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Abstract

Echoes in clear air from biological scatteres mixed within the resolution volumes
over a large region are presented. These echoes were observed with the polarimetric
prototype of the forthcoming WSR-88D weather radar. The study case occurred in the
evening of September 7, 2004, at the beginning of the bird migrating season. Novel
polarimetric spectral analyses are used for distinguishing signatures of birds and
insects in multimodal spectra. These biological scatterers were present at the same
time in the radar resolution volumes over a large area. Spectral techniques for (1) data
censoring, (2) wind retrieval and (3) estimation of intrinsic values/functions of
polarimetric variables for different types of scatterers are presented. The technique for
data censoring in the frequency domain allows detection of weak signals. Censoring
is performed on the level of spectral densities, allowing exposure of contributions to
the spectrum from multiple types of scatterers. The spectral techniques for wind
retrieval allow simultaneous estimation of wind from the data that are severely
contaminated by migrating birds, and assessment of bird migration parameters. The
intrinsic polarimetric signatures associated with the variety of scatterers can be
evaluated using presented methodology. Algorithms for echo classification can be
built on these. The possibilities of spectral processing using parametric estimation
techniques are explored for resolving contributions to the Doppler spectrum from the
three types of scatterers: passive wind tracers, actively flying insects and birds. A
combination of parametric and non-parametric polarimetric spectral analyses is used

to estimate the small bias introduced to the wind velocity by actively flying insects.
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1.

Introduction

The lowest part of the troposphere, where the earth’s surface has a great
influence on the atmosphere is called the planetary boundary layer (PBL). The
weather radar scans the PBL by sending bursts of energy concentrated in a narrow
beam and detecting the returns. Often the backscattered signal is a composite of the
weather signal and other unwanted clutter signals originating in the scanned portion
of the PBL. The weather signals are the echoes from precipitation and clear air. Clear
air refers to the condition in which the atmosphere is free of clouds and precipitation,
and is generally assumed to be caused by echoes from the refractive index
perturbations. The precipitation-free air refers to atmosphere with insects and other
objects or substances that might trace or enhance the echoes from clear air.

In weather radar applications, all signals except the weather echoes are
considered to be unwanted clutter. There are many types of clutter caused by
reflections from ground and airborne objects. Reflections from terrain and surface
structures such as buildings and towers are examples of ground clutter. Many signal
processing approaches have been developed to successfully suppress ground clutter
contamination (Skolnik 1987, Sirmans 1992; Doviak and Zrni¢ 1993; Accu-Weather
1995; Torres and Zrni¢ 1999); exceptions are cases where the clutter exceeds the
weather signal, saturates the receiver, and cases with non-stationary ground clutter
from wind turbines (Butler and Johnson 2003) or road traffic. Examples of airborne
clutter are passive or active displacement of birds and airborne insects, airplanes,

balloons, and helicopters, and interference from radio frequency (RF) equipment or



the sun. Clutter alters the signal with weather in many ways, from introducing small
biases in estimated parameters to completely destroying constructive components of
the signal. Clutter refers to the echoes from unwanted objects. Airborne objects
introduce errors in the wind velocity measurements. Meteorologists have to use
independent information to validate the radar data and often discard portions of these
data as unreliable.

Engineers and scientists are continually working on further development of
Doppler weather radar and its application to make the radar products more reliable
and to accomplish tasks that seemed impossible just a few decades ago (Doviak and
Zrni¢ 1993, Zahrai and Zrni¢ 1993, Galati 1993, Angevine 1997, Saffle and Johnson
1997, Zrni¢ and Ryzhkov 1999; Martner and Moran 2001, Brandes 2000, and many
others.). One of the recent achievements in weather radar meteorology is the
development of dual polarization radar. Dual polarization radar transmits and receives
not only a horizontally polarized wave as conventional weather radar, but also an
additional vertically polarized wave. This permits assessment of the geometric
properties of the scatterers, providing a new perspective about their physical
properties. Computing capabilities continuously increase. Faster signal processors
make spectral processing possible (the National Weather Service finished deployment
of the RVP8™ digital receiver and signal processor on the WRS-88D network in
December 2006). Spectral analyses can provide another more detailed view on

scatterers’ radial motion.
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A signal can be observed in time-domain. The frequency-domain representation
of a signal is called the spectrum. Because the frequency-domain is a mathematical
concept, the true spectrum is not known although it can be estimated using different
methods. The most documented and widely accepted (for the weather radar) signal
processing spectral estimation technique uses Fourier Transformation (Doviak and
Zri¢ 1993, Zri¢ 1975). Other spectral estimation techniques based on harmonic
decomposition can be beneficial if additional statistical information about the signal
is available. For example, the Multiple Signal Classification method (MUSIC) (Hayes
1996) is applicable if the signal can be modeled by an autoregressive process so that
it consists of complex exponentials, and the number of composite exponentials is
known.

In non-technical terms, a power spectrum shows distribution of power in
frequency, which for weather radar applications can be translated to the
corresponding radial velocity. Thus the power spectrum is commonly referred to as
the Doppler spectrum. Such distribution exposes signal content, depicting clutter and
artifacts as well as the constructive components of the weather signal. In general, the
spectrum of weather signals has a Gaussian shaped hump which is superposed on the
noise floor (Zrni¢ 1975, Zrni¢ and Doviak 1978). The location of the Gaussian peak
indicates the mean radial velocity of the detected scatterers. Presence of non-weather
scatterers results in additional peak(s) in the spectrum. For example, echoes from

ground clutter appear in the spectrum at zero velocity. When a peak in the spectrum



from weather is at non-zero velocity then a peak from ground clutter can be easily
filtered.

Several parameters and variables used in weather radar applications and
algorithms are derived from the three moments of the Doppler spectrum: mean
power, mean velocity, and velocity dispersion. These moments can be computed in
either time-domain or frequency-domain (Doviak and Zrni¢ 1993). The time-domain
computations are simple and fast. Only a sequential operation on consecutive pairs of
pulses is required for the Doppler velocity computations. The frequency-domain
techniques are computationally intensive and require operations on a large sequence
of pulses (64 or more). But, with careful spectral analyses the frequency-domain
techniques result in signal enhancement, clutter suppression, and allow signal
exploration and consequent discrimination of different scatterer types within a single
resolution volume, which can not be achieved in the time-domain. Nonetheless, real
time processing requirement at this time (year 2006) are primarily met with the time-
domain processing techniques. Conversely, there is a major drawback to the time-
domain computations. Time-domain weather radar signal processing is sometimes
based on the Gaussian shape of the Doppler Spectrum (Doviak and Zrni¢ 1993) or
spectral symmetry. A Gaussian shape is completely described by its mean and
variance. Therefore the weather spectral moments (mean power, mean velocity and
velocity dispersion) fully describe the mathematical model of the Doppler spectrum
of weather. However, there are cases when two or more types of scatterers are mixed

in the resolution volume. If neither type is dominant the resulting distribution of



powers is intricate and can be envisaged as a composite formed from two or more
overlapped Gaussian spectra. Such a multi-modal spectrum cannot be characterized
by its mean and variance alone. Therefore the weather radar moments and
polarimetric variables computed with standard techniques (Doviak and Zrni¢ 1993)
produce biased and unreliable moments when two or more types of scatterers are
present in the radar resolution volume. One important contribution of this research is
the finding that such situations can occur during bird migration periods. Censoring
contaminated data has been the previous approach for dealing with such situations.

The National Weather Service maintains a network of Weather Surveillance
Doppler Radars (WSR-88D) for observing weather and making quantitative
measurements of precipitation and wind. Currently, data with low signal-to-noise
ratio (SNR) on the WSR-88D network is discarded (censored) as unreliable
(NEXRAD technical manual 1998). The value of noise is estimated at the highest
elevation of volume scan and scaled for the appropriate elevation using a scalar from
predetermined table.

The quality of the weather radar data is important for any meteorological
algorithm or application. Censoring sometimes results in a very sparsely filled radar
display. However, there is no guarantee that the presumably “good” data which
passed the censorship is not contaminated as well. Clear air cases pose a problem for
the radar applications during bird migration in spring and fall. The following scrutiny
uncovers the reason for the problem. First, clear air data generally have low SNR and

therefore a portion of clear air returns gets censored. Second, migrating birds’



presence increases signal power and therefore a portion of returns from birds does not
get censored. The worst outcome occurs when the contaminated data is not censored.
The retrieval of wind velocity and clear air reflectivity from such messed-up data is
questionable. Moreover, there is no way to determine if the moments on a PPI are
trustworthy by just looking at it. To become aware of contamination, meteorologists
have to possess experience and pattern recognition skills. The resulting values of
biased moments propagate errors into the corresponding radar products and
classification algorithms. Therefore, current censoring schemes can waste recourses
by discarding large sections of data and fail to guarantee the meteorological integrity
of the uncensored data. This motivated me to set aside the conventional moment
estimating techniques, to eliminate thresholds, and to seek out a way for observing
multiple movements ongoing in the resolution volumes. I ascertain a spectral
approach to investigate and utilize the information from the data with low SNR and
large spectral width. In this dissertation I present techniques for retrieving winds from
the contaminated data and a methodology for assessment of the degree of
contamination on a radar display.

Vertical profiles of wind are a routine product from the WSR-88D. The winds are
obtained in clear air using analysis of the velocity azimuth display (VAD) data
(Lhermitte and Atlas 1961; Rabin and Zrni¢ 1980) and are available whenever
backscattering is sufficient to produce detectable signals. Throughout much of the US
and during warm seasons such backscattering is provided by insects present in the

PBL. Insects in this dissertation refers to a collection of small organisms, including



arachnid and insects that float, drift, of fly in great numbers in the air, analogous to
plankton in water. Microinsects are weak flyers, their deliberate or inadvertent motion
is primarily wind driven. Thus insects often behave as quasi passive wind tracers. It is
this property that makes them suitable for wind measurements with Doppler radars.
Insects ascend to altitudes of several hundred meters above the ground where they
ride the airstreams crossing many kilometers in a single flight (Chapman et al. 2004).
Other passive wind tracers such as perturbations in refractive index or smoke plumes
are also detected, often together with insects. Insects take advantage of the wind to
travel faster and further than they would using their wing power alone. Insects
traveling both with and against the wind can lead to radar echoes that may introduce a
small bias into the wind velocity estimation. Typically, the airspeed values for small
insects (spider, plant lice, fruit fly) are below 2 m s (Chapman et al. 2004, Pedgley
et al. 1982) although the values for large insects (grasshoppers) can be as high as 8.3
m s (Riley 1999). Because most insects are small, they are very hard to photograph
or observe in the sky with a naked eye. Aerial netting is required to evaluate the
insect-sample content. I do not have means to capture the insect-sample and,
therefore, no direct way to determine if the insects are passive or active. Nonetheless,
radar detects insects. Regardless of the fact that the insects may fly or drift, they are
good scatterers and thus provide backscattering to weather radar in clear air
conditions. In this dissertation I present methods to measure the speed of the insects
carried by the wind, as well as a method to possibly estimate the velocities of wind

and active insects.



There are also larger active flyers including birds and bats that are seen by the
radar and that move at speeds quite different than the wind and thus contaminate the
radar products. I refer to all such scatterers as birds. Typically birds are larger than
insects and, therefore, their activities in the lower PBL can be observed. Obvious
among these are nocturnal migrating songbirds (passerines) which lift just after
sunset, migrate until dawn, and rest during day hours to avoid predators. Most of the
migratory bird movements occur at altitudes below 3 km with the bulk of action
under 900 meters (npwrc.usgs.gov 2005). Bird flight velocities range from 8 to 22 m
s (Gill 1994), and are comparable to or stronger than typical clear air wind
velocities. Nonetheless, the wind velocity estimate is minimally affected by bird
echoes as long as the birds’ concentration is small. However, during bird migration
the level of the airborne clutter can become so significant that the radar displays
“bloom” due to bird echoes. If birds ride with the wind, the total speed of flight is the
sum of the wind and bird velocities. The radar wind velocity estimate in such cases is
wrong and represents neither bird nor wind velocity. The task of estimating the bias
due to bird echoes becomes unfeasible with current technology if different birds
travel at different speeds and/or directions. During the bird migration season in spring
and fall, standard estimates of Doppler shifts are contaminated by contributions from
bird speeds and therefore are not suitable for meteorological interpretation.
Nonetheless, spectral analyses of such data can be used to retrieve both weather and
birds signals. Lofted insects enhance echoes needed for wind profiling, whereas

migrating and wandering birds bias Doppler wind measurements (Achtemeier 1991,



Wilczak et al. 1995, Zrni¢ and Ryzhkov 1998, Zhang et al. 2005). Spectral analyses
can identify peaks contributed by different types of scatterers. Spectral polarimetric
analyses identify the types contributing to a particular spectral peak as being birds or
insects. Both ornithologist and meteorologist who use Doppler radars to observe
either birds or weather can benefit from this. I present the spectral velocity azimuth
technique for extracting both dynamics of the wind and of birds.

Traditional spectral analyses assume manipulations on power spectra in the
frequency domain to enhance the quality of the signal. There are two channels in the
dual polarization radar and four pertinent polarimetric variables (power, differential
reflectivity, copolar correlation coefficient and differential phase). The two power
spectra are derived from complex spectral amplitudes; one for each channel. Spectral
density of differential reflectivity is computed directly from the spectral coefficients
of the two power spectra. Spectral density of copolar correlation and differential
phase are derived from the complex amplitudes of spectral coefficients of the two
channels. The spectral densities of polarimetric variables are novel quantities. They
can be viewed as distributions of polarimetric variables in the Doppler velocity space.
Definition and computations of these are addressed herein. Scatterers with different
polarimetric properties can be recognized from simultaneous analysis of power
spectra and polarimetric spectral densities. The distribution of polarimetric variables
in velocity provides a unique way for observing multiple processes in each resolution

volume and understanding the values of the resulting polarimetric averages.



1.1. Scope of dissertation

I examine a precipitation-free case with at least two types of biological scatteres
mixed within each resolution volume and over a large region. The case was observed
with the KOUN S-band dual polarization radar in Norman, OK. The data was
collected in the evening at unevenly spaced time intervals between 6 pm and 11 pm
on September 7 2004 during the beginning of fall migration season (Section 5). The
case covers a time interval during which the PBL occupants gradually change from
diurnal insects to nocturnal migrating birds. These data capture the evolution of the
transition process between diurnal and nocturnal scatterers. The early evening data
contain a mixture of at least two diurnal types of scatterers, whereas the late evening
data encompass a mixture of at least two nocturnal types of scatterers.

I believe that this is the first documentation of widespread echoes caused by
simultaneous presence of birds and nocturnal insects in the resolution volume of
weather surveillance radar. Because there was nothing unusual or special on that
evening I suspect that simultaneous presence of insects and migrating birds is rather
ubiquitous. However, there could be seasonal differences. Insects might be less
numerous and less mature in early spring during the beginning of bird migration
period than in the summer and fall; hence their contribution to radar return would be

smaller.
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1.2. Problems

The clear air wind estimates from radar can be misleading or incorrect. Several
questions arise from this. First, is there a way to tell if the radar velocity represents
wind and not something else, such as a mix of wind with insects and/or birds?
Second, is there a way to extract the true wind velocity from a mixed echo? Third,
can the other contributors be recognized and can their dynamics be assessed? And
last, what causes unusual values of the polarimetric variables which often appear on

the radar displays in clear air?

1.3. Proposed Solutions

I hypothesize that spectral analyses can expose presence of multiple scatterer
types in a radar resolution volume if the types possess different radial velocities and
produce detectable backscattered signal. I propose to use novel spectral polarimetric
densities instead of former mean values. For example, for each former single value of
the polarimetric variable there is a novel distribution (spectral density) of this
polarimetric variable in Doppler velocity space. I speculate that such distributions
will expose polarimetric properties for scatterers with different radial velocities in a
resolution volume. Because the returns from one resolution volume are not
statistically reliable, range averaging of polarimetric densities can be used.

Novel spectral velocity azimuth displays can be constructed so that polarimetric
variables are displayed as functions of radial velocity and azimuth. Such display will

provide insight on mean motions, their intensities and polarimetric properties, and
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therefore, provide information for data quality assessment (Bachmann and Zrnic
2007).

The data contaminated by birds can be corrected by eliminating bird-caused
peaks and tracks in the spectra in many cases if there are differences in birds’ and
insects’ radial velocities (Section 5.6). If only single polarization data are available,
the general idea is to process a segment of the data such that the wind spectral
signatures can be recognized and rules for separation can be devised.

The dual polarization time-series data offer a better way of distinguishing
between bird and insect spectral signatures, minimizing or even eliminating the
necessity for segmentation. Judicious spectral analysis can identify and discriminate
echoes from the two scatterer types; examples presented in this work explore this
possibility (Section 6.1). For the first time spectral densities of three polarimetric
variables are investigated and spectral azimuth displays (spectral VAD) are
constructed (Section 6.4). The spectra presented in the VAD format facilitate visual
separation of insect contributions from bird contributions. To explain the peculiar
shapes and unrealistic values of the polarimetric variables which often occur on the
radar displays, the evolution of spectral polarimetric densities from the early to late
evening is investigated (Section 7). The polarimetric properties of scatterers
contributing to clear air returns are examined in azimuth and in time from an
ensemble of two-dimensional (2D) histograms. The echo types are recognized and a
novel approach for VAD analysis from histograms (Section 7) is presented. The mean

flows of different scatterer types are deduced from the clusters with large occurrences
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and similar polarimetric properties in the histograms of polarimetric density and
velocity. The degree of contamination on a radar display can be assessed from such
VAD. A novel display called 3DASH (three dimensional azimuthal spectral
histogram) is presented for visualization of the 2D histograms. The intrinsic
polarimetric value for different scatterer types and the dynamic range of these values
in azimuth can be assessed and used in echo classification algorithms. A potential of
parametric spectral analyses to discriminate true wind from mixed active and passive

insects’ returns is explored in Section 8.
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2. Background

This section introduces the Doppler weather radar and its data acquisition. Two
conventional methods (Time-Domain and Frequency-Domain) for computing
Doppler moments and polarimetric variables from the acquired data are discussed.
The discussion is followed by a review of conventional computation of Doppler
moments and polarimetric variables from the Doppler spectrum (Frequency-Domain).
A spectral ground clutter mitigation techniques is described. The section concludes

with a summary of alternative spectral estimation techniques.

2.1. Doppler weather radar

Radar transmits a beam of RF energy and detects the returned echoes. A beam of
RF energy is transmitted in discrete pulses which propagate away from the radar
antenna at the speed of light c. Pulsed transmission is used to obtain range and motion
information of the scatterers. Typical weather radar transmits megawatts of peak
power. The power within the beam is not uniform. The beam has a main lobe and
weaker side lobes. Maximum power in the main beam lies along the beam centerline
(Figure 2.1). The half-power circle is the locus of points where the power of
transmitted energy has decreased to one-half of the maximum power. The collection
of such circles for all ranges defines a core, which is considered to effectively contain
the radar beam. A core of the beam roughly resembles a cone, as shown in Figure 2.1.
The 3 dB beam-width is defined as the angular width of the radar beam subtended by

this half-power core. Each pulse of electromagnetic energy (EM) is mainly contained
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within the beam half-power core. Radar pulse volume is defined by the wavelength of
the transmitted energy, the shape and size of the radar antenna, and the transmitted
pulse width. The radar pulse volume increases with range, as indicated in Figure 2.1,
although all of the shown transmitted pulses have the same duration. Radar detects
echoes that return from the scatterers illuminated by the radar beam. The
electromagnetic energy of the transmitted beam on the propagation way to the
scatterers is absorbed, diffracted, refracted, and reflected. The energy reflected from
scatterers experiences additional absorption, refraction, and reflection on the return
trip back to the receive antenna. Thus, only a fraction of the transmitted power is
incident on the receiving antenna. Attenuation is caused by atmospheric gases,
particles, and precipitation. The radar resolution volume determines the region in
space that contributes most energy to the returned signal. The amount of energy
backscattered to the radar depends on the material of the scatterer, its position in the
resolution volume, size, and orientation. The radar receiver is very sensitive and is
capable of detecting powers as small as 10'* W. The received signals are mixed with
a reference signal of the intermediate frequency (57.6 MHz) and amplified. The echo
voltage V" which is proportional to the electric field reflected from a point scatterer
has a phase . with respect to the transmitted pulse. The phase y. from a stationary
scatterer is time independent. If the distance between radar and scatterer changes, the
phase also changes, creating a phase shift called the Doppler shift. Therefore,
scatterer echoes from two pulses transmitted at different time instances can be used to

estimate Doppler shift and, essentially, radial velocity of the scatterer. Conceptually,
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positive Doppler shift, corresponding to a negative radial velocity, indicates motion
toward radar. Negative Doppler shift, related to positive velocity, shows motion of

scatterers away from the radar.

2.2. Time-series data

The Doppler radar receiver has two synchronous detectors which detect in-phase
I and quadrature-phase Q components of the echo signal V. According to Euler’s
relation the echo voltage can be represented by a two-dimensional phasor diagram in
a complex plane (Figure 2.2). The successive values of I-Q samples, measured at
equally spaced time intervals, constitute a time-series sequence. For example, data
collection of one radial undergoes the following procedure. The radar sends a pulse of
energy and switches to the listening mode. Portions of energy backscatter to the radar
while pulse keeps propagating away from the radar. Backscattered energy produces a
continuous signal stream, dashed curve following Pulse 1 in Figure 2.3a. The stream
signal is sampled in the receiver and I-Q components are recorded. The radar sends
next pulse and all procedure repeats M times. Consequently a series of pulses are sent
in the same or approximately the same direction and the time-series sequence of a
radial is collected. A large number of samples (M) for each resolution volume is
necessary to provide accuracy of the estimators. Single sample estimates would
produce large errors. The dimensions of a radial of time-series data are M x N, where

N is the number of range locations determined by the sampling rate 7. and the pulse
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repetition time (PRT, 7). The PRT determines the unambiguous range R, and
velocity v,

R.=cTs/ 2, (2.1)

va=A/4T, (2.2)
where A4 is the wavelength. These two are coupled through the range velocity
ambiguity relation: radar can either observe a large range and a small unambiguous
velocity interval, or a short range and larger velocities (Doviak and Zrni¢ 1993,
Stimson 1998). The sampling rate is on the order of microseconds (e.g., 1.6 us); and
the PRT is near a millisecond (e.g., 780 us). Many (M), I-Q samples from the same
range location are processed to generate spectral moments, as shown in Figure 2.3b
and 2.3c: a solid parallelogram surrounds samples contributing to an estimate at one
range location as indicated. Collection of spectral moments from consecutive range
locations makes a radial of processed data. A radial of time-series data is defined as
equally spaced I-Q samples along range. A cut is defined as a scan at a fixed
elevation. Cut consists of many radials. Cut displayed in a polar coordinate system as
a plane position indicator (PPI). Radar on a PPI is located in the center; range rings
represent distance. Azimuth on the PPI is increasing in clockwise direction from
North — top most point on the circle. Distant ranges on the PPI are higher in the
atmosphere then close ranges due to elevation of the radar beam and Earth’s
curvature. Radar data usually include many cuts. Cuts can be scanned with different

or constant settings. When nothing in the radar settings is changed from cut to cut the
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scan is continuous. A volume coverage pattern (VCP) is a collection of cuts designed

to cover a volume for a specific data collection.
2.3. Dual polarization Doppler radar

Dual polarization radar can transmit/receive two linear orthogonally polarized
waves of EM energy. Polarization refers to the orientation of the electric field in the
plane perpendicular to the direction of propagation. One of the linear polarizations is
referred as horizontal (H) and the other, perpendicular to it, as vertical (V). The
backscattered power depends on the backscattering cross section, which in turn
depends on the size, shape, orientation, and dielectric constant of the scatterer
(Achtemeier 1991). If the scatterers are not spherical, the horizontally and vertically
polarized return powers are not the same. The two polarizations enable obtaining
scatterers’ spatial characteristics (irregularity in shape, spatial orientation, and
dimension). The polarimetric variables are related to the integral properties of

contributing scatterers (Zrni¢ and Ryzhkov 1998).

2.4. Moments and Polarimetric Variables

Time-series data are processed to extract desired information: spectral moments
and polarimetric variables that can be later processed by the meteorological or other
application algorithms. Three spectral moments are commonly obtained: (zeroth
moment) mean power is used to estimate the water content of the atmosphere; (first
moment) mean motion shows the radial velocities and direction of the air toward or

away from the radar; and (second moment) velocity dispersion estimates shear and
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turbulence. There are several polarimetric variables, and among those relevant to this
work are: differential reflectivity, differential phase, and copolar correlation
coefficient. Moments can be estimated from two processing domains: time domain or
frequency domain. Time processing domain uses autocorrelation function, is
computationally simple, and is sometimes based on Gaussian model or spectral
symmetry. Frequency domain processing uses power spectral density, is more
computationally intensive, but allows direct estimation of parameters from spectral
coefficients and easier identification of artifacts. Power spectral density, or Doppler
spectrum, can be viewed as histogram that distributes power over the velocities of
scatterers, with a span from negative unambiguous to positive unambiguous velocity.
Consequently, the Doppler spectrum discloses activities ongoing in a resolution
volume if the scatterers backscatter sufficient powers. Traditionally, the Doppler
spectrum is characterized by its spectral moments (the mean reflectivity, the mean
velocity, and the peak width (Russchenberg at al., 1990)). In the case of mixed
scatterers with different power and velocity characteristics, the mean values are not
representative. However, the Doppler spectrum itself is a very perceptive tool.

The frequency domain estimators used in this work are summarized next.
Transformation from the time domain to the frequency domain is accomplished by
Fast Fourier Transformations of the time-series complex voltage V(m)

M 2.3
Z(k)= ﬁ > [w(m)V (m)lexp(— j2mmk / M), (2.3)

m=0
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where £ is spectral coefficient number, Z(k) are spectral coefficients, w(m) is the data
window (Equation 5.1), m = 0,1,...M — 1. Power spectral density (spectrum) is

estimated from magnitude squared Fourier Transform of time-series data

Sty = Z(k) (24)
where k = 0 ,1 ,..., M — 1. The spectral coefficients are rearranged to center the

sequence at a zero frequency component. This creates positive and negative
frequencies, or Doppler velocities, representing direction toward or away from radar.
2.4.1.Signal Power and Reflectivity Estimation
The total received power P is the summation of the magnitude squared of
spectral coefficients. Noise power N can be measured or estimated from spectra and

subtracted to obtain signal power (Section 5)

- - Ml 2.5
S=P-N=Y8(k- 2:3)
The reflectivity factor is related to the signal power by