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Abstract

This work presents several new methods for measurement of turbulence in the
Planetary Boundary Layer (PBL). These methods use data from WSR 88-D Next-
Generation Radar (NEXRAD) weather radars, Numerical Weather Prediction (NWP)
forecasts, and cell phone scintillation in order to estimate C?, a common scalar mea-
sure of PBL turbulence, as measured by a visible light or Infra-Red (IR) system. The
methods presented here can estimate C? from NWP alone, or NWP can be combined
with NEXRAD or cell signals (RF instruments) to remotely and passively estimate
C? with high spatial and temporal resolution. Previously, no method was known for
accurately estimating the effects of turbulence on visible and IR systems based on
measurements from RF instruments.

In order to show how well these new approaches perform in comparison to existing
techniques, estimates of C? are made using the various methods and are compared
with measurements taken using standard 880nm large aperture scintillometers. Com-
parisons are made in every month of the year in two environments: temperate sub-
urban, and high-mountain desert. Results show consistent improvement of accuracy
by the newer methods over existing estimation methods. The results also suggest
removing the common assumption that visible and IR C? can be estimated from
temperature field perturbations alone. Instead, water content and non-hydrostatic
pressure perturbations should be included when estimating C?.

A survey of noise and uncertainty is also presented. This analysis of different noise
sources in the radar, cell phone, and NWP data is of practical utility as it outlines
limits of applicability, and performance that can be expected for each method under

a variety of conditions.
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METHODS FOR PASSIVE REMOTE TURBULENCE CHARACTERIZATION
IN THE PLANETARY BOUNDARY LAYER

I. Introduction & Background

This dissertation presents and compares several methods for measuring turbulence
in the atmosphere. This research was motivated by a need to characterize the PBL
with respect to its impact on visible-light and IR systems. Turbulence in the PBL lim-
its the capabilities of free-space optical communications, imaging, and High-Energy
Laser (HEL) systems. The impact of turbulence on these systems is commonly char-
acterized by the so-called index of refraction structure function constant, C2. Larger
values of C? indicate worse propagation conditions for these systems.

For several reasons, it would be desirable to be able to measure C? within a region
of operation. As a part of product development, systems will be tested in a variety
of environments, and knowing C? allows a system’s performance to be evaluated
for validation. For HEL systems, there is also an operational need for real-time
turbulence measurement. While HEL systems measure the impact of turbulence just
before firing. It only does so on the path to each target (often assumed to be a high-
speed vehicle, like a missile). In the case where a HEL is best suited, engaging several
inbound high-velocity targets at once, a wide-area volumetric measure of C? would
allow for a fire control system to prioritize targets to assure the highest probability
of successful engagement.

Available C? measurement methods do not provide adequate tools to meet these
needs. Systems with sufficient accuracy and resolution are limited by cumbersome

instrumentation. Methods which allow for sufficiently large volume measurements



are limited to very coarse resolutions, or poor accuracy. The techniques presented
here are the first which simultaneously provide the accuracy, resolution, and volume
sufficient to be of practical use for product validation in the PBL, or as the basis for
a HEL fire-control system.

New techniques adapted from existing research, and physical interpretations of
turbulent eddy structure will be compared against conventional methods. This first
chapter reviews past research and literature which has been an immense help in devel-
oping this subject. The first three sections of the chapter will present an introduction
of contemporary turbulence theory, and practical motivation for turbulence research.
Following this will be an overview of some of the most common methods for char-
acterizing turbulence. This is followed by a section describing what new techniques
are being presented. Finally, the remaining sections present a short primer on NWP,
NEXRAD radar, and cell phone signals.

The next chapter will describe in detail both existing and novel methods and
techniques presented here, as well as metrics for comparing their performance to
more contemporary techniques. Following this is a chapter describing the sources of
uncertainty and noise in both the standard and new methods. The impact of these
factors is also presented with the hope of providing a metric for when and where the
various techniques are appropriate. The following chapter will present the results of
the research, and is organized by technique. The final chapter presents a summary of

conclusions, and suggestions for follow-on research.

1.1 Why Measure C?

There are two sides to the pragmatic motivation for this research: why turbulence
detection and measurement is important, and how Radio Frequency (RF) measure-

ments may improve and extend our capability to measure turbulence, even turbulence



which affects optical wavelengths. This section will address why turbulence measure-
ment is important, and the limitations of current methods. A technical motivation
for the use of RF is presented in Section 1.5.

A significant driver of this research is the need for a better understanding of PBL
turbulence. Our understanding is limited by our inability to adequately measure or
predict (model) turbulence in the atmosphere. Current methods are only able to
measure a limited volume of the atmosphere. Because they require in-situ instru-
mentation, there is significant cost in setting up and maintaining measurements in a
given area. Practical prediction and modeling methods are computationally limited
to resolution of time and space which is much greater than than the scales involved in
turbulence. Turbulence studies are important in many disciplines. Turbulence affects
the drag on objects as small as a bullet in flight and is a critical to the formative
processes of stars. Understanding found in PBL turbulence studies like this one can
have impacts in a wide range of other engineering and theoretical endeavors.

Developing the capability to overcome current measurement and modeling lim-
itations have practical utility, beyond satisfying our need to better understand the
world around us. We know that PBL turbulence is the primary mechanism for mix-
ing and advection within the PBL. [33] NWP and plume-dispersion models can both
be improved if current, wide-area turbulence information is available for inclusion.
Furthermore, turbulence is a critical component of the atmosphere and surface in-
teractions which affect our ability to predict weather. Improved measurements of
turbulent activity can help improve our ability to model energy and moisture diffu-
sion in the PBL.

Anyone who has flown through turbulent air knows that turbulence can create
violent jarring of aircraft in flight. In addition to being unpleasant, this increases

stress and wear on the aircraft structure. Both safety, comfort, and system longevity



can be improved by modifying flight paths to avoid turbulence. Adequate real-time
turbulence detection could allow aircraft to reroute through smoother air, and has
been the subject of research. [3,18]

In addition to flight concerns, turbulence also has a significant effect on optical
systems. These effects include the well known twinkle of starts, limitations on the
resolution of large telescopes, data throughput limitations in laser communications
systems, and impairment of the effectiveness of high-powered laser weapons [56]. For
a given path between two points the ability to predict turbulence-induced scintillation
would allow for improved system optimization. A characteristic of turbulence first
noted by Taylor [69] is that turbulent eddies evolve slowly when compared to typical
rates of advection in the atmosphere. Dubbed the frozen flow hypothesis, it predicts
that the impact of turbulence in the near-future (on the order of minutes) can be
predicted if one knows the current, volumetric state of turbulence in a sufficiently
large area, and the direction and magnitude of the mean wind. For example, say
turbulence can be predicted in the short term for a transmitter to receiver path in a
laser communication system. Communications-encoding schemes could be switched as
needed to best suit the propagation conditions. Similarly, a HEL fire control system,
tracking a fast moving target would be better able to choose when to fire in order
to ensure a high probability of success on every firing. In addition to performance
enhancement, improved measurement methods are helpful for testing and evaluation
of a system’s response to turbulence. In many cases, the methods presented in this
work can provide a convenient, cost effective measure of the turbulence present during
testing, where measurement or modeling by conventional methods is not available or
sufficient.

Knowing that turbulence affects aviation, weather, aerosol dispersion, and optical

systems leads to the question: “when and where do we have to cope with turbulence?”



Here at the bottom (lowest 1000m or so) of the atmosphere, turbulence is essentially
constant. [33,66] Since most of what we humans do occurs in this region, it’s apparent
that turbulence is around us most of the time. Perhaps it’s better said that most of us
are working in or near the presence of turbulence all of the time. So PBL turbulence
has a persistent and direct impact on the performance of many endeavors.

In order to present additional capabilities that RF can provide for turbulence mea-
surement, it’s helpful to understand other ways that we measure turbulence. Turbu-
lence is typically studied using statistical methods which focus on correlation theory
and structure functions [12,32,67]. Techniques for obtaining structure functions are
presented in Section 1.4 and their use is summarized here.

These structure functions describe, in a statistical sense, the spatial and temporal
perturbations of a field. In this case, the perturbations are assumed to be due to
turbulence. A structure function for a particular field can be computed directly based
on functions which describes the field. While these functions are not known, based
on statistical arguments, it is assumed that the structure functions have a specific
algebraic form. Measurements are used to estimate the structure function constant,
C’;. Here, ¢ is the functional value of the field. It can be real, complex or of vector
field. This process is much the same as statistical approaches used in other disciplines.
For example, many processes are assumed to have a probability distribution function
(PDF) with a Gaussian form. Data are then sampled (realizations from the true
distribution with noise), and the mean and variance of a Gaussian PDF are estimated
from the sampled data. This process is analogous the one used for structure functions,
where the structure function is like the PDF', the structure function form is like the
Gaussian form, and fitting the constant Cf) is much like fitting the mean of the
assumed form of a Gaussian PDF to the data. While it is true that all approaches

here estimate C?, use of established techniques will be referred to as measurement of



C?, while estimation using new techniques is referred to as estimation of C’dz).
Measurement of structure function constants may be accomplished by using ap-
propriate measurement instruments (often thermal and wind probes) which are dis-
tributed over a given area. Similarly, samples may be taken from NWP volumetric
grids. Alternatively the structure function constant of the index of refraction C? can
be inferred using a point source or laser scintillometer. This device simplifies tur-
bulence measurement by requiring only a transmitter and receiver to be set up. An
example of the scintillometer measurement method is also outlined in Section 1.4 and
further details are available from scintillometer manufacturers [62]. It is also possible
to convert between related structure function constants, like temperature, CZ, and

index of refraction, C?.

1.2 Turbulence and Structure Functions

Fluid flows can be categorized as either laminar or turbulent. Turbulent flows are
chaotic in nature and are characterized by swirls of varying size and shape (Figure
1). These whorls make up a complex but identifiable structure. In the short term,
it is possible to predict the evolution of the flow. However, as with other chaotic

processes, as time goes on predictions become more and more likely to be invalid.



Figure 1. False color image of turbulence induced by a submerged jet made visible by

laser induced fluorescence. The image is owned by C. Fukushima and J. Westerweel,
Technical University of Delft, The Netherlands, and is used without permission or

endorsement of this work under the Creative Commons license.

The PBL is the lowest part of the troposphere, the layer which contains most of
the mass of the atmosphere. It is characterized by air that is generally well-mixed due

to turbulent motions. The depth of the layer varies from a few meters to well over a



kilometer [57]. The dynamical variations are closely tied to the turbulence measure-
ments investigated here, and will be discussed in the next section. One direct impact
that this layer has on modern technologies is the disturbance of EM propagation by
turbulence [32,68]. These disturbances are usually a hindrance to achieving “good”
propagation, and degrade system performance [12,14,39,76,77]. The primary reason
why turbulent flows disturb EM propagation is that they create a complex spatial
and temporal structure of the index of refraction, n. A measure of how much one can
expect n to vary over a given distance is C2. Generally, the larger C?) the greater
the impact that turbulence has on system performance.

Throughout this dissertation, turbulence will be