized
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a)

b)

c)

d)

-1

Figure 4.5. SODAR-derived time-height cross sections of wind speed (m s , contoured
every 2 m s-1), horizontal wind direction (arrow), and TKE (m2 s-2, colored according to
scale on right) for (a) NOV06, (b) DEC04, (c) AUG24, and (d) NOV13.
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by westerly components below 50 m AGL and easterly components above can be noted
several times through the night (e.g., 0200-0300 UTC, 0440 UTC, and 0620-0740 UTC).
The onsets of these westerly reversed flows for both cases are marked by large downward
vertical motions (not shown) and regions of enhanced TKE of 0.4 m2 s-2 and 1.6 m2 s-2
respectively (Fig. 4.5a, b). These regions can protrude down to 30 m AGL and thus can
potentially impact low-level fields within the cold pool.
For the second flow regime, the wind speeds can exceed 6 m s-1 above 90 m AGL
and TKE can exceed 1.3 m2 s-2 during the periods of the largest temperature and wind speed
changes at Site 9 (Fig. 4.5c, d and Fig. 4.4b, d). It is important to note that SODAR 2027
is located at the base of Tussey Ridge for AUG24 and further away from the slope and
deeper into the valley for NOV13; thus they sample different regions of the wave. For
AUG24, the SODAR samples the downward branch of the lee wave as indicated by
negative vertical motions of -1.0 m s-1 above 80 m AGL multiple times through the night
(see Fig. 6 in Hoover et al. 2015). After the onset of the warming at 0300 UTC, the flow
above 30 m AGL becomes primarily southwesterly (Fig. 4.5c). Nonetheless, it is important
to note that sites located further into the valley and lower within the cold pool show
westerly and northwesterly 2-m AGL flow that indicates the presence of low-level flow
reversal regions (not shown). On the other hand, SODAR measurements for NOV13
suggest that the SODAR is located in the upward branch of the lee wave as indicated by
positive vertical motions exceeding 1.2 m s-1 above 80 m AGL during the period of greater
warming occurring from 0500-0700 UTC (not shown). For this case, a rotor circulation can
be noted by the presence of westerly wind components below 80 m AGL and southeasterly
flow above this level (Fig. 4.5d). The stronger vertical motions, large TKE, and deep
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reversal regions for cases in the second flow regime may indicate the presence of higheramplitude gravity waves and more complex rotor structures than those for the first flow
regime.
4.5.3

Near-surface TKE Budget
The impact of these elevated regions of TKE on the near-surface fluctuations and

turbulence intermittency are investigated by examining the TKE budget terms at Site 9
using scatter plots of buoyant production/destruction, vertical shear production, and
vertical turbulent transport given by
′ )
̅̅̅̅̅̅̅̅̅
𝑔(𝑤′𝜃
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respectively, where θv is the 3-D sonic virtual potential temperature and e=0.5 (u’2+ v’2+
w’2), versus 1-min TKE tendency (𝑖. 𝑒. ,

𝜕 (𝑇𝐾𝐸)
𝜕𝑡

) from 0100-1100 UTC for all cases (Fig.

4.6). This time period is selected in order to minimize the effects of sunrise and sunset on
the turbulent fields. It is important to note that these cases are characterized by relatively
weak wind speeds and nonstationary motions, and consequently, large scatter and large
measurement uncertainty.
The buoyancy production/destruction is several orders of magnitude smaller than
the other terms, and it is typically a sink of TKE for all cases (Fig 4.6a). This is not
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surprising since the heat flux is typically negative under stable conditions. Nonetheless,
buoyancy is a source term ~16% of the time, during periods of positive heat flux due to
convective overturning or wave breaking near the surface. Shear is a source of TKE

Figure 4.6. Scatter plots of (a) buoyant production, (b) vertical shear production, and
(c) vertical turbulent transport versus TKE tendency from 0100-0900 UTC for NOV06,
DEC04, AUG24 and NOV13.
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(positive) ~75% of the time and regardless of the sign of the TKE tendency, indicating that
local shear in the SBL is almost always a TKE production term (Fig. 4.6b). However, this
term is smaller than the TKE tendency, suggesting that the local increases in TKE noted
over the network are not associated with local production. Note that turbulent transport is
the same order of magnitude as the shear production but exhibits a much larger spread of
values that are closer in value to the TKE tendency (Fig. 4.6b, c). Therefore at 2 m AGL,
vertical turbulent transport plays as much of a role modulating low-level TKE as shear
production. The vertical transport is predominantly positive (~67% of the time) indicating
downward transport of TKE and the presence of an elevated, TKE-generating mechanism
that results in an upside down boundary layer as described by Mahrt and Vickers (2002).
The impact of turbulent transport varies among the cases. For example, downward
transport is a local source of TKE ~68 % of the time for AUG24 and NOV13 while less
than 56% for the other two cases (not shown). Thus, TKE transport may play a more
significant role for cases characterized by greater nonlinear behavior. Nonetheless, for
these cases, the local increases of TKE might not be associated with local production or
turbulent transport of TKE but rather with the advection of this quantity by the waves or
rotors. Note that there is not a clear correlation between the TKE tendency and any of the
examined budget terms, indicating that other processes (i.e., advection) must dominate the
low level variability. Thus, to further understand turbulence intermittency near the surface
in the SBL a better understanding of the evolution of the waves and rotors is required.
4.6 Analysis of Forecasted Fields
4.6.1

WRF performance in the SBL under Wave and Rotor Conditions
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The ability of the WRF to reproduce the observed time series and structures over
the network is investigated for different initialization strategies. Time series of 2-m
temperature and wind speed comparing observations and CTRL, BSL, and FDDA forecasts
are presented in Fig. 4.7. For the first flow regime, the model produces similar temperature
trends to those observed for these cases. All of the forecasts for NOV06 and DEC04 exhibit
weak cooling of less than 4 K through the night and generally weak wind speeds often < 1
a)

b)

c)

d)

Figure 4.7. Comparison of Site 9 2-m temperatures (blue) and wind speeds (green)
for observed (thick solid) and CTRL (thin solid), BSL (dashed), and FDDA (dotted)
WRF experiments for (a) NOV06, (b) DEC04, (c) AUG24, and (d) NOV13.
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Table 4.2. MAE/ME of 2-m temperature (TMP, K) and wind speed ( WPS, m s-1) for
WRF initialization strategy experiments over all sites within the Rock Springs network.
CTRL
BSL
FDDA
TMP
WSP
TMP
WSP
TMP
WSP
NOV06
2.0/-1.9
0.4/0.0
1.9/-1.7
0.3/-0.1
1.3/-0.7
0.3/0.2
DEC04
2.7/-2.7
1.2/-0.2 3.5/-3.5
1.3/-1.3
1.5/-1.5
1.2/-0.8
AUG24
3.4/-3.2
1.3/0.9
3.2/-2.4
1.7/-0.5
2.9/-2.0
1.7/-0.5
NOV13
3.3/-2.6
1.3/0.2
3.0/-2.2
1.9/1.8
2.3/0.9
1.8/1.4

m s-1 (Fig. 4.7a, b). However, temperature forecasts for these cases have a low-temperature
bias of up to 4.5 K compared to observations at Site 9. For both cases, this cold bias is
prevalent through the entire network, and the sign of the bias is independent of initialization
strategy. This can be shown by examining the mean absolute errors (MAE) and mean
errors (ME) over the Rock Springs network provided in Table 4.2. Note that NOV06 and
DEC04 have MAE ranging from 1.3 to 2.0 K and 1.5 to 3.5 K respectively, and ME ranging
from -1.9 to -0.7 K and -3.5 to -1.5 K respectively. Note that the use of data assimilation
during the pre-forecast period can significantly reduce the temperature MAE and ME.
Wind speed predictions for NOV06 are consistent with observations (Fig. 4.7a).
Observed and modeled wind speeds remain below 1 m s-1 through most of the night for all
experiments. The wind speed MAEs and MEs for this case are relatively small ranging
from 0.3 to 0.4 m s-1 and -0.1 to 0.2 m s-1 respectively. This suggests that the changes in
background conditions resulting from the various initialization approaches play a minor
role on the 2-m wind speed over the valley for this case. For DEC04, however, the model
fails to reproduce the 2-3 m s-1 fluctuations observed through most of the 12 h period,
forecasting instead weak winds of less than 1 m s-1 for all experiments and some wind
speed oscillations of 3.1 and 2.2 m s-1 for CTRL and FDDA respectively (Fig. 4.7b). This
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weak wind bias is consistent throughout the network (Table 4.2).
For the second case set, the WRF model has some difficulty accurately reproducing
some of the strong wave-cold pool interactions observed over the network. For AUG24,
for example, none of the configurations is able to reproduce the large 5 K and 3 m s -1
increases observed at 0300 UTC (Fig. 4.7c). This case has large low temperature and wind
speed biases ranging from -3.2 to -2.0 K and -0.5 to 0.9 m s-1, respectively (Table 4.2).
However despite a large temperature bias, the CTRL experiment for this case forecasts
temperature fluctuations of ~3 K and wind speed fluctuations of 1.5 m s-1 at Site 9
somewhat similar to those observed. While these fluctuations have much smaller amplitude
than those observed, they better reflect the structure of the observed time series (i.e.,
positive correlation between the temperature and wind speed at this level). Similarly, the
forecasts for NOV13 also show limited agreement between the observed and the modeled
temperature and wind speed time series (Fig. 4.7d, Table 4.2). However for this case, there
is also a positive correlation between the temperature and the wind speed for all of the
experiments. Note, for example, the high temperatures forecasted by FDDA through the
night are accompanied by ~3 m s-1 wind speed (similar to those observed during the
warming event) after 0100 UTC.
It is important to note that larger amplitude fluctuations are forecasted for nearby
locations for some of the experiments. For example, CTRL for AUG24 produces a 5-K
temperature fluctuation at 2 m AGL two gridpoints to the northwest in the 0.444-km
domain between 0600-0700 UTC (not shown). The amplitude of this fluctuation better
matches the observed 7-K temperature fluctuation. The sharp temperature contrast between
these locations is the result of strong thermal gradients in the lee of Tussey Ridge, where
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the 2-m temperature can vary by up to 4.5 K between Site 9 and its surrounding grid points
at similar elevation in the 0.444-km domain (not shown). Overall, the model appears to
reproduce some of the structure and relationships in the observed temperature and wind
measurements, but has some difficulty capturing the exact timing and amplitude of the
events.
4.6.2

Sensitivity of Wave and Rotor Structures to Initial Conditions
For all of the cases and initializations, WRF forecasts gravity waves and rotors

generated by Tussey Ridge over the Rock Springs network. Cross sections of vertical
velocities, θ, parameterized TKE, and in-plane wind vectors for the CTRL experiments
show the presence of vertically propagating and trapped waves for these cases (Fig. 4.8).
All of the cases exhibit critical levels (where the cross-mountain wind speed goes to zero
or changes sign) in the lower- and mid-troposphere. For the first flow regime, critical levels
(as noted by the opposite direction of the circulation vectors) located between 2.1 and 3
km MSL completely or partially limit the vertical propagation of the waves, enhancing
upper-level wave breaking and low-level wave trapping (Fig. 4.8a, b). For these cases,
trapped waves (indicated by nearly vertical phase lines in the isentropes and no tilt in
vertical motion pattern) below these critical levels are associated with vertical velocities of
up to 1.0 m s-1 and rapid decay of wave energy downstream of Tussey Ridge. For the
second regime, the waves are characterized by near-ridge top changes in stratification and
shear. For AUG24, partial trapping of small wavelength waves is noted below 1 km MSL
due to a rapid change of N with height (Fig. 4.8c). However, vertically propagating modes
indicated by upstream tilting isentrope patterns are supported above this layer. On the other
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hand, NOV13 exhibits a critical level near ridge top at ~ 0.9 km MSL that constrains wave
motions and limits the low-level amplification of the wave (Fig. 4.8d).
All of the cases exhibit rotor circulations characterized by regions of wind speeds
less than 1 m s-1 and reversed low-level flow located beneath the crest of the waves. At
these times, the rotor structures for NOV06, DEC04 and AUG24 resemble those of Type
1 rotors (Fig. 4.9a, b, c), typically associated with trapped lee waves as described by
b) DEC04

Height (km)

a) NOV06

h) NOV13

Height (km)

c) AUG24

Distance (km)
Distance (km)
-1
Figure 4.8. Cross-section of CTRL vertical velocity (cm s , shaded according to
scale), θ (contoured every 0.5 K), and MYJ TKE (contoured every 0.1 m2 s-2) for (a)
NOV06 at 0600 UTC; (b) DEC04 at 0600 UTC; (c) AUG24 at 0700 UTC; and (d)
NOV13 at 0500 UTC. The cross-section is oriented northwest to southeast and Tussey
Ridge is located at 10 km. Critical levels are indicated with black dashed lined.
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Hertenstein and Kuettner (2005). However, AUG24 exhibits larger amplitude waves and
a broader region of convective instabilities (i.e., overturning of isentropes) within the rotor
than those in the first case set (Fig. 4.9c). NOV13, on the other hand, exhibits downslopewindstorm wave structures, characterized by vertically propagating waves as noted by the
upstream tilting of the isentrope pattern above 600 m AGL and a shallow reversed region
beneath the jump (Fig. 4.9d).
b) DEC04

Height (km)

a) NOV06

c)

d)

d) NOV13

Height (km)

c) AUG24

Distance (km)

Distance (km)

Figure 4.9. Cross-section of CTRL potential temperature (K, contoured every 1 K),
normalized wind vectors, and wind speed (m s-1, colored) for (a) NOV06 at 0600 UTC;
(b) DEC04 at 0600 UTC; (c) AUG24 at 0700 UTC; and (d) NOV13 at 0500 UTC. Tussey
Ridge is located to the right and the location of the Rock Springs network is indicated
with a black star.
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As noted in the verification of surface fields, the waves and rotor structures exhibit
some sensitivity to different initialization strategies. Hovmoller diagrams of vertical
velocity at 0.7 km MSL (near ridge top) and across the Nittany Valley in Fig. 4.10 show
the wave structures for all cases and experiments. Regardless of initialization strategy,
both cases in the first flow regime are characterized by trapped waves that extend several
wave cycles downstream of Tussey Ridge (located at ~ 19 km) but that rapidly decay a few
kilometers into the Nittany Valley (Fig. 4.10a, b, c, d, e, f). Rapid decay of wave energy in
the horizontal, similar to those for these cases, has been shown to result from upper-level
energy leakage/absorption due to critical levels and/or the attenuation of the waves when
propagating over a very stable layer near the surface (e.g., Smith et al. 2006; Jiang et al.
2006; Chow et al. 2013), both of which are present for these cases (e.g., see Fig. 4.8). In
general, these waves are stationary, exhibiting little variability and small wavelength rates
of change through the night. Note that all of the forecasts for NOV06 produce smaller
vertical velocity fluctuations (of ~ 0.6 m s-1) and smaller wavelengths (~ 2.5 km) than those
for DEC04 (~ 2.5 m s-1 amplitudes and 3-3.5 km wavelengths). The weak variations in the
amplitude and wavelength for these cases helps explain the limited variability in the
forecasted temperature and wind forecasts over the network through the night.
Hovmoller diagrams for AUG24 and NOV13 in Fig. 4.10 indicate that the
initialization strategies have a limited impact on the wave structure and wave response
through the night. Note that for all experiments AUG24 exhibits strong wave motions at
0.7 km MSL with wavelengths ranging from 3.5 - 4 km and extending ~ 5 km into the
Nittany Valley while NOV13 exhibits weak downward motion only in the lee of the slope.
For AUG24, the primary structure of the wave varies through the night due to changing
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a) NOV06 CTRL

b) NOV06 BSL

c) NOV06 FDDA

d) DEC04 CTRL

e) DEC04 BSL

f) DEC04 FDDA

g) AUG24 CTRL

h) AUG24 BSL

i) AUG24 FDDA

j) NOV13 CTRL

k) NOV13 BSL

l) NOV13 FDDA
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Figure 4.10. Hovmoller diagrams of vertical velocity (m s , shaded according to
scale) at 0.7 km MSL oriented from NW to SE across the Nittany Valley in the
0.444-km domain for (a-c) NOV06; (d-f) DEC04; (g-i) AUG24; and (j-l) NOV13
and for (a),(d),(g),(j) CTRL; (b),(e),(h),(k) BSL; and (c),(f),(i),(l) FDDA. Tussey
Ridge is located at 19 km.
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background conditions as discussed in Chapter 3. Strong vertical motions rapidly decay
downstream of Tussey Ridge for CTRL, BSL, and FDDA from 0200-0500, 0000-0300,
and 0000-0500 UTC respectively. This is followed by the development of horizontallydamped, partially-trapped waves that protrude further into the valley after these time
periods (Fig. 4.10g, h, i).
These AUG24 trapped modes exhibit some degree of nonstationarity, as noted by
changes in wavelengths of ~ 0.5 km during multiple periods through the night. These
oscillations in the wavelength are responsible for the temperature and wind speed
oscillations forecasted over the network for this case (see for example, CTRL experiment
in Fig. 4.10g). As the wavelength of the waves increases the lee wave trough protrudes
further into the valley, displacing and partially eroding the local cold pool (not shown).
The impact of these oscillations in wavelength and amplitude of the waves are illustrated
by looking at a cross-section over Tussey Ridge tracing the 292.5-K isentrope from 08000900 UTC for CTRL (Fig. 4.11). The oscillations of the crests and troughs can be partly
out of phase during these periods and wave amplification can be noted during periods of
wavelength shortening. Similar oscillations are shown by Nance and Durran (1998) to be
the result of nonlinear wave interactions between a vertically propagating mode and a
nonstationary horizontal mode. This is consistent with the forecasted wave structures for
this case, characterized by the superposition of vertically propagating and horizontal waves
(see for example Fig. 4.8c).
For NOV13, regardless of initialization strategy, the model forecasts downward
motion of up to 1 m s-1 in the lee of Tussey for all initializations (Fig. 4.10j, k, l) associated
with vertically propagating modes that are capped near ridge top by critical levels (not
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Figure 4.11. CTRL-experiment cross-section in the 0.444-km domain (Tussey Ridge
to the right) for the 292.5-K isentrope every 12 min from 0800-0900 UTC for AUG24.

shown). BSL and FDDA produce stronger downward vertical motions than CTRL in the
lee of the slope for this case, as well as transient wave structures that propagate along with
the mean flow from 0000-0600 UTC associated with nonstationary transverse wave modes
generated by the topography during the daytime hours (not shown). The stronger vertical
motions near ridge top for NOV13 correspond to the highest temperature and strongest
wind speed forecasted for this case (see BSL and FDDA in Fig. 4.7d). Unlike AUG24, the
limited nonstationarity of the lee trough for NOV13 limits the interaction between the wave
and the cold pool and the formation of large, step like fluctuations in the temperature and
wind speed.
The relationship between environmental conditions below 1 km MSL and the
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waves and rotors is investigated for these four cases using scatter plots of wave amplitude
versus stratification (i.e., θz=δθ/δz), vertical wind shear (Uz), wind speed (U), and
nondimensional mountain height (Ĥ, defined below) (Fig. 4.12). Here, wave amplitude is
used as a proxy for rotor intensity. Rotor intensity has been shown to be related to the
wave-induced pressure gradient, which is a function of wave amplitude (e.g., Jiang et al.
2006, Chapter 3). Note that Ĥ, given by
Ĥ=

𝑁𝐻
𝑈

(4.7)

where H is the height of the obstacle, N is the Brunt-Vaisala frequency, and U is the crossmountain wind speed, is also referred in some of the literature as the Froude number (e.g.,
Chow et al. 2013; Vosper et al. 2004; Sheridan and Vosper 2006). It is a measure of the
nonlinearity of the flow over a mountain. When Ĥ » 1, the flow is blocked by the mountain
barrier and no gravity wave activity can be expected. When Ĥ « 1, the effect of the
mountain barrier on the flow is very small and no gravity wave activity should be expected.
When Ĥ = 1, however, downslope-windstorm behavior can be expected.
The correlation between the four environmental indicators and the wave amplitude
vary among the cases. For all NOV06 experiments, for example, the small variability and
correlation coefficients (r2 ranging from 0 – 0.1) in the amplitudes of the waves through
the nighttime period indicates limited sensitivity to variations in the stratification, the
vertical shear, and the mean wind speed (Fig. 4.12a, b, c), whereas for DEC04 there are
stronger correlations of wave amplitude and stratification of 0.4 but larger scatter and nearzero correlation coefficients for the vertical shear and wind speed (Fig. 4.12e, f, g,). For
AUG24, on the other hand, there is a strong positive correlation between the amplitude of
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c) r2=0.0

a) r2=0.1

b) r2=0.0

e) r2=0.4

f) r2=0.1

g) r2=0.0

h) r2=0.0

i) r2=0.5

j) r2=0.1

k) r2=0.2

l) r2=0.0

m) r2=0.0

n) r2=0.0

o) r2=0.1

p) r2=0.2

d) r2=0.1

Figure 4.12. Scatter plot of stratification (K m-1), cross mountain shear (s-1), crossmountain wind speed (m s-1) and Ĥ upstream of the slope versus wave amplitude (K)
from 0100 - 1100 UTC at 0.6 km MSL over the network for the CTRL (black), BSL
(blue), and FDDA (red) experiments for (a-d) NOV06; (e-h) DEC04; (i-l) AUG24;
and (m-p) NOV13.
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the waves and the stratification (r2 = 0.5) and the cross-mountain wind speed (r2 = 0.2),
although there is very weak correlation (r2 = 0) with the vertical shear (Fig 4.12i, j, k). For
NOV13, there are weak correlations (r2 ranging from 0 - 0.1) among these variables (Fig.
4.12 m, n, o).
The Ĥ is mostly larger than 1 for NOV06, DEC04, and AUG24 and it is close to 1
for NOV13 (Fig. 4.12 d, h, l, p). This suggests that some degree of blocking can be expected
for the first three cases; however, if the flow is able to overcome the mountain, gravity
wave motions would be supported. For NOV13, the Ĥ parameter suggests a downslope
wind-like response by the waves. This is consistent with the forecasted wave structure for
these cases (e.g., see Fig. 4.8), and thus it suggests that Ĥ can be a useful parameter for
assessing gravity wave dynamics in the SBL over this region.
Overall, note that most of the experiments for NOV06, DEC04, and AUG24, which
are characterized by trapped wave modes with rotor circulations beneath the crests, exhibit
positive shear through the inversion whereas NOV13 is characterized by very weak and
negative shear. This result somewhat supports the findings by Hertenstein (2009) that
show that strong positive vertical shear favors the development of Type 1 circulations while
weak/negative shear favors the development of Type 2 rotors. However, as it is shown for
NOV13, the presence of a negatively sheared regions within the inversion is not a sufficient
condition for the development of Type 2 rotors for this case. Note that for NOV13, despite
large negative shear and downslope windstorm dynamics, no jump-type rotors are
forecasted (Fig. 4.9). The inability of the model to forecast the observed rotor behavior
might be related to the strength of the inversion above ridge top. It has been shown by
Hertenstein and Kuettner (2005) that very strong inversions near-mountain top are required
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for the development of Type 2 circulations, since this enhances the baroclinic generation
of horizontal vorticity required for large jump-type structures. Further investigation and
sensitivity studies are needed to understand the correlation between background conditions
and Type 2 rotor formation in the SBL for real cases.
4.6.3

Finer-scale Rotor Structure and Evolution in the SBL
The influence of various rotor structures on low-level turbulence intermittency is

investigated for NOV06 and AUG24. These cases are characterized by smaller wavelength
waves which may be better resolved on a finer grid and low-level variability over the
network. First, the sensitivity of the forecasts to the choice of horizontal grid spacing is
investigated. Comparison of wind speed and in-plane wind vectors for the 0.444-km
domain and also a 0.148-km domain for NOV06 and AUG24 show that increasing the
horizontal resolution can affect the rotor structure and wave amplitude, but it has little
effect on the wavelength of the waves (Fig. 4.13). This result is not too surprising since the
wavelength of the waves is primarily modulated by the background conditions (Chow et
al. 2013); furthermore, it indicates that the 0.444-km domain is suitable in general for the
study of these wave structures in the valley since the wavelengths did not change with
higher resolution and appear to be well resolved.
The steeper topography of Tussey Ridge in the 0.148-km domain, however, results
in larger amplitude waves, which in turn can affect low-level, wave-induced flow
separation and rotors. The larger amplitude waves for these experiments result in stronger
overturning for NOV06 and the development of a stronger and broader stagnant region for
AUG24 that better resembles a jump-type structure (Fig. 4.13). Increasing horizontal
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Figure 4.13. Cross-section of CTRL wind speed (m s-1, colored according to scale) and
circulation vectors at 0600 UTC for (a),(b) NOV06 and (c),(d) AUG24 for (a),(c) 0.444km grid-length domain (b),(d) 0.148-km grid-length domain.
resolution also improves the temperature forecast for AUG24. Temperature forecasts for
AUG24 in the 0.148-km domain exhibit in a rapid (~20 min) 5.5-K increase at Site 9 that
better resembles the observed behavior compared to that in the 0.444-km domain (see Fig.
4.7c). This is the result of stronger wave motions and larger temperature gradients between
the cold pool and the downward branch of the lee wave (not shown). Although no
significant improvement in the temperature forecast for NOV06 is noted, overall, there is
some added value in the use of very high horizontal resolution, and thus it is implemented
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in the investigation of wave-induced turbulence.
These higher resolution WRF forecasts for NOV06 and AUG24 are used to
investigate the rotor structures through the analysis of the stream-wise horizontal vorticity
and turbulent fields. Stream-wise horizontal vorticity (η) is defined by
𝜂=

𝜕𝑈 𝜕𝑤
−
𝜕𝑧 𝜕𝑥

(4.8)

where U is the horizontal wind component in the plane orthogonal to the mountain barrier
and defined as positive to the left herein and w is the vertical velocity. The evolution of η
for a three dimensional flow can be expressed as
𝐷𝜂
𝜕𝑈 𝜕𝑤
= −𝜂 ( +
) + 𝑇𝑥,𝑧 − 𝐵𝑥 + 𝐷𝑥,𝑧
𝐷𝑡
𝜕𝑥 𝜕𝑧

(4.9)

where Tx,z is responsible for the tilting of horizontal vorticity into the vertical and it is
typically referred as the tilting term, Bx is the baroclinic generation of vorticity, and Dx,z
represents the subgrid dissipation and frictional generation of turbulence (Doyle and
Durran 2002, 2007). The first term on the right hand side of Eq. 4.9 is commonly referred
as the divergence/stretching term and it is responsible for the intensification/weakening of
a circulation due to divergence/convergence. This term has been shown by Doyle and
Durran (2002) to significantly affect rotor and subrotor development and intensification.
Figure 4.14 shows cross-sections of η (defined with positive U to the left), the
divergence/stretching term, and Rib for NOV06 and AUG24. Positive η are forecasted in
the lee of Tussey Ridge for both case studies (4.14a, b). These regions, lifted at the
boundary separation points near the surface, become collocated above the circulation
center and underneath the wave crest. For NOV06, the boundary layer separation point is
located higher up the slope of Tussey Ridge than for AUG24, where boundary layer
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separation occurs over the valley. Larger values of η can be noted within the upward
branch of the waves for AUG24 than for NOV06. This is the result of stronger wind shear
a)

b)

c)

d)

e)

f)

Figure 4.14. Cross-sections of (a),(b) η (defined with positive u to the left), (c),(d) η
divergence/stretching and negative U (contoured every 1 m s-1), and (e),(f) Rib in the
0.148-km domain are shown for (a),(c),(e) NOV06 and (b),(d),(f) AUG24 at 0700
UTC.
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( 𝜕𝑧 ) through the layer due to larger-amplitude waves. This term is the main contributor to
the horizontal vorticity for both cases (not shown).
Local maxima in η can be noted along the upward branch of the waves for both
cases, while regions of negative η and counter rotating vortices are noted within the
stagnant layer beneath the rotor (Fig. 4.14 a, b, c, d and Fig. 4.15). These η maxima are
nonstationary and appear to propagate along the positive η region (Fig. 4.15). Within the
stagnant region, counter rotating vortices with η exceeding those of the boundary
separation point also seem to exhibit some degree of nonstationarity with fast evolving
time scales (Fig. 4.15). Within a 15 min period from 0630 to 0645 UTC, these vortices can
develop and rapidly dissipate. The structure and behavior of the η maxima somewhat
resemble that of subrotors in that they appear to propagate around the main rotor structure
and they are embedded within regions of small Rib. It is important to note that the 0.148km grid-spacing implemented in this demonstration is not sufficient to accurately resolve
subrotors generated by these relatively small waves. However, it can be shown that the
dynamics necessary for their development and intensification are present for these cases.
Doyle and Durran (2002) show that rotors and subrotors undergo amplification/
strengthening in regions of large vorticity stretching. Note that for both cases, strong
vorticity stretching is occurring in the upward branch of the waves where the η maxima are
located (Fig. 4.14c, d). In these regions, rapid deceleration of the flow due to wave-induced
pressure gradients and large vertical velocity gradients result in positive contributions to η.
For these cases, both components of the stretching term are of the same order of magnitude
(not shown).

131

a)

c)

b)

d)

Figure 4.15. Cross-sections of η (defined with positive u to the left) in the 0.148-km
domain are shown for AUG24 at (a) 0630 UTC, (b) 0635, (c) 0640, and (d) 0645
UTC.
Regions of Rib < 0.25 are noted along the η maxima for both cases (Fig. 4.14e, f).
Weakly positive Ribs are typically located above the stagnant flow and along the region of
larges vertical shear. As a result, regions of Rib < 0.25 are typically lofted, except for
AUG24 where weakly positive Ribs are forecasted over the network. In these regions, the
development of shear driven instabilities (i.e., Kelvin Helmholtz instability) and shear TKE
production are likely. Furthermore, within the region of strongest reversed flow, the Rib
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can be negative (Fig 4.14e, f). This indicates the presence of buoyant or convective
instabilities (i.e., wave breaking) and signals the buoyant production of TKE. These
regions of shear and buoyant instability are typically confined below the ridge top and
above the strongly stratified cold pool.
Overall, it is shown that vorticity generation and TKE production are likely under
the waves and within the rotors in the SBL. Elevated regions of strong shear and convective
instabilities favor the local production of TKE. Once a region of positive η is lifted at the
boundary layer separation point, it remains lofted and rapidly decays downstream. Only
for AUG24 does the region of maximum η and critical Rib protrude far enough into the
valley to enhance TKE production over the network. At this location, the height of the
parameterized TKE maximum is shown to vary along with the wave structure; low level
TKE maxima are present during the later time periods when the lee trough is furthest in the

2 -2

Figure 4.16. Time-height cross-section of parameterized TKE (m s , colored according
to scale) and vertical velocity (m s-1, contoured every 0.5 m s-1) derived from the MYJ
scheme for AUG24.
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valley (Fig. 4.16). Nonetheless, generally, TKE within the stable layer and beneath the
main rotor circulation can be enhanced through the downward advection/mixing by waveinduced motions.
4.6.4

Rotor-induced Transport in the SBL on the 0.148-km Domain
Under SBL conditions, the in -valley transport will be modulated by the presence

of the waves and rotors. Here, the impact of complex waves and rotor structures on invalley transport is demonstrated for NOV06 and AUG24 using results from the 0.148-km
domain. Nine particle trajectories, released within a 3x3 grid cell region over Site 9 at
0600 UTC and integrated for 1 h, are presented in Fig. 4.16. It is important to note that all
of the trajectories are released at 1 m AGL within a strongly stratified cold pool.
Nonetheless, despite this condition, downstream transport and lofting of the trajectories is
predicted. The transport pattern is primarily oriented towards the northeast along the slope
of Tussey Ridge and the axis of the rotor circulation for both cases (Fig. 4.17). All of these
trajectories show circulation about the rotor axis and meandering horizontal motions
through most of the integration period. For NOV06, the circulation of the trajectories is
confined within a narrow region adjacent to Tussey Ridge, while for AUG24, all nine
trajectories recirculate within a broad rotor circulation (Fig. 4.17). It is important to note
that for ridge-top trajectory releases for these cases (not shown) only some of the
trajectories are affected by the presence of the rotor, exhibiting recirculation beneath the
wave crest. For those experiments and/or instances where the trajectories are not impacted
by rotor circulation, gravity wave oscillations and the mean flow are the dominant
mechanisms driving the transport.
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a)

b)

c)

d)

Figure 4.17. Particles released at 1 m AGL at 0700 UTC for (a),(c) NOV06 and (b),(d)
AUG24. (a),(b) Plan view of the trajectories, and horizontal wind vectors; and (c),(d)
cross-section of trajectories and potential temperature (K, contoured every 0.25 K).

4.7 Summary and Conclusions
The impact of nonlinear gravity waves and rotor structures on intermittent
turbulence generation in the SBL is investigated using observations from a special network
located at Rock Springs, PA and very high horizontal resolution (0.444-km and 0.148-km
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grid spacing) WRF forecasts. To the author’s knowledge, this is the first time that evidence
of complex wave-induced rotor circulations resembling jump-type structures and generated
by the moderately complex topography of central PA has been documented. Furthermore,
this is the first time that the impact of rotor circulations on turbulence generation and
transport has been studied over this region using 0.148-km model forecasts.
Four case studies and two synoptic flow regimes are investigated. These cases
exhibit ridge-top southeasterly and south-southwesterly flow and critical levels in the midtroposphere due to upper-level westerlies. It is important to note that cases with these
synoptic flows and critical levels are not unique and can be quite common when there is a
high-pressure system east of PA.
The first flow regime includes cases characterized by stable, low-level
southeasterly flow and trapped gravity waves excited by Tussey Ridge. Gravity waves and
rotors for these cases lead to weak surface cooling through the night, small temperature
fluctuations, large directional shifts, and non-zero TKE. SODAR measurements suggest
circulations resembling Type 1 rotors, exhibiting elevated regions of TKE that protrude
down near the surface.
The second flow regime is characterized by south-southwesterly flow, weak
synoptic forcing, and weaker cross-mountain wind shear near the mountain top. These
cases exhibit surface temperature and wind characteristics similar to those of downslopewindstorms over larger mountain ranges: 1) large temperature increases (~ 7 K) in the lee
of the slope as seen in foehn winds, 2) wind speed increases up to an order of magnitude
greater than background conditions, and 3), large vertical motions and TKE values despite
clear, stable conditions. For these cases, as the lee trough intensifies, higher-momentum air
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protrudes down to the surface and displaces the existing cold pool, producing large
temperature changes at the surface and enhancing the production and transport of TKE.
SODAR measurements support the presence of deep circulations resembling Type 2 rotors
that once again produce very large TKE values that persist through most of the night.
Budget analysis of observed TKE shows that nonstationary wave and rotor activity
can enhance turbulence intermittency in the nighttime through the development of shear
and convective instabilities and elevated regions of TKE. The coupling of elevated
turbulent regions with the surface can result in an upside down boundary layer as described
by Mahrt and Vickers (2002). For these cases, turbulent transport is demonstrated to largely
contribute to the low-level turbulence intermittency due to waves and rotors. This term is
shown to play as much of a role in the local change of TKE as shear production; however,
advective processes might dominate the low-level TKE intermittency for these cases.
The WRF is shown to be able to resolve some of the complex gravity waveturbulence interactions within the SBL. Model temperature and wind speed predictions
show some of the observed structures (i.e., cooling rates or lack thereof, and temperature
and wind fluctuations). The model has better skill forecasting temperature and wind
fluctuations for cases characterized by low-level trapped gravity waves (e.g., NOV06 and
DEC04) than cases characterized by strong nonlinear interactions (i.e., AUG24 and
NOV13). The limited forecast skill for this latter regime might be related to poorly
represented background conditions, such as the strength of the upwind inversion.
Nonetheless, the model produces some of the hypothesized nonlinear dynamics and
downslope wind type response for one of the cases. The 0.444-km domain is shown to
accurately represent the wavelength of the waves generated by Tussey Ridge; however,
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higher-horizontal resolution (0.148-km) is shown to better resolve wave amplitudes, rotor
structures, and near-surface interactions.
We find that the presence of strong wind speed and negative vertical shear near
ridge top is important for a downslope-wind response over the network. The nondimensional mountain height, a type of Froude number, is shown to be an effective
parameter to identify downslope wind behaviors. However, it is not a good indicator of
the wave amplitude (and rotor intensity).
Rotors are shown to support prolonged periods of low-level convective overturning
(i.e., wave breaking).

The rotor circulations are shown to persist as long as the

environmental conditions are suitable for trapped gravity waves. The onset of rotor
development is marked by large η values near the surface. Regions of enhanced horizontal
vorticity, η, are lofted at the boundary layer separation point and remain elevated until the
rotor circulation subsides. Large η values are associated with large-amplitude waves and
small Ribs that support the development of shear and convective instabilities.
Overall, gravity waves and rotor circulations are shown to impact the surface cold
pool through the modification of momentum and thermal fluxes. The impact of waveinduced circulations can be localized within narrow regions underneath the crests. The
presence of these circulations can enhance horizontal thermal gradients and create regions
of convergence with highly variable flow regimes. As a result, there may be little spatial
coherence between adjacent locations. Furthermore, waves and their underlying rotor
circulations can significantly affect the transport within the valley, enhancing the
downward transport of elevated materials and leading to locally higher concentrations near
the surface.
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It is recommended that the evaluations of ATD uncertainty for cases characterized
by gravity waves need to be investigated using stochastic/ensemble methods and improved
physics/parameterization for wave-turbulence interactions. In addition, a comprehensive
investigation of rotor structure in strongly stratified environments using extensive
observations and high-resolution modeling is necessary to identify the key parameters that
modulate rotor development and evolution and to further improve our modeling
capabilities.

CHAPTER 5

SUMMARY AND CONCLUDING REMARKS

Under weakly to very stable conditions at night, submeso and meso-gamma (SMG)
motions can modulate the generation of intermittent turbulence and enhance the mixing
and meander of plumes. These motions have been investigated by a very limited number
of studies, and thus many questions remain about 1) the mechanisms through which they
can enhance low-level intermittency in the SBL and 2) the ability of current numerical
weather prediction models to resolve these interactions.

Gravity waves have been

commonly cited as a source of submeso motions and as a possible source of cold pool
variability, and there are many mechanisms through which gravity waves can affect the
near-surface environment. One of the most direct and least studied mechanisms in the SBL
is rotor circulations. Rotors have been hypothesized to produce low-level shear and
convective overturning in the SBL, which in turn can enhance the development of submeso
and intermittent turbulent motions. The development and evolution of rotors within the
SBL have not been thoroughly documented, and many questions remain about their
structure under stable conditions.
In this thesis, the impact of gravity waves and rotor circulations on the generation
and modulation of SMG motions and turbulence intermittency in the SBL is investigated
over central PA using a combined observational and modeling approach. Here,
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observational and modeling evidence of complex wave structures, resembling trapped
waves and downslope windstorms, and rotor circulations generated by the moderate
topography of central PA is provided. This is, to the author’s knowledge, the first study to
provide observational evidence of complex rotor structures in this region and use subkilometer forecasts to investigate their development and evolution in the SBL.
It is worth noting that the investigation of waves and rotors over this region is
important for various reasons. First, the moderate topography of central PA is common to
most of the eastern US and thus the knowledge acquired from this study can be of
significance to a large population. Second, there have been little evidence of complex wave
structures and rotors reported for this region. Finally, most studies of nonstationary and
highly-nonlinear waves and rotors have been conducted for large mountain ranges,
standing 600 – 2000 m above the valley floor, while little is known about the waves and
rotors generated by smaller and more moderate topographies.
One of the first questions addressed in this work is the ability of current mesoscale
numerical weather prediction models to resolve small SMG motions and their variability
in the SBL. A very limited number of studies have tried to quantify the model
performance/accuracy for SMG motions, mainly through the subjective examination of
time series, the Fourier energy spectra, and/or the meandering of simulated plumes;
however, none of these evaluation approaches can account for the nonstationarity of SMG
motions. To date, no reliable verification metric that accounts for the nonstationarity in
the signal has been implemented in the investigation of SMG motions. Consequently here,
a new verification methodology for non-deterministic or stochastic motions based on the
wavelet transform is developed and implemented to complement traditional deterministic
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verification approaches. In this non-deterministic verification technique, new skill scores
are developed to evaluate the marginal distribution of wavelet-decomposed fields and to
assess model performance.
The efficacy of the model to reproduce the expected behavior for small scale
submeso motions is demonstrated for six cases characterized by waves and rotor
circulations and for various initialization strategies and planetary boundary layer (PBL)
parameterizations. The non-deterministic verification reveals that for all experiments the
model largely underestimates the number of small amplitude fluctuations in the small
submeso range as expected; however, it also overestimates the number of small amplitude
fluctuations in the meso-gamma range, producing in general forecasts that are too smooth.
The use of data assimilation during the pre-forecast period results in improved scores for
temperature and wind speed at larger scales, while turbulent kinetic energy (TKE)-based
PBL schemes have an advantage over the non-local PBL scheme over most scales. Larger
spread in the error for various PBL parameterizations than for initialization strategies
indicates that PBL parameterizations may play a larger role modulating the variability of
non-deterministic SMG motions in the SBL for these cases.
These results confirm previous findings that have shown WRF to have limited skill
forecasting submeso variability for periods greater than ~20 min. Through the
implementation of this new verification approach, however, we have gained some insight
into the sources and distributions of the biases and errors in the SMG range. The WRF is
shown to have some difficulty accurately reproducing the observed variability with the
correct amplitude even for the lower-frequencies in the SMG range, where better model
performance can be expected. The limited skill of the WRF at these scales in these cases is
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related to the systematic underestimation of the amplitude of observed fluctuations.
This new non-deterministic scale evaluation appears to be a viable tool for the
verification of observed fluctuations independent of time and phase error but accounting
for the scale and amplitude of the fluctuations. This technique, providing a reliable method
for the verification of model forecasts, can be consistently implemented among varying
scales and conditions while accounting for the nonstationary behavior of the features of
interest. However, the usefulness of the technique is not limited to the verification of
model-predicted submeso and meso-gamma motions. This technique can be implemented
in the verification and/or intercomparison of any two nonstationary stochastic systems
without many of the limitations of typical wavelet-based verification approaches (e.g.,
selection of noise models, testing for significance, etc.).
Once the ability of the WRF model to resolve SMG motions generated by the waves
and rotors is established and a suitable model configuration for the study of the SBL is
identified, the impact of changing background conditions on wave characteristics, wave
nonstationarity, and low-level rotor circulations is investigated for two real data cases. It is
important to note that while temporal changes in the horizontal wavelength of lee waves
have been extensively studied through theoretical, observational, and idealized modeling
studies, little still is known about the response of nonstationary waves for real cases under
typical SBL conditions, and about the impact of nonstationary wave behaviors on rotor
development and evolution, and the generation of intermittent low-level turbulence.
For these cases, observational evidence from towers and SODARs of complex rotor
structures impacting low-level SBL fields in the Rock Springs observation network is
presented. The WRF model is shown to qualitatively produce rotors, similar to those
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observed, as well as some of the mechanisms modulating their development and evolution.
It is demonstrated that modest changes in wind speed appear to play a more crucial role
modulating the wavelength of waves within the valley than the low-level stratification.
Generally decreasing wind speeds through the night for both cases produce averaged
wavelength rates of change ranging from -15 to -8 % h-1, similar to those observed by Ralph
et al. (1997) for nighttime cases, and total reduction of the wavelengths up to 50% over the
nighttime period. Furthermore, evidence of transient, wave-wave interactions during these
transitions, similar to those described by Nance and Durran (1997) using a 2-D framework,
is presented using real data cases. These transient, nonlinear, wave-wave interactions can
lead to wave amplification and can impact the development and/or intensification of lowlevel rotors. Rotors are shown to be highly coupled to the wave structure and to be highly
nonstationary, exhibiting propagation speeds similar to those of the transitioning modes
due to changes in background conditions. Overall, it is shown that rotor intensification is
likely during weakening environmental wind speeds, increasing environmental
stratification, and transient waves due to the combined effects from 1) wave amplification
and 2) rotor nonstationarity.
These results demonstrate that the accurate representation of background
environments is crucial for improving the prediction of these generally stochastic, transient
submeso motions and the low-level turbulence intermittency. This investigation has also
revealed a new mechanism through which large scale synoptic conditions can impact lowlevel intermittency within the valley in the SBL. In general, local fields can be greatly
impacted by moderate changes in upstream conditions through nonstationary and nonlinear
interactions. The nonstationary response of the waves and rotors due to changing
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background conditions must then be recognized as an additional source of intermittency in
the SBL, and this uncertainty should be accounted for in atmospheric transport and
dispersion models.
Finally, the impact of nonlinear waves and rotors on submeso and turbulence
variability in the SBL is examined for four case studies characterized by complex waves,
resembling trapped and downslope windstorm type waves, and rotor structures using
special observations and very-high horizontal resolution (0.444-km and 0.148-km grid
spacing) WRF forecasts. Here, the efficacy of background predictors commonly used to
determine wave and rotor structure for large mountain ranges is examined for the shallow
topography of central PA. Furthermore, the development of complex rotor structures and
their impact on turbulence generation and low-level fields in stable environments are
explored. Finally, some of the mechanisms modulating the valley transport under wave and
rotor conditions are identified.
Two synoptic flow regimes, characterized by critical levels in the low- and midtroposphere, are identified and studied. Network observations show markedly different
low-level responses for the two flow regimes. For the first southeasterly flow regime, tower
and SODAR measurements suggest circulations resembling Type 1 rotors, exhibiting
elevated regions of TKE that protrude down near the surface, while for the second southsouthwesterly flow regime, network measurements suggest wave motions resembling
downslope windstorms and Type 2 rotors that once again produce very large TKE values
that persist through most of the night. Budget analysis of TKE shows that wave and rotor
activity can enhance turbulence intermittency in the nighttime through the development of
shear and convective instabilities and elevated regions of TKE. Turbulent transport is
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shown to play as much of a role in the local change of TKE as shear production; however
advective processes might dominate the low-level TKE intermittency for these cases.
The WRF is shown to be able to resolve some of the complex gravity waveturbulence interactions within the SBL; however it has better accuracy forecasting
temperature and wind fluctuations for cases characterized by low-level trapped gravity
waves than cases characterized by strong nonlinear interactions. Nonetheless, the model
produces some of the hypothesized nonlinear dynamics and downslope-wind response for
one of the cases. The 0.444-km domain is shown to accurately represent the wavelength
of the waves generated by Tussey Ridge; however, higher-horizontal resolution (0.148km) is shown to better resolve wave amplitudes, rotor structures, and near-surface
interactions. For these cases, the presence of strong wind speeds and negative vertical shear
near ridge top is important for a downslope-wind response over the network. The nondimensional mountain height, a type of Froude number, is shown to be an effective
parameter to identify downslope wind behaviors. However, it is not a good indicator of
the wave amplitude (and rotor intensity). The rotor circulations are shown to persist as long
as the environmental conditions are suitable for trapped gravity waves. The onset of rotor
development is marked by large horizontal vorticity, η, near the surface. Large η values
are associated with large-amplitude waves and small Rib that support the development of
shear and convective instabilities and TKE.
It is important to note that the generation of highly-nonlinear trapped and vertically
propagating waves due to the presence of critical levels over Nittany Valley may be quite
common when the synoptic pattern is characterized by high pressure systems in the eastern
US. Low-level southerly flow coupled with upper-level westerlies induces mid-level
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critical levels that can constrain wave motions and/or amplify the wave response. The
rotors generated due to these interactions can enhance the generation of elevated regions
of turbulence, the downward advection and transport of TKE, and the horizontal thermal
gradients near the surface. Strong convergence enhanced by rotor circulations can create a
sharp contrast in low-level environments beneath different regions of the wave and this can
result in little spatial coherence between adjacent locations. This has great implications for
the study of the SBL and the atmospheric transport and dispersion in the SBL, where small
variations in the release location with respect to the wave field can result in markedly
different transport behaviors that can range from local recirculation within the rotor to
downstream transport by the waves. To accurately resolve these interactions and gradients,
model configurations that use very high horizontal resolutions are needed.
In general, these analyses raise additional questions about the role of gravity waves
and rotors in the modulation of submeso motions and turbulence intermittency in the SBL.
Future work is recommended to: 1) use additional observations in the analysis of submeso
and turbulent fields and in the model verification; 2) implement the wavelet-based
verification technique for WRF forecasts over a larger data set and using a variety of model
physics and grid resolutions to determine the uncertainty and error of the model-predicted
SMG motions; 3) apply the wavelet-based verification technique over sites exhibiting
different topographical characteristics; 4) investigate a large number of cases characterized
by synoptic conditions with mid-level critical levels to create a climatology of downslope
windstorm type events in the lee of Tussey Ridge and to identify different environmental
conditions under which various types of waves and rotor structures typically develop; 5)
identify and investigate more cases exhibiting nonstationary wave motions to establish a
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climatology for these events and determine typical thresholds in changing background
conditions that trigger transient waves and rotors in the SBL (these thresholds can be used
as proxies for periods when greater low-level variability and transport uncertainty can be
expected); 6) assess the uncertainty in the transport and dispersion due to different waves
and rotor structure under very stable nighttime conditions; and finally 7) evaluate the ATD
uncertainty for cases characterized by gravity waves using stochastic/ensemble methods
and improved physics/parameterization for wave-turbulence interactions.
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