Computation of Radar Backscatter from Realistic Turbulence

Volumes, |I: Numerical M ethods and Evaluation of Biases

Patricia M. Franke', S. Mahmoud', Kam Wan?, David C. Fritts’ Tom Lund?,

and Joe Werne?,

'Department of Electrical and Computer Engineering, University of Illinois, Urbana, IL
*NorthWest Research Associates, Colorado Research Associates Division

3380 Mitchell Lane, Boulder, CO

Submitted to J. Geophys. Res. Atmospheres
29 January 2010



Abstract

A numerical simulation of secondary instability and turbulence accompanying Kelvin-
Helmbholtz shear instability and a numerical algorithm computing radar backscatter from these
turbulence volumes are employed to examine the validity of routine assumptions employed in
radar studies of atmospheric dynamics that rely on backscatter from refractive index fluctuations.
The numerical simulation of KH instability describes turbulence dynamics and character from
the onset of instability, through fully developed turbulence, to turbulence decay and
restratification at late times. Radar backscatter computations employing the Born approximation
and the turbulence fields at multiple times are performed for representative radar frequencies,
beam widths, and pulse lengths. Vertical velocities obtained from the Doppler spectra are
compared with the true velocities evaluated with the same weighting of the true velocity
distributions. Results reveal departures of simulated radar velocity estimates that depend on how
many scatterers are included in the scattering volume, how their contributions are weighted in
space and time, and the morphology of the turbulence field. Biases include underestimates of
vertical velocities where velocities and refractive index fluctuations are correlated, apparent
velocities due to advection of tilted scatterers, and an inability to define Doppler velocities with
precision where turbulence is strong, but backscatter is weak due to mixing and eradication of
refractive index gradients. A companion paper employs these procedures to describe the
backscatter power and Doppler velocities for two canonical radars throughout the life cycle of
the KH instability. Both studies suggest systematic measurement biases that appear to account

for a number of reported measurements.



1. Introduction

Ground-based radars are important tools for studies of dynamics and thermodynamics
throughout the neutral atmosphere and ionosphere. The moments of the backscatter spectra have
been used to study atmospheric motions on time scales from minutes to days and spanning
phenomena as diverse as mean motions, planetary waves, tides, gravity waves, and small-scale
turbulence. These radars typically transmit frequencies from MF to VHEF, processing the
backscattered signal to infer properties of the atmosphere within the radar beam. The
backscattered signal is a complex superposition of energy scattered from index of refraction
variations over a fairly large region. Many of the algorithms used to extract quantities such as
velocity have traditionally assumed a statistical model that describes the size distribution and
velocity distribution of scattering centers inside the region illuminated by the radar.
Discrepancies and biases have been observed by many researchers that question the validity of
these assumptions. With the advent of more powerful computers, the scattering mechanisms can

now be studied numerically and the causes of measurement biases can be evaluated in detail.

Numerical simulation of realistic volumes of turbulence with resolution near the Bragg
scale of VHF and MF radars is also now possible, allowing radar backscatter to be computed
using the numerically-generated turbulence volumes as the scattering medium, thus simulating a
radar measurement from scattering to signal processing. The scattered signal is ‘received’ by a
virtual radar and processed using conventional techniques to define the Doppler spectrum for the
volume spanned by the radar beam and pulse length which then can be compared to something
that radar users have never had — the true velocity fields. This paper provides a detailed account
of radar backscatter characteristics and biases assessed using a high-resolution numerical
simulation of the evolution of a turbulent layer arising from a Kelvin Helmholtz instability

(KHI). A companion paper by Fritts et al. (2010, hereafter F10) employs this method to examine



the backscatter power and Doppler spectra throughout the life cycle of the KHI.

Our particular focus in this paper is on the measurement of vertical velocities and the
characteristics of the instability and turbulence structures that influence the accuracy and biases
accompanying these measurements. The Doppler spectra are computed for each sampling
volume from time series of the numerical turbulence field spanning ~100 sec. Vertical velocity
estimates are obtained from the 1% moment of the Doppler spectra. This estimation procedure
assumes that the scattering volume (defined by the beam width horizontally and one half of the
pulse length vertically) is filled with homogeneous turbulence at the Bragg scale, and that the
velocity of the scattering centers within this volume all have the same mean velocity with
random perturbations around this mean due to turbulent motions. Based on this assumption, an
estimate of the line-of-sight velocity is computed because the amplitude of the Doppler spectrum
is then a symmetric peaked function whose width is related to the intensity of the turbulent
fluctuations in the scattering volume, the beam width and pulse length, and shear and beam-

broadening effects that are included in some analyses, but which are neglected in this study.

There have been many studies pointing out the shortcomings of the velocity estimation
techniques that rely on these assumptions, pointing out the possible errors in estimation. Errors

in velocity estimation can occur for various reasons:

1. There are variations in the velocity of the turbulent fluid inside the scattering volume -
Kudeki et al. 1993 have shown that, even if the volume is uniformly filled with isotropic
turbulence, but the velocity field contains a spatially varying component, such as a
sinusoidally varying velocity profile, the estimation of velocities from this signal will

contain biases.

2. The distribution of scatters inside the scattering volume is inhomogeneous - Fritts and

Rastogi (1985), Gibson-Wilde et al. (2000), and Muchinski (1996) have all pointed out



that the structure of the index of refraction, in regions where KHI is evolving, contains
layers of strong gradients surrounding regions of rather weak gradients in the index of
refraction. If the radar pulse spans a large enough portion of the KH billow, the signal
will sample the volume non-uniformly, with the signal contribution of the outer edges of
the billow weighted more heavily than the center where the index of refraction gradients
are much smaller. Vertical velocities computed from the radar signal, whose value is
assumed to be an evenly weighted average over the entire volume, will experience biases

towards velocities in the regions of enhanced backscatter.

The distribution of turbulence changes over time - One dramatic example is the
systematic biases towards negative values that have been reported in climatological
velocity estimates using VHF ST and MST radars. (Balsley and Riddle, 1984; Nastrom et
al., 1985; Fritts and Yuan, 1989; Meek and Manson, 1989; Riister and Reid, 1990; Wang
and Fritts, 1990; Fritts et al., 1990; Fukao et al., 1991). One of the contributing causes of
this bias is postulated to be the uneven occurrence of the smaller scales (and refractive
index variations) over time that are correlated. In a long-term average of the vertical
velocity, the contributions from all scales of wave motion from tides to high frequency
gravity waves should sum to zero. But, because turbulence intensities and refractive
index variations generated by instabilities are often negatively correlated (Fritts et al.,
2009a, b), with higher reflectivity preferentially occurring in the downward phase of the

wave (Hoppe and Fritts, 1995a, b), the estimates are biased towards negative values.

TILTED LAYERS exist inside the scattering volume — Muchinski (1996) have suggested
that the outer regions of a KH instability that contain the strongest refractive index
gradients introduce errors in estimates of the velocity not only because they dominate the

backscatter, but the strong layers are tilted with respect to the radar beam that horizontal



motions to contribute to estimates of the vertical velocity.

5. SPECULAR REFLECTIONS - If the layers generated by an instability process have a
spatial coherence on the order of a Fresnel zone the radar signal contains only the
information from the region inside the Fresnel zone - not the entire scattering volume, in
effect, making the beam much smaller. If, in addition, the layer is tilted with respect to
the beam, not only will the beam become narrower, but it will have an effective tilt, and

subject to the biases discussed in 4 above.

Realistic volumes of turbulence for the results shown in this paper were generated using a
Large Eddy Simulation (LES) code. This LES code solves the incompressible, Boussinesq,
nonlinear Navier-Stokes equations generating very high-resolution three-dimensional (3D)
volumes which contain turbulent structures resulting from KHI secondary instability and
breakdown. These volumes can be weighted appropriately to simulate portions of the scattering
volume of a radar beam. The radar backscatter can then be computed using the First Born
approximation to combine the backscattered signal from the perturbations in refractive index
supplied by the fluid simulation, at any time in the KHI evolution. At this point, processing of
the backscattered signal can then simulate any type of radar measurement, and the beauty of a
simulation is that the true values of the derived quantities are known for comparison. In this first
paper, only the estimates of the vertical velocity obtained from computing the first moment of

the Doppler spectra are presented.

Our paper is structured as follows. Section 2 discusses the LES code and the KHI flow evolution
and turbulence fields that enable our radar backscatter assessments. The computation of radar

backscatter and the radar system simulation are described in Section 3. Results are discussed in



Section 4, and Section 5 provides and discussion and the conclusions of our study.

2. Numerical Simulation of KHI

Continuing advances in computational capabilities in recent years have permitted
numerical studies of turbulence generation, structure, and evolution in geophysical flows
achieving ever-increasing complexity and resolution. Indeed, numerical simulations of KHI and
the turbulence layers that arise, which are thought to be the dominant cause of radar backscatter
in the neutral atmosphere, now achieve realistic Reynolds numbers, turbulence spectra and
structures for KH billow wavelengths of ~10 m in the stable boundary layer and ~several km in
the mesosphere. Because of these advances, it is now possible to use the computed velocity and
temperature fields in a numerical simulation of the radar backscatter — at full resolution — using a

Bragg scale representative of VHF and MF radars.

Most high-resolution studies of KHI and turbulence transitions to date have employed
direct numerical simulations (DNS) of the compressible or incompressible Navier-Stokes
equations for a stratified fluid to describe these dynamics (Fritts et al., 1996; Palmer et al., 1996;
Smyth, 1999; Werne and Fritts, 1999a, 2001; Gibson-Wilde et al., 2000; Smyth and Moun, 2000;
Fritts et al., 2003; Werne et al., 2005). Such studies have proven able to describe not only KHI
transitional dynamics, but also have provided quantitative confirmation of various theoretical
relations among turbulence quantities, predicted structure functions departing significantly from
the expectations of homogeneous isotropic turbulence (later confirmed by in Situ measurements),
yielded statistics showing anisotropy extending to the smallest scales within the inertial range,
and demonstrated shortcomings of widely used theoretical relations and assumptions (Werne and

Fritts, 1999b, 2000, 2001; Gibson-Wilde et al., 2000; Werne et al., 2005; Ruggiero et al., 2005).

For our purposes in this paper and in F10, however, we wish to achieve high spatial



resolution and sufficiently energetic small-scale turbulence fluctuations to enable definition of
radar backscatter moments and measurement biases addressing a larger range of atmospheric
observations than is possible with current DNS studies. For this purpose, we employ a LES code
that has been validated by inter-comparisons with our DNS code for the same initial conditions
and a lower Reynolds number (Werne et al., 2005). The LES code employs a dynamic subgrid-
scale model enabling an effective “DNS” description of both the instability dynamics triggering
the transition to turbulence and the larger-scales within the turbulence spectrum that contribute

radar backscatter at the Bragg scales selected for these evaluations (Germano et al., 1991).

To generate the instability used in this study, the LES was initialized with a constant
atmospheric stability with buoyancy frequency N = 2! /Ty, where T, is the buoyancy period, a
velocity profile of the form U(2) = U, tanh (z/h), with U, and h the half velocity difference and
the half depth of the shear layer, a Richardson number Ri = N*h%/U,? = 0.05 implying T, = 28
h/U,, a Reynolds number Re = U, h/" = 10* (~3 times our DNS) and a Prandtl number Pr = " I#
= 1, rather than the atmospheric value of ~0.7 in order to achieve comparable resolution
requirements in the velocity and potential temperature fields. Our chosen value of Re = 10*
corresponds to the true atmospheric value for KH billow wavelengths of ~75 m, 750 m, and 7.5
km at altitudes of 30, 60, and 90 km, respectively. For our purposes here, we choose KH physical
dimensions by specifying h ~150 m, yielding a KH billow wavelength $, = 12.566 h ~ 1880 m
and maximum depth of ~6 h ~ 900 m. Given these parameters, the spatial resolution is set at 2.5
m, allowing a minimum radar Bragg scale of 6 dz = 15 m. The temporal resolution of 1.5 s
between each of 64 output intervals at each of 11 times throughout the KH instability and
turbulence evolution was chosen so that the entire range of vertical velocities would be resolved
well enough to avoid aliasing in the Doppler domain. To stimulate transition from 2D to 3D flow

in the LES code, we seeded the primary KH instability with the most unstable linear asymptotic



eigenfunction in the potential temperature field (this mode was given a non-dimensional
amplitude of 0.01), and smaller-scale instabilities with a "white" 3D noise spectrum having a

non-dimensional noise variance of 10™.

Our LES KHI at Ri = 0.05 and Re= 10* closely follows our previous DNS of these same
dynamics at smaller Re (Werne and Fritts, 1999a, b, 2000, 2001; Fritts et al., 2003; Werne et al.,
2005). This evolution is displayed in Figure 1 with two-dimensional (2D) streamwise and
spanwise cross sections of potential temperature and vorticity magnitude, for easy comparison
with earlier results. These dynamics closely parallel those seen previously as lower Re, with the
primary differences being slightly faster instability dynamics and transition to turbulence.
Secondary instabilities arise initially in the exterior of the KH billow that becomes tightly
wrapped with alternating shear layers and strong and weak static stability. Secondary instabilities
create streamwise aligned vortices causing strong deformations of adjacent vorticity sheets.
Turbulence develops quickly in these regions and penetrates into the billow cores on a time scale
of a buoyancy period or two (Tp, ~ 28 h/U,). It requires an additional few T, for the turbulent
billow cores to spread into a more nearly homogeneous turbulence layer and a further ~10 T, to

exhibit strong decay and restratification.

In this first paper we will be using the t = 84 volume where the transition to turbulence has
occurred in the outer billow, but the initial billow structure is still evident to illustrate the

methodology and to examine the possible sources of error.

3. Numerical Simulation of Radar Measurements
a. Computation of radar backscatter

To compute the backscattered signal we use a technique based on the Born



approximation as a solution of the Helmholtz equation. The index of refraction perturbations are
assumed to respond to the incident field by acting as current sources in the scattering volume
with the backscattered signal being the sum of all of the distributed sources (Tatarski 1961;
Ishimaru 1993) There are only a few assumptions that are made in formulating the algorithm

used, and they will be described in detail below.
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where:
Edr t$ electric field vector
T position vector to origin in scattering volume
T position vector inside scattering volume
t: time
M, permeability of free space
1o perturbations of the permittivity
c: speed of light in the medium

The integral equation given in eq. (1) is simply a restatement of the Helmholtz wave
equation as an integral equation. The First Born approximation is derived from this integral

equation by assuming that the electric field that reaches all points inside the scattering volume is

the unperturbed incident field E. fr't$. The reflected field is then modeled as a point

incident

source whose strength depends on the amount that the permittivity deviates from that of free

space and the strength of the incident field evaluated at that point at a previous time. This



scattered energy reaches the receiver without scattering again. Using these assumptions the
integral equation can be simplified (eq. 2) into the form that was used to generate all of the

results presented in this paper.
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This algorithm includes both Bragg scattering from the smaller scale volume-filling
structures as well as the Fresnel scattering from the larger layered structures, but neglects

multiple scattering effects.

The geometry used is summarized in Figure 1. This figure shows a possible radar
geometry with multiple receivers on the ground looking at a finite scattering volume above. The
definition of + andt' are highlighted for two of the receivers. The quantity t denotes the
distance from the receiver of interest to an origin defined arbitrarily inside the scattering volume,
while t' specifies the location of each point inside the scattering volume with respect to the
specified origin. The contributions to the integral at any point located at t' are from an effective
current source at that point, whose amplitude is related to the deviation of the permittivity from

free space and the incident electric field evaluated at the correct time.

Performing the calculations in the time domain relates the backscatter to a sliding
window Fourier transform where the pulse is half the spatial width of the radar pulse and the
wavelength is half of the wavelength of the transmitted signal (Bragg scale). This methodology
avoids making assumptions about the distribution of the different scales inside the scattering
volume and handles scenarios where the radar pulse spans volumes with very different spatial

distributions (Nickisch and Franke, 2001).



b. Radar system simulation

Typical radar systems using coherent detection, transmitting pulses consisting of many
cycles of the carrier separated by enough time to receive the backscattered signal from the entire
scattering volume. The backscattered signal from the radar’s antenna is feed through a radar
receiver which detects the amplitude and phase relative to the signal transmitted. The resulting
data can be processed to extract information about the scattering volume. For our initial
experiments, the radar system emulated is a simple, vertical beam Doppler radar. Where the real
radar transmits a pulse and waits for a signal to return to the antenna, the virtual radar uses the
Born approximation to compute the signal available at the antenna. Where the real radar
processes the voltage signal at the antenna terminals through a hardware receiver that
demodulates the signal, the virtual radar performs the same functions in software. This section
briefly describes this process — how the virtual radar ‘receives’ the simulated signal and

interprets the data.

- Radar Recelver

A radar receiver in a system with coherent detection compares the backscattered signal to
a copy of the carrier signal and notes the differences — how the amplitude and phase has
changed. To do this the signal is multiplied (using a mixer) by the carrier and a 90° shifted
version of the carrier. The resulting two signals are then lowpass filtered to remove the high
frequency component introduced in the mixer (block diagram in Figure 2), yielding two signals
often called the inphase I(t)=A(t)*cos(! (t)) channel and the quadrature Q(t)=A(t)*sin(! (t))

channel, containing the amplitude and phase of the demodulated signal.



At this point in the processing, the data available consists of a pair of I and Q
signal returns from each pulse. As more and more returns are collected (total of 64 for this

study), the data describes the scattering volume as a function of both height and time.

* Doppler Processing

The derived quantity - the line-of-sight velocity - is computed at each height from the I
and Q signals that have been stored over a time. These signals are used to compute a Discrete
Fourier Transform (DFT) that transforms the time domain signal into the frequency domain

where the frequency can be related to the line-of-sight (or Doppler) velocity.

To estimate the velocity of the average of the scatterers in the volume at any given
height, first, Doppler periodograms are computed by using the I and Q channel data as complex
input to a Discrete Fourier Transform (DFT). The resulting periodograms at each height are
interpreted as velocities by computing the first moment at each height. The first moment is

computed using the algorithm H#Z$=) A #. where A is the Doppler amplitude of the i"

Doppler bin, #, is the Doppler frequency of the i Doppler bin and p#z$ is the estimate of the

first moment of the Doppler amplitude for a particular height and is an estimate of the average

frequency offset of the peaks in the periodogram. The frequency is related to the Doppler

velocity by the relation v, =#/k so the first moment estimate should yield the average line-

bragg
of-sight velocity of all of the scatterers at that height range, which is — in theory — the average
velocity of the fluid (atmosphere) in the scattering volume. This is standard radar processing

based on the work of Doviak and Zernic (1984) In this paper we examine how the possible

sources of error affect this method of velocity estimation.
4. Results

The variations in the index of refraction inside the scattering volume rarely exhibit the



idealized structure - that of homogeneous, isotropic distribution of Bragg scale scatterers
- that is assumed when deriving the correspondence between the 1st moment of the
Doppler spectral amplitude and the average line-of-sight velocity. It is these underlying
assumptions and their effect on the data processing that are being investigated in this

study.

« Summary of Results

To introduce the results and some of the findings, a numerical experiment that simulates
a radar system with operating frequency in the MF/UHF band but with very high spatial
resolution is presented in this section. The virtual radar is used to probe a volume of turbulence
containing a Kelvin-Helmholtz instability at a stage where a clear billow is evident, but still
early enough that the strong gradients on the outside of the billows still exist. The DNS/LES
fluid simulation is used to generate 60 volumes of the temperature and velocity fields of an
evolving billow with a temporal resolution of dt=1.5s and a spatial resolution of dz=2.5m. The 3-
D volumes contain 720 points across the billow (streamwise direction), 120 points in depth
(spanwise direction), and 1440 points in the vertical. At spatial resolution of dz=2.5m, the
billow, which extends vertically over about ~550 grid points, is a little over a kilometer in height.
The instability is assumed to be stationary above the radar, thus eliminating any biases
introduced by mean horizontal motions.

An example of the temperature field (left — the color table colors the lower temperatures
blue through the spectrum to red for the higher values, the black lines act as contours to highlight
the structure) and the perturbations of the vertical velocity (right — red indicates values above

and blue below the average) for one of the times included in the simulation are shown in Figure



3. For plotting purposes, the 3-D volume is collapsed to 2-D by averaging along the spanwise
direction. The temperature perturbations show a KH instability in an earlier stage of evolution
where the overturning billow is still visible, but the cascade to turbulence has clearly begun.
Perturbations of the temperature are converted to the perturbations from free space of the
permittivity which are used to compute the radar backscatter.

The Bragg scale of the virtual radar for this initial experiment is set to be ",=6dz (15m),
which is the highest frequency that can be well resolved by the numerical algorithm that uses the
Born approximation to compute the backscatter. The resolution is constrained by the smallest
spatial increment provided by the fluid simulations and the need to have the Bragg scale span at

least 6 spatial increments, thus confining the simulation to frequencies of

f=— © _ |OMhz or less.
$=#12* 2.5m$

The length of the transmitted pulse is set at 6 wave periods which makes the pulse length
#=.1us setting the vertical extent of the scattering volume to be 150m. The horizontal extent is
set by our choice of beamwidth which is the entire width of the data volume in the spanwise
direction (600m), and (1/30)™ (for this high resolution case) of the width in the streamwise
dimension (60m). These parameters where not chosen to resemble a real radar system but to
sample the volume as a radar would except with fairly high vertical resolution. In this way,
when the scattering volume is probed by a radar with a more realistic set of parameters, the
contributions to the estimates can be understood by combining the effects shown in this example
over many beams and/or range gates.

The results are summarized in Figure 4 where the height profiles of the vertical velocity
estimates (black) for each of the 30 beams are superimposed on a density plot of the

backscattered power. Also included are height profiles of the vertical velocity from the fluid



simulation (green) averaged over the same volume as each of the 30 beams with the yellow

showing the maximum and minimum velocities included in the average.

In this simple example are all of the errors that we have found in the estimates which are

listed here in no particular order.

1.

LOW SNR: When the Signal-to-Noise Ratio (SNR) is low the estimation procedure of

using the first moment of the Doppler amplitude spectra biases the values toward zero

(SMALLER).

VOLUME AVERAGING: Because the radar must construct its signal from a large

volume in space and time, averaging effects that combine signals with different

amplitude weightings.

a

Temporal Velocity Variability: The radar Doppler spectra emphasis the part of the
real velocity distribution that is most constant through the interval. This biases
the estimates toward smaller values when the velocity is more variable.
(SMALLER)

Spatial Variability of Backscattered Power: The radar velocity estimates comprise
the velocities of the entire scattering volume weighted by the backscattered power
which in some cases is highly inhomogeneous. In these types of instabilities,
intense gradients of index of refraction exist at the very top and bottom of the
instability.  In these layers the velocities are usually much smaller than the
velocities at the center of the billow so the estimates are again biases toward
smaller values. (SMALLER and LARGER).

Temporal Variability of Backscattered Power: In addition to a backscattered
power profile that is spatially inhomogeneous, the scattering centers tend to be
short-lived as well, showing up for only a short period of time. If this is the case,

the velocity estimates based on only a few of these scatterers misestimates the



velocity because the shape of the spectral peaks biases the estimate to lower
values. Radar estimation techniques rely on the hope that there are many of these
short-lived scatterers contributing to the estimate and our results find that
assumption to be true (SMALLER).

3. TILTED LAYERS: If the scattering occurs at the edges of a strong layer and the layer is
tilted with respect to the radar beam, and the beam width is narrower than the horizontal
extent of the layer, the horizontal motion of the layer can be interpreted by the radar as
vertical motion. Because of the nature of these billows and the relationship between the
tilt of the layer and the actual velocity, all of the errors bias the velocity estimates to
smaller values (SMALLER).

3. APPARENT MOTION: Sometimes there appear peaks in the Doppler spectra that are
clearly unphysical. They occur outside of the range of motions present in the actual data.
Unless the SNR is low, these apparent motions do not contribute much error.

The velocity estimates seem to reflect the average fluid velocity accurately when the
returned power is high — around the edge of the billow, and when the fluid velocity is relatively
constant with height and not variable — at the very edges of the domain. The errors in regions
where the estimates exhibit significant departures from the actual velocity fall into the three
categories enumerated above. Regions where the errors are introduced because the SNR is very
low are outside of the billow where there are very small variations in index of refraction. Here
the velocity estimates are smaller than the real, average velocity because the estimation
technique returns low values when the spectrum is very wide and symmetric. A tilted layer
contaminates the estimates in the upper height region of beams 6-11. Looking at the
corresponding region in Figure 4, a layer with enhanced backscatter is evident which is tilted 45°
off horizontal. Since the upper part of the billow has a bulk horizontal motion to the left the tilted

layer in the narrow beam appears to have an apparent downward velocity, biasing the true



average to smaller values. The other source of error is evident in the beams at the middle part of
the billow and is introduced somewhat artificially because the beam width is so narrow. In this
case the volume effects are introduced because there are too few scatterers, rather than too many.

By changing the parameters of beam width, pulse length, and operating frequency we
will investigate how the agreement changes when the scattering volume varies (through the

parameters of beam width and pulse length) and different scales of the instability are highlighted.

* Experiments using different radar parameters

Scattering Volume Size

The radar signal at a given height contains backscattered returns from a volume of data
defined by the size of the beam and the width of the incident pulse. A time history of these
contributions can be transformed into the Doppler domain. By including more scatterers in the
estimate it is expected that some of the errors are reduced thereby improving the estimation
process. But there are other sources of errors introduced, as well as a loss of both temporal and
spatial resolution. It is the new source of errors that we will investigate by increasing both the

beam width and pulse length separately.
-- Dependence of results on beam size

To quantify the effect of beam size, the results of three experiments are presented probing
successively larger scattering volumes with a small Bragg scale and short pulse width. The
Bragg scale - ",=6dz and the pulse width #=.1us is the same for three experiments and was
chosen to be small so that the scattering volume could be sampled at high resolution. The
smaller Bragg scale and pulse allows the virtual radar to probe the scattering volume with much
finer vertical resolution, narrowing the height range over which a dominant scatter can influence

the signal so that other potential sources of biases can be studied. The scattering volume of the



experiments include 1) 30 beams across the streamwise width (24dz), ii) 10 beams (72dz), and

ii1) 3 beams (240dz) The entire spanwise dimension was included in each beam.

Comparing the results of all three experiments, Figure 5 shows how the agreement
between the radar velocity estimates improves when compared to the average computed from the
fluid simulation velocity data as the scattering volume is increased by including more volume in
the horizontal direction. In the center plot where the entire data volume is split into 10 beams
the closeness of the agreement still follows the trend that good estimates occur mostly where
there is strong backscatter and where the velocity does not vary much during the interval
spanned by the 60 pulses. The agreement has improved somewhat (as compared to the hishg
resolution case with 30 beams) as more scatterers are included in the estimate because the time
series is more consistent over the entire time interval so the Doppler processing can obtain better
estimates, though the middle beams (2-3-4 and 7-8-9) still suffer from trying to form a good
estimate with a signal containing few scatterers. A more realistic case, where the volume is split
into only 3 beams (bottom plot in Figure 5) shows how the estimation procedure responds to
including more contributions from more scatterers into the signal. The two outside beams still
show differences between the estimated profiles and the fluid velocity profiles. The biases come
from the same source — some of the velocity components that make up the real velocity estimate
actually occur during the interval for a very short time — an Eulerian vs. Lagrangian problem. So
the Doppler spectra reconstructed by the radar tends to emphasize the values of the real velocity
that are the most stable, cutting out the noses of the jet-like features because that is where the
most variability occurs. The agreement in the middle of the center beam is ragged because the
SNR is low and there are no really stable velocities so whatever velocity components are

highlighted by the backscatter dominate the estimates.

Because we are using the first moment of the Doppler amplitude as an estimate of the



line-of-sight velocity we expect that an accurate reconstruction of the real Doppler spectrum will
lead to an accurate estimate of the velocity. But the comparisons from Figure 4 and 5 show that
the Doppler spectrum must not be perfectly recreated, so lets see how well the radar actually
does build the actual spectral content of the velocity distribution. Figure 6 shows the computed
Doppler spectra from the radar for each of the experiments with the actual Doppler distribution.
The bottom set of three density plots are the distribution of vertical velocities in the actual fluid.
Each plot represents the velocity distribution at each height for 1/3 of the volume for all 60 times
— the same volume included in the radar scattering volumes for the 3 beam experiment. The next
set of three plots are the corresponding Doppler spectra as computed by the virtual radar from
each of the 3 beams. Comparing the real distribution and the estimated distributions we find that
the radar is very good at recreating the part of the real vertical velocity that is most persistent.
And if we combine the data from the 10 beam and 30 beam experiments into the same beams we
see that this is true for all of the experiments. The additional problem that the artificial
geometries with narrow beams encounter is that there may not be enough scatterers at any

particular velocity to give a good estimate.

-- Dependence of results on pulse width

To quantify the effect of a longer pulse (and therefore degraded height resolution) on the
vertical velocity estimates two experiments were performed probing the volume of turbulence
using the same radar parameters as in previous sections, a fairly small beam size — 10 beams
across the billow — and two pulse lengths — a short pulse of 6 periods (90m resolution) and a
longer pulse of 40 periods (600m resolution). In the first case the billow is about 15 pulse

lengths in height, while in the second case the billow is not quite 2 pulse lengths in height.

As the pulse width increases the scattering volume increases in the vertical so errors are

introduced because the amplitude of the scatterers are not uniform in height. Especially at the



edges of the instability where the index of refraction gradients are strong — where the radar
backscatter is correspondingly strong — the velocity estimates are dominated throughout a fairly
large height range by the velocities in these strong layers. This effect can be seen by comparing
the lower plot where the pulse length is 240 height indices to the upper plot performed with a
fairly short pulse length. It is evident that above and below the layer where the scattering is
strong (as shown in the power density plot) the velocity is either larger — just outside the layers
where the velocities tended to zero in experiments with better height resolution) or smaller just

inside the layers.

Another error introduced by the increased volume is that the velocity estimates are now
essentially a sliding window average using a fairly large window. The effect of the averaging on
a feature that has a jet-like profile is to underestimate the bottom of the jet. This can be seen in
beams 4-7 most dramatically where the bottom is biases to smaller values so that it looks like the

maximum of the jet occurs at a higher height.

Operating frequency

So far the experiments presented probe the scattering volume with a signal whose Bragg
scale is the smallest that the numerical algorithm used to compute the backscatter will support.
Because, the scattering process can be thought of as taking a sliding window Fourier Transform
along the vertical extent of the scattering volume, it might be expected that as the Bragg scale
changes the distribution of scatterers and possible their average dynamics might change as well.
An experiment where the Bragg scale was increased to ",=20dz (50m), 30dz (75m), and 60dz

(150m) has been performed using all of the same parameters as in the previous experiments.

Because the Bragg scale of the radiation probing the volume of turbulence is larger for
the other 3 experiments it is not surprising to find that the radar becomes insensitive to the fluid

in the center of the billow. This is where much of the smaller scale turbulence is at this stage in



the evolution of the dynamical instability so a longer Bragg scale will backscatter little power

from this region.

Another consequence of increasing the Bragg scale is that the backscatter comes
predominantly from the layers themselves, not the turbulence, hence the velocity estimates will
be really sensitive to the orientation of the layers that caused the scattering. It is evident in the
upper part of the billow on the left side for the case where the frequency is 1 Mhz (Bragg scale is
150m) that the velocity estimates are being biases toward smaller values as expected since the

top portion of the billow has an average horizontal motion to the left.

5. Discussion and Conclusions

Radars probing the atmosphere relies on index of refraction variations to return some of
the transmitted signal to a receiver. The partial reflection received is processed to extract
information about the scattering environment — mostly the velocity. The nature of the scattering
mechanism involved is very complex because these index of refraction variations are generated
by some sort of instability. Therefore it is important to really understand the scattering process
and how the dynamics of the fluid in the scattering volume maps onto the radar signal. The
beauty of a simulation is that the results obtained from the inverse problem of estimating
velocities from a backscattered signal can be compared to the original velocity field, but the
drawback of trying to make the scattering volumes contain realistic turbulence is that it contains

all of the complexity of a real experiment.

We have found through our investigations so far that there are several sources of error
introduced through the most common Doppler velocity estimation procedure. These errors were
enumerated and discussed in the sections above. In general we found that if the SNR was good

the estimates tended to be better. If the velocity profile of the fluid was consistent throughout the



time interval and height range the estimates tended to be better. Errors are introduced because of
the nature of probing a volume with radiation since the radar must combine returns from many
positions and from many times leading to averaging errors. As the operating frequency of the
radiation is decreased many of these problems get worse because of the constraints on the radar
system introduced by the dependence of parameters like beam width and pulse length on the
frequency. The scattering characteristics also change because the radar becomes insensitive to

the smaller scales of turbulence.

Since the radar data is mined for many different reasons some of these errors may or may
not be important. The velocities that we have discussed in this paper are all directly related to
the motions in the instability. But there are other scales of motions that are also of interest to the
upper atmosphere community — the motions for which the turbulence is a tracer. So in the radar
signal is a myriad of information about many scales of motions. How these translate from the
radar signal to the velocity estimates through the mechanism of advecting turbulent features is
the stuff of future papers — especially eagerly awaited is how the dynamics from many different

scales of gravity waves map onto a radar signal.

Also needed is an assessment of how to really compare the real data provided by the fluid
simulation to the radar estimated values of velocity. It is clear from these studies that the radar
and perhaps most sensing systems will only be sensitive to the values that occur most frequently.

With these studies expected biases could be computed perhaps.
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