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RADAR REMOTE SENSING OF SCALAR AND VELOCITY MICROTURBULENCE
IN THE CONVECTIVE BOUNDARY LAYER

Allen B. White
Cooperative Institute for Research in Environmental Sciences
University of Colorado/NOAA Environmental Technology Laboratory
Boulder, Colorado

ABSTRACT. This memorandum describes a comparison of scalar and velocity
microturbulence measurements in the convective planetary boundary layer
obtained from a sonic anemometer and an infrared hygrometer mounted on a
tower and from a Doppler radar/wind profiler located approximately 200 m
from the tower. The signal-to-noise ratios taken from the Doppler velocity
spectra measured by the radar are compared to values of the refractive-index
structure function parameter, C,2, deduced from the temperature and humidity
fluctuations measured on the tower. This comparison is used to derive an in
situ calibration of radar reflectivity. The C,2 measurements from the radar and
tower are well correlated (r = 0.83). The relative uncertainty in the reflectivity
calibration based on the scatter observed in the C,2 comparison is +14%. An
experimental and theoretical analysis of the time-and-space filters that are
applied to radar measurements of the vertical-velocity variance spectrum is
given. An established technique for using radar spectral width to estimate the
velocity structure function parameter, CH2, is modified to account for the radar
time filter. The resulting radar Ci2 measurements are moderately correlated
with the tower measurements (r = 0.73). The scatter is mainly attributable to
the sampling uncertainty associated with using a 15-min time average.
Sensitivity studies were conducted by varying the Doppler signal processing
parameters to determine if the radar equations behave properly when the
processing parameters are changed. The radar C,2 equation used in this
analysis correctly accounts for a change in the number of coherent integrations.
The standard radar C,2 equation does not account for the increased spectral
width sensitivity that is observed when the spectral resolution is increased.
These studies also show that an increase in spectral resolution and a decrease
in dwell time can improve the sensitivity and accuracy of turbulence variables
derived from the radial velocity and spectral width measured by the radar. A
factor-of-four increase in spectral resolution results in a factor-of-four increase
in spectral width resolution and reduces the mean vertical-velocity bias that
occurs partly because of insufficient resolution in the Doppler velocity

spectrum.



1. INTRODUCTION

During the past two decades, radar remote sensing has played an increasingly
important role in atmospheric research. Today, nearly every major field program deploys at
least one type of profiling radar. Most of the radars used for atmospheric research operate in
the 10 MHz to 100 GHz frequency range. Other distinguishing radar characteristics include
size, hardware design, research applications, and cost. Table 1.1 lists three of the radars
operated by the National Oceanic and Atmospheric Administration (NOAA). The NOAA
915-MHz boundary-layer radar/wind profiler (NBL radar) is the focus of this memorandum.
The portability and relatively low cost of building and operating this particular radar make it
ideal for field research. In addition, the NBL radar is now commercially available through a
cooperative agreement between NOAA and Radian Corporation.

Table 1.1
Radar characteristics and operating parameters.

NOAA Wind Profiler NOAA 915-MHz
Demonstration Network 404-  boundary-layer

NOAA 50-MHz
radar/wind profiler

Installation site
Wavelength (cm)

Antenna type

Antenna diameter (m)
Beamwidth (deg.)
Pulse width (ps)

Transmitted peak
signal power (kW)

Measurements

Resolutions:
Time (s)

Vertical (m)

Estimated replacement
cost (thousands)

Christmas lIsland, Kiribati

600 (VHF)

flat rectangular
coaxial-collinear
phased array

100
2.1
6.7
30

Doppler velocity
radar reflectivity
spectral width

420

1000
1000

MHz radar/wind profiler
Platteville, CO
74.3 (UHF)

flat rectangular
coaxial-collinear
phased array

13.0
4.0
1.0-3.0
12

Doppler velocity
radar reflectivity
spectral width

360

250
600

radar/wind profiler
mobile
32.8 (UHF)

flat rectangular
microstrip-patch
phased array

2.0
12.0
04-1.4
0.5

Doppler velocity
radar reflectivity
spectral width

180 (winds)
15 (turbulence)

60-210
150



1.1 Motivation and Objectives

The NBL radar was designed by NOAA Aeronomy Laboratory engineers (Ecklund et
al., 1988) with the primary objective of obtaining mean wind profiles in the lower
troposphere. While quite useful, the mean winds are only part of the information required for
many boundary-layer applications. Therefore, in this memorandum | investigate the NBL
radar’s potential for measuring turbulence statistics in the planetary boundary layer (PBL).
Given the problems associated with radar measurements of turbulence (see Section 1.2.4), |
concentrate on the convective PBL, which is the most well understood case (Wyngaard,
1992).

While many of the previous studies that used wind-profiling radars to measure
turbulence variables have shown encouraging results (see Section 1.2.3), most have lacked to
some extent one, two, or all three of the following key ingredients: a) an independent
observational data base to evaluate the validity of the techniques employed, b) a careful
examination of the accuracy of the basic radar measurements used in the analyses, and c) a
statement of what is required to apply the empirical or fundamental radar equations used to
generate the turbulence variables to general field use. The overall goal of this research, then,
is to address these areas with particular attention to the radar measurement of the refractive
index and velocity structure function parameters. | perform the following tasks to accomplish
this goal:

1) Develop a robust radar reflectivity calibration, i.e., one that can be used
when changes are made to signal processing parameters and/or components.

2) Quantify the effects of the filtering applied by the radar’s spatial and
temporal averaging on measurements of the vertical velocity variance

spectrum.

3) Evaluate the use of radars to measure the velocity structure function
parameter.

4) Test the universality of the relationships used to derive turbulence statistics
from wind-profiler data.

5) Investigate ways in which the radar signal processing can be improved to
increase performance for measuring turbulence variables.

For the first three tasks | compare radar measurements with in situ measurements from
the 300-m tower at the Boulder Atmospheric Observatory (BAO). | conducted the field
experiment for this portion of the research in June-July 1993. The radar and tower were
separated horizontally by roughly 200 m. This separation was necessary to avoid interference
by the tower and its guy wires on the backscatter returns from the radar. Therefore, even



under conditions where horizontal homogeneity is strictly satisfied, there may be differences
in individual pairs of measurements from the radar and tower that illustrate the difficulty of
obtaining an independent observational data base to compare with the radar. For the final two
tasks | conducted an operating parameter sensitivity study with the NBL radar during a two-

week period in June 1995.

1.2 Radar Applications

1.2.1 Wind profiling

The wind profiling capability of the NBL radar and its larger predecessors has been
well established (Balsley and Gage, 1982; Weber et al., 1990; Martner et al., 1993) and has
resulted in the deployment of an operational wind-profiler network (Chadwick, 1986). The
portable NBL radars have been used in high-resolution research arrays such as those deployed
during a three-year observational study of atmospheric transport in the valleys of California

(Neff et al., 1994).

Even before most wind-profiler networks were available, Kuo et al. (1987) showed
that the skill of a short-range numerical model forecast was improved when the model was
initialized with data from a simulated wind-profiler network. More recently, complex four-
dimensional data assimilation schemes have been developed to take full advantage of the
continuous nature of the data provided by wind profilers and other observing networks (e.g.,
Stauffer and Seaman, 1994).

1.2.2 Precipitation

Because of its operating frequency, the NBL radar fits into the category commonly
referred to as “clear-air" radars. The term clear-air is used to describe radars that receive
backscatter from refractive-index fluctuations and thus do not require clouds or precipitation
to receive a signal. This terminology can be misleading since clear-air radars are also
sensitive in varying degrees to hydrometeors, biological targets such as insects and birds,
man-made obstacles including buildings and aircraft, and other radio-frequency transmissions.
These interfering signals have on occasion plagued meteorologists interested in measuring the
winds (Wilczak et al., 1995). On the other hand, others have exploited this information and
have ultimately extended the capabilities of wind-profiling radars beyond their originally
intended use.

Consider, for example, precipitation. During precipitation, the radar returns are
dominated, if not saturated, by backscatter from a dense population of large particles, treated
ideally as Rayleigh scatterers. In this case, the Doppler velocity spectrum results from a
combination of clear-air velocities (Bragg scattering) and precipitation velocities (Rayleigh
scattering). The spectral peaks associated with each scattering mechanism may be visible in



the spectrum (Wakasugi et al., 1986, 1987; Forbes and Carroll, 1987). If separable, the
precipitation scattering portion of the spectrum can be used to diagnose the magnitude and
distribution of the particle fall velocities (Ralph, 1995). On the other hand, when the droplets
are very small, their motions are dominated by turbulent fluctuations in the cloud rather than
by their own fall velocities. In this case, the clear-air and cloud-droplet portions of the
spectrum often overlap. Gossard and Strauch (1989) and Gossard (1994) developed
techniques that employ spectral deconvolution to extract distribution parameters from both the
precipitation and cloud-droplet portions of the spectrum.

1.2.3 Turbulence

Part of the desire to measure turbulence statistics with wind-profiling radars has come
from the need to test the schemes used to parameterize turbulence in numerical models. For
example, air pollution or dispersion models may require such information as the velocity
variances, momentum and scalar fluxes, and convective mixed-layer depth. The structure
function parameters, C2, where x could be velocity (u, v, or w), temperature (7), humidity (Q)
or refractive index («), are also useful turbulence statistics for describing boundary-layer
structure. In addition, the appropriate structure function parameters are related to the
turbulent kinetic energy (TKE) and scalar dissipation rates, denoted by £ and %, respectively
(Corrsin, 1951). All of the these turbulence variables have been measured, with varying
degrees of success, using wind-profiling radars. Examples of this research follow in the next

several paragraphs.

Many studies have illustrated the detail that radars provide of the refractive-index
turbulence structure of the atmosphere. A summary appears in Gossard et al. (1995). In
addition, the measurement of C2 from radar backscatter is described formally in many
standard texts (e.g., Battan, 1973; Gossard and Strauch, 1983; Doviak and Zmic, 1984). In
order to obtain quantitatively accurate results, the radar must be calibrated. The calibration
depends on assumptions about the transmitted beam and on properties of the radar hardware,
including antenna efficiency and receiver bandwidth.

Because radars measure the three wind components (u, v, and w) via the Doppler
technique, it is possible to take time series of these components and calculate the velocity
variances, covariances, and even higher-order moments. However, the finite pulse volume
imposes a low-pass filter on the spatial structure of turbulence measured by the radar. The
velocity fluctuations are also averaged over a finite averaging time (typically ranging from 15
s to 75 s for the NBL radar) known as the dwell time, which imposes additional low-pass
filtering on the fluctuations. Thus, the velocity time series measured by a wind-profiling
radar contains only the variance corresponding to the low frequencies. The high-frequency
structure is recoverable because lines in the Doppler velocity spectrum are broadened by the
unresolved frequencies. White and Fairall (1991) found it necessary to account for spectral
width in their variance calculations in order to produce the expected shape of the &2 profile
in the convective boundary layer (CBL). If the unresolved frequencies lie in the inertial



subrange, then the spectral broadening can also be used to estimate 8 or Ci (e.g., Frisch and
Clifford, 1974).

A comparison of different in situ and remote-sensing techniques for detecting the
depth of the CBL was given by Kaimal et al. (1982). The remote sensors used in their study
consisted of two radars (X-band and FM-CW), a sodar, and a lidar. They demonstrated the
capability of these systems to detect boundary-layer depth within £10%. White (1993) and
Angevine et al. (1994) have demonstrated a similar capability for the NBL radar. The
technique is based simply on finding the height of the peak associated with the inversion
capping the mixed layer in successive signal-to-noise ratio (SNR), or C,2, profiles. Both of
these studies compared the mixing depths deduced by the NBL radar with the inversion
heights detected by rawinsondes and found the error associated with the radar measurement to
be comparable to the vertical resolution of the radar. The depth of the CBL is a critical
parameter for air pollution or dispersion modelling but is difficult to parameterize accurately.
For example, during the 1990 San Joaquin Air Quality Study, the afternoon mixing depths
predicted by the boundary-layer parameterization in The Pennsylvania State
University/National Center for Atmospheric Research mesoscale model were consistently
larger, by as much as a factor of two, than the inversion heights determined from a special set
of rawinsonde launches (Seaman, 1992). Real-time detection of CBL depth, therefore, is an
important potential application for ground-based remote sensors, including the NBL radar.

An important physical process related to boundary-layer growth is entrainment.
Entrainment is difficult both to measure and to parameterize in models. The entrainment
velocity is defined as the difference between the total time rate of change of the boundary-
layer depth and the average vertical velocity at the top of the boundary layer. Recently,
Angevine et al. (1996) attempted to measure the entrainment velocity with a triangle of NBL
radars. They computed the horizontal wind divergence from the hourly averaged winds
measured at the comers of the triangle (see Eq. 4 in Davies-Jones, 1993). Then they
calculated the vertical velocity at the top of the boundary layer by integrating the horizontal
wind divergence from the surface to the top of the boundary layer. They examined time-
height cross sections of radar reflectivity to determine the evolution of boundary-layer height,
but they neglected the advection term in the total derivative. Angevine et al. (1996)
calculated reasonable rates of entrainment and detrainment for the CBL using this technique.
The average over 26 days indicated an entrainment rate of 0.03 m s'L

Another way to estimate the entrainment rate explored by White et al. (1991) is to use
radar measurements of structure function parameters near the top of the boundary layer in
conjunction with an appropriate interfacial-layer model (e.g., Wyngaard and Lemone, 1980).
This technique requires knowledge of the jumps in temperature and humidity occurring over
the interfacial layer and the lapse rate of temperature above the inversion. However, Gossard
et al. (1995) demonstrated how wind-profiling radars equipped with the radio acoustic
sounding system (RASS) for measuring temperature can be used to measure temperature and

humidity gradients aloft.



Angevine et al. (1993a,b) examined the possibility of using a profiler equipped with
RASS to measure profiles of virtual temperature flux and momentum flux. The virtual
temperature flux was calculated by the method of Peters et al. (1985), which does not include
correlating virtual temperature with vertical velocity at zero lag, because measurement errors
in the vertical velocity are directly correlated with errors in the temperatures retrieved from
RASS. The momentum flux was computed by the variance differencing technique of Vincent
and Reid (1983). The radar heat flux estimates agreed more favorably with coincident
aircraft measurements than the momentum flux estimates. For the latter, Angevine (1993b)
concluded that additional research was needed to establish whether the radar technique is
feasible.

More testing needs to be done before many of these radar measurement techniques can
be used for operational or research purposes. If proven viable, these methods could be used
to create data bases of remotely-sensed turbulence variables. The data bases could, in turn,
be used to evaluate the performance of the boundary- layer parameterizations contained in
mesoscale numerical models (e.g., Burk and Thompson, 1989) and the turbulence structure
inferred from large-eddy simulation (LES) (e.g., Peltier and Wyngaard, 1995).

1.2.4 Problems

There are several problems associated with using the measurements provided by wind-
profiling radars to calculate turbulence variables. Some of these are specific to the NBL
radar and others pertain to radars in general. The ultimate solutions to some of the problems
can only be accomplished through changes in the radar hardware or signal processing
algorithms. But even with the current technology, some improvements can be made by
altering the signal processing parameters, which traditionally have been configured to
maximize the radar’s performance for mean wind profiling rather than for turbulence
applications.

The most significant problem is the minimum pulse volume that can be achieved by
the NBL radar. In order to minimize the size and cost of the instmment while enhancing its
portability, the NBL radar was designed with a relatively small radar antenna (4 m2). As a
result, the beamwidth of the NBL radar is large compared to the beamwidths of other radars
that use larger antennas. The larger beamwidth increases the range of velocity scales that are
smaller than the pulse volume and, therefore, these scales are unresolved by the radar velocity
measurement. As stated earlier, the unresolved scales can, in principle, be recovered, because
they contribute to broadening of the Doppler velocity spectrum. However, because additional
factors other than turbulence contribute to the broadening (which make it difficult to estimate
the turbulence contribution), it is desirable to resolve as much of the velocity variance as
possible with the radar velocity measurement.

Another problem associated with large pulse volumes is the increased susceptibility to
contamination of the clear-air return by distributed particle scatterers. For example, the



diumally averaged time series of vertical velocity measured by the NBL radar during the
warm season indicated average downward velocities ranging from 0.2-0.4 m s'l in the middle
of the CBL. This behavior was observed at a rural site in Alabama (White and Fairall, 1991)
and at an agricultural site in Illinois (Angevine, 1996). In a separate study, a comparison of
the radar reflectivity measured by the NBL radar and a 10.6-cm radar indicated that the NBL
radar detects Rayleigh scatterers in the CBL (Ecklund et al., 1995). It is conceivable, then,
that instead of sensing clear-air motions exclusively, the NBL radar was measuring a
combination of the atmospheric vertical velocity and the settling velocity of insects.
Contamination of the refractive-index turbulence interpretation of the backscatter measured by
the NBL radar can also come from clouds, although for clouds in the boundary layer, the
clear-air contribution often dominates (see White et al., 1996).

The form of non-atmospheric radar backscatter referred to as ground clutter also
interferes with clear-air measurements. Ground clutter occurs primarily in the side lobes of
the NBL radar, but its characteristics vary with time and with the location of the radar.
Therefore, it is often difficult to distinguish a ground-clutter signal from a clear-air signal in
the Doppler velocity spectrum, especially when the two signals overlap. To help prevent the
radar signal processing program from selecting a ground-clutter peak to calculate the Doppler
spectral moments, the program removes or substantially reduces the spectral energy from the
zero velocity spectral bin. As argued in Chapter 6, this procedure introduces a bias in the
vertical velocity statistics produced from the radar time series.

Additional features of the Doppler signal processing create obstacles for measuring
turbulence. For instance, the peak picking algorithm (see Section 4.3.1) simply chooses the
largest spectral density in the spectrum without any consideration for whether the chosen peak
is likely to have resulted from atmospheric backscatter. The radial velocity, SNR, and
spectral width, collectively referred to as spectral moments, are all calculated from the signal
part of the spectrum associated with this peak. To produce mean winds, a consensus
algorithm is applied to filter outliers. On the other hand, the unaveraged time series of the
three spectral moments must be inspected together carefully to remove outliers. For example,
one set of moments might contain reasonable values of SNR and spectral width and an
obvious velocity outlier. Instead of throwing out suspect data, the ambitious user has the
option of recalculating a new set of spectral moments based on a different spectral peak as
long as the full Doppler velocity spectra are recorded.

Spectral averaging is usually applied before the spectral moments are calculated. This
process increases the detectability of the signal and ultimately improves the height coverage
of the mean wind profiles produced by the consensus algorithm. However, this process also
increases the dwell time by a factor equal to the number of spectra that are averaged, which
again increases the low-pass filtering of the turbulence. The number of spectral averages is
an external parameter that the user specifies.



1.3 Organization of the Memorandum

Following the introduction, three chapters are devoted to background material
describing the structure of atmospheric turbulence and the NBL radar. Chapter 2 discusses
the classic statistical theory governing atmospheric spectra and structure function parameters.

Chapter 3 summarizes the behavior of structure function parameter profiles and
dissipation rate profiles in the CBL.

Chapter 4 describes the NBL radar and includes a detailed account of the signal
processing that is applied to the raw backscatter signals in order to produce the Doppler
velocity spectrum. 1 also give a derivation of the radar equation used to calculate C,2 from
radar SNR in Chapter 4.

Chapters 5 and 6 contain the results of the analysis. Chapter 5 gives the results of the
1993 BAO tower experiment. | compare radar reflectivity with tower measurements of C,2 to
calibrate the radar. | investigate the space-time filtering imposed by the radar sampling on
the measured spectrum of vertical velocity. | also use the radar filter functions to calculate
the beam-volume and dwell-time contributions to radar spectral width. After removing the
undesired contributions to spectral broadening, | use the remaining spectral width to estimate
Cj. | compare the radar velocity turbulence measurements with the corresponding

measurements made on the BAO tower.

Chapter 6 reports on the radar operating parameter sensitivity study conducted in June

1995. The primary purpose of this study is to test the universality of the radar equations used
to calculate C,2 and Cj and to see, in general, how the radar spectral moments are affected by

changes in the radar operating parameters. The results of this analysis also suggest how the
radar could be operated to increase its performance for turbulence applications.

Chapter 7 summarizes the main findings of this research.

The Appendix contains an error analysis of the results presented in Chapter 5.

2. STATISTICAL PROPERTIES OF TURBULENCE

2.1 Random Processes

A time series of vertical velocity measured with a sonic anemometer at the Boulder
Atmospheric Observatory (BAO) is shown in Fig. 2.1. The measured variable undergoes
irregular oscillations which vary in amplitude and frequency and are superimposed in an
apparently random manner. This time series, then, serves as an example of a realization of a
random process. Because fluctuating quantities such as the example given in Fig. 2.1 are



stochastic in nature, statistical methods are used to describe their structure. 1 use the real
random function F(t) to describe briefly those methods that are pertinent to this work. A
more complete description of the methods and of the underlying theory is given by Lumley

and Panofsky (1964).
The most widely used statistic is the mean value F(t). The fluctuations fit) of the
function F(t) are given by the standard Reynolds decomposition,
f(t) = F(t)-F(t). n
In theory, the overbar in (2.1) denotes an ensemble average; an average over many

independent realizations of the function F(t). However, in this and many other practical
applications, the ensemble average is replaced by a finite time average. The validity of this

Time (S)

Figure 2.1. A time series of fluctuating vertical velocity in the CBL sampled at a rate of 10
Hz with a sonic anemometer on 15 July 1995 beginning at 16:47:05 GMT. The anemometer
was mounted on a 3-m boom which was attached to the 250-m level of the BAO tower

located in Erie, Colorado.
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substitution depends on whether the random process considered is ergodic. But as Panofsky
and Dutton (1984) show, it is not possible to ensure ergodicity from the limited number of
realizations that correspond to a particular set of turbulence measurements. Furthermore,
strict ergodicity requires the process to be stationary, which, in the atmosphere, requires us to
use short averaging times. For example, Kaimal and Finnigan (1994), among others, suggest
that to avoid the nonstationarity associated with diurnal changes in the atmosphere, averaging
times should not exceed one hour. But the use of a finite time average results in sampling
uncertainty, which would occur even if strict ergodicity existed. Thus, the issue of ergodicity
becomes less critical than the issue of stationarity.

Another important characteristic of a random process is its autocorrelation function
R(h,t2),

mix,t2) =f(t)f(t2). (2.2)

The autocorrelation function characterizes the mutual relation between the fluctuations f(t) at
different instants of time. If the fluctuations at the times f, and t2 are not related to each
other, i.e., if they are statistically independent, then R(tx t2) vanishes. Note that when t, = t2,
the autocorrelation function is equivalent to the variance, a? = [/(f)]2 Furthermore, the
Schwarz inequality can be used (e.g., Panofsky and Dutton, 1984) to show that

c(r,)a(f2) @3

The ratio in (2.3) is called the autocorrelation coefficient, or the normalized autocorrelation
function, and is denoted here by r(tx,t).

2.1.1 Stationarity

The mean value of a random process can be constant or can change with time.
Similarly, the autocorrelation function R(tx,t2) can depend either on the time displacement
only or it can depend also on the positions of f, and t2 on the time axis. A random process is

stationary if its mean value does not change with time and if its correlation function depends
only on the magnitude of the time displacement, i.e.,

F(t) = const, R(tt,t2) = /2(fj -f21) = R(x). (2.4)

Similarly, under stationarity r(tl,t2) = r(x). Usually the integral and first two derivatives of

11



r(t) are presumed to exist and are used to define two time scales (Lumley and Panofsky,
1964):

d2r(x) = _ 2

““xrtx=0 ’ A (25)

where 3 and A are the integral scale and microscale, respectively. However, trends in
meteorological data often prevent r(x) from tending toward zero at large x, so that 3 is

difficult to determine.

Another feature of a stationary random process is that its correlation function forms a
Fourier transform pair with the power-spectral density (hereafter "spectrum™), (Kto)!.

R(X) = — *° e "“T<t)(to) d(d, (2'6)
2

¢(co) = 1 fe"“TR(X)dx. 2-7)
K

Here, co is the circular frequency and to = 27t/T = 2tc/, where T is the period of a sinusoidal
oscillation and/is the frequency in cycles/time or hertz. The integrals in (2.6) and (2.7) are
examples of Fourier-Stieltjes integrals. The spectrum <>(cd) shows how the energy of the
fluctuations f(t) is distributed with respect to co. This representation relies on the assumption
that the correlation function is continuous and integrable, assumptions that are sufficiently
unreStrictive to be permissible in nearly any physical situation (Lumley and Panofsky, 1964).

Because of stationarity, R(x) = R(-x). Thus, (2.7) can be rewritten as

— T cos(cox)R(x)dx

4> =
@=L,

(2.8)
— 1° cos(cox)/?(x)cfx,
Tt *\0

which implies (|)(co) = <})—co) and allows (2.6) to be rewritten as

'l have chosen to use the spectral representation convention of Panofsky and Dutton (1984) because written in
this way, the spectrum integrated over the positive frequency range gives the variance directly (i.e., without involving

a factor of 2).
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R(t) = (* cos (cot)(h(co)doa. (2.9)

JO

Earlier, we saw that the correlation function evaluated at zero lag, R(0), is equivalent to the
variance. Evaluation of (2.9) with t = 0 shows that the variance is also found by integrating
the spectrum

al = R(O) = f~ <|)(CD)dCO. (210)
Jo

2.1.2 Stationary increments

Many physical processes can be described using stationary random functions. One
example is the fluctuating voltage appearing across a resistance in a state of thermodynamic
equilibrium with the surrounding medium. However, in meteorology, often this is not the
case. For example, the diurnal heating cycle causes the air temperature to undergo slow and
smooth changes. And even on shorter time scales, as the strength of the wind increases, the

mean value of the velocity at any point also increases. In these and many other geophysical
cases, it is difficult to determine whether changes in the variable should be regarded as
changes in the mean or as slow fluctuations.

One way to relax the constant mean constraint is to use the structure function,
first introduced by Kolmogorov (1941), instead of the correlation function discussed above.
When the mean value fit) changes with time, the basic idea behind this method is to consider
the difference Fx(t) = F(t + x) - F(t) instead of Fit). For values of T which are not too large,
slow changes in F(t) do not affect the value of Fft), and, thus, Fx(t) can be considered a
stationary random function, at least approximately. In this case, Fit) is called a random
function with stationary first increments, or simply a random function with stationary
increments (Tatarski, 1961).

The structure function, D(t), where

D(v) = [/(t+T)-/(D)]2 (2.12)

characterizes a random process with stationary increments. The value of D(X) is related to the
intensity of the fluctuations fit) that are smaller than or comparable to x. Structure functions
can also be constructed for ordinary stationary functions, which are a special case of functions
with stationary increments. Expanding (2.11), we have

13



D{T) = [f(t+x) -f()]2 = [f(t+1)]2+ [/«]? - 2f(t+T)fit). (2.12)

And because F (t) is stationary, it follows that

fit)]2 = [/(r+T)]2 = Ri0). (2.13)

Thus, for a stationary process,

D(t) = 2[RiO)-F(x)]. (2.14)

Using (2.9) and (2.10), we obtain

Dit) = 2 T [1 -cos(ayc)](()(co)rfa). (2.15)

Tatarski (1961) showed that the same expansion is valid for the structure function of the
general random function with stationary increments. The only difference is that <>(co) can
have a singularity at the origin, in which case the physical interpretation of the spectrum
cannot be the same as it was for the transform of the correlation function, since the energy of

the fluctuations must be finite.

2.2 Random Fields

| now consider random functions of three spatial coordinates, or random fields.
Examples of random fields in the atmosphere are the turbulent vector wind-velocity field and
the turbulent scalar fields of temperature, humidity, and dielectric constant. Since the index
of refraction of the atmosphere for electromagnetic waves is a function locally of the
temperature and humidity, it too is a scalar random field. In this work, | analyze and
compare the turbulent refractive index and velocity structure determined both in the context of
a random process and a random field. The volume illuminated by the radar’s transmitted
pulse constitutes a random field, while the time series of point measurements made on the

tower COI‘I’ESpOﬂdS to a random process.

The concept of a random field, F(r), is completely analogous to the concept of a
random process Fit) discussed in Section 2.1.2 For example, we can define the mean value

2Here, for simplicity, | consider the spatial fluctuations that occur at one point in time, and thus no explicit time
dependence is given. Also, | have used a vector function, so that | may include the random velocity field in this

discussion.
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F(r) as well as the correlation function

Rij(rl,rz) =ﬁ(r])fj(r2), (2.16)

where 1,J = 1,2,3 correspond to the components of the fluctuations / in F, Ru is the
correlation tensor, and the overbar denotes a space (volume) average.

2.2.1 Homogeneity

In the case of random fields, the concept of stationarity generalizes to the concept of
homogeneity. A random field is homogeneous if its mean value is constant and if its
correlation function does not change when the points r, and r2 are both displaced by the same
amount in the same direction, i.e., if

F(r) = const, 1?y(r,,r2) = R..(r,+ro,r2+ro) (2.17)

Choosing r0 = -r2 shows that the correlation function of a homogeneous random field
depends only on the vector difference, £ = (r, - r2).

Just as with a stationary random function, the correlation function for a homogeneous
random field forms a Fourier transform pair with the spectrum

.(K)dk (2.18)

1 =

where Oi7(k) is the three-dimensional spectral density tensor, k = 2n/L is the angular
wavenumber vector, and L is the wavelength vector. Because of the symmetry of Ru, O,, is
purely real, and symmetric: d>,(k) = 0,-,(-k). O,, represents, for example, the spectrum of a
scalar in three dimensions. However, for vectors, the off-diagonal terms (i * j) of Ru and d>,
are not so well behaved; RI2, for example, can be even or odd, and ®12 can be real or
imaginary (Lumley and Panofsky, 1964).

The data-acquisition and processing program used to generate the spectral data

presented in Chapter 5 rotates the coordinate system so that the xraxis is oriented along the
direction of the mean wind. Consequently, the program produces the one-dimensional
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spectrum, which is related to the three-dimensional spectrum d>7(k) by

! (2.20)

It is also possible and often convenient to have an expression for the three-dimensional
spectrum that is a function of a single scale. By integrating 0,7(k) over a spherical shell of
radius k = |k|, we have

Vy(fc) = JNOy(K)<M(rt:). (2.21)

AK)

Switching to spherical coordinates gives us

LK) = K2IXj*2 (Xcp, K) cos((p) dg dk. (2.22)

The function \|/,..(E) is sometimes referred to as the spherical average spectrum. Panofsky and
Dutton (1984) go on to define an additional spectrum, E(k), where

Ek) = LV, 2.23
) = L @23)
The spectrum E(K) is related to the variance tensor, by
P - W/ =><<™
(2.24)

1 J*dk (K)dAK) = I~ E(K)dk
21

Since, in the case of velocity, E{k) integrates to give the kinetic energy, it is called the energy
spectrum.
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2.2.2 Isotropy

A homogeneous random field is isotropic if its statistics are unaffected by rotation or
reflection of the coordinate system. As with the consequences of homogeneity, the
consequences of isotropy are different for scalars and vectors. For isotropic scalars, 0,, (k)
must be only a function of k= |k|. Similarly, /?,,(© can depend only on £ = |£]. Using

(2.22) and (2.23), we find that

(2.25)
Furthermore, when we solve (2.25) for O,, and substitute the resulting expression in
(2.20), the integration leads to (using k for kx)
k<. (E) (2.26)
2 dk

With vectors, the consequences of isotropy are somewhat more complex. Based on
the assumption of isotropy, however, it can be shown (Batchelor, 1956) that the second rank
tensor of a vector must be of the form

0..(k) =Amikj + B(K)8ij, (2.27)

where 8y = 1 if i = j and zero otherwise. To determine the unknown functions A and B, we
assume incompressibility, the condition of which is given here by m , = 0 (the comma denotes
partial differentiation with respect to the direction given by the index that follows). This
implies Rijfj(r) = 0, and in turn /c,0,7(k) = 0 (Lumley and Panofsky, 1964). Then (2.27)
gives

B(K) = -K2A(K) (2.28)

or
<D.(k) =A(K)[KikJ-K28..]. (2.29)

Contracting the tensor by summing i on j and noting that 8,, = 3, we have
<> H) = "2 Kk2A(K). (2.30)
Combining (2.25) and (2.30) gives
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AK) = ilil(k) (2.31)

and thus,

4> <k> 27C\VWW (2.32)

Now all that remains is to relate the one-dimensional spectra (the type measured in
this work) to the corresponding three-dimensional spectrum. For example, by substituting the
expression for On(k) given by (2.32) into (2.20) and integrating, Panofsky and Dutton (1984)
showed that (again using k for k{)

( Y
Ky d 1 d$u(k) (2.33)

E(k) =
() 2 dk ~ dk J

where <J>,(&,) characterizes the wind fluctuations that occur in the same direction as the line
separating the two measurement points and is called the longitudinal spectrum. The spectrum
()22(k,) characterizes the wind fluctuations occurring in a direction orthogonal to the line
separating the two measurement points and is called the transverse or lateral spectrum. The
two spectra are related under isotropy by

dtyn(k) (2.34)
*) ~
P =K e
We can also use the one-dimensional spectra to calculate the longitudinal and transverse
correlation functions, given by Ru and R22, respectively:

Ru<& = |  e-ik%{k)dk (2.35)
2 *

ri() = -i ("erUVdk. (2.36)
2

Thus, under the assumption of isotropy, the spectrum <>(J (k) is reduced to only two
independent spectra for vectors and one spectrum for scalars.
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2.2.3 Local homogeneity and isotropy

Unfortunately, meteorological fields are not homogeneous and isotropic at all scales.
The large-scale components that are always present in atmospheric turbulence often destroy
the homogeneity and isotropy of the fields. In addition, because atmospheric turbulence
depends highly on the stratification of the atmosphere, which occurs almost always in the
vertical direction, some anisotropy is inherent. By examining the consequences of isotropy
for the velocity field, we find further indications of anisotropy. Under isotropy, only the
diagonal terms of the stress tensor u.Uj can be non-zero since the off-diagonal terms change
under a rotation of the coordinate system. We know, however, that the horizontal- and
vertical-velocity components are correlated in the surface layer, so isotropy is violated.
Furthermore, since the diagonal terms change into each other when the coordinate system is
rotated by 90°, then «7 = = «7. However, measurements show that the variances of the

velocity components in the atmospheric boundary layer are not necessarily equal.

Therefore, in analyzing the spatial structure of random fields, it is again appropriate to
use structure functions (Tatarski, 1961). The idea is based on the observation that the
difference between the fluctuating quantities of a random field at two different locations,
\f(ri) _/(r2)L is mainly affected by only those scales of the field with dimensions that do not
exceed the distance between II! and r2. If this distance is not too large, then |/(r,) -/(r2)]
will not be influenced by the largest scales, which are inhomogeneous and anisotropic.
Therefore, the structure function

D(rvr) = [/(r,)-/(r)]2 (237)

depends approximately on r, - r2 only. At the same time, the value of the correlation
function /?(rx, r2) depends on inhomogeneities of all scales, and not just those of size
characterized by r, - r2. A random field is locally homogeneous in the region G if the
probability distribution functions of the random variable |/(rl) -/(r2)] do not change when
the pair of points r, and r? are shifted to new locations within the region G (Kolmogorov,
1941; Tatarski, 1961). Therefore, £>(le,,r2) = D(r, - r2).

We can make a further simplification if the structure function is also locally isotropic.
A locally homogeneous random field is also locally isotropic in the region G if the probability
distribution functions of the quantity (/(r,) -/(r2)] are invariant with respect to rotations and
mirror reflections of the vector r, - r2 within the region G (Kolmogorov, 1941; Tatarski,
1961). The structure function, then, depends only on ~ = |r, - r2|. Therefore, £5(r, - r2) =
D(£).

When we apply the concept of structure functions to the velocity field (i.e., a vector
random field), we arrive at a set of nine structure functions (instead of one) involving the
components of the vector u:

19



JYO© = [«(r+*)-u,(N]li«,(r+5)-«,(*)]. (2.38)

However, as was the case with the correlation functions and spectra of isotropic vector
random fields, the nine structure functions of locally isotropic random fields are reduced to
only two independent structure functions (Kolmogorov, 1941; Batchelor, 1956):

Jy© = [/>,(© -D2(©]n,.n. ¢zyaSy, (2.39)

where ni are the components of the unit vector directed along £,

£>,(E) M+ ~2xr) UAxM G, )]

is the longitudinal velocity structure function, and

DJZJ = [u2(xl +">1,x2,x3) -u2(xl,x2,x3)f (2.41)

is the transverse velocity structure function. When the velocity field is incompressible, the
two are related by

(2°42)

so that Djj is determined by a single function.

2.3 Application of the Statistical Theory to Measurements
2.3.1 Spectral coordinates

Because the energy of atmospheric turbulence is spread out over a wide range of
frequencies, it is customary to use frequency /= co/27t in cycles/time or Hertz instead of to
when plotting spectra. | use S(f) to denote the spectral density function of a measured one-
dimensional spectrum. It is also customary to multiply S(f) by Zin order to give weight to
the higher frequencies and to plot the spectrum against In/instead of/. The latter change has
the advantage of collapsing the frequency scale while preserving the area under the spectrum:

(~fS(f)d\nf = f~S(Hf = f~4>(a»d© = a2 (2.43)
Jo Jo Jo
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Later, in Chapter 5, | use a logarithmic scale for fS(f) as well, since this has the advantage of
showing constant powers of / as straight lines, although the area-variance equivalence is
sacrificed.

2.3.2 Taylor’s hypothesis

The notion that turbulent eddies are advected by the mean wind and change only
slowly as they are carried along is called the frozen wave hypothesis, or Taylor’s hypothesis
(Taylor, 1938). In a coordinate system where the mean wind, u, is oriented along the xraxis,
Taylor’s hypothesis approximates that the autocorrelation functions in space, Rs, and time, R,,
be related by

Rt(g) = *(T) ~ =Mt (2.44)
and the corresponding spectra by
kSs(k) = fstf) k=L, (2.45)
u

where Kk is the wavenumber in the mean wind direction. This hypothesis is of paramount
importance to the experimentalist, since it allows him/her to infer the spatial structure of
isotropic or locally isotropic turbulence from time series measurements taken at one point.
For example, when Taylor’s hypothesis is valid, we can use (2.45) to transform the temporal
spectrum of u into the longitudinal one-dimensional spectrum ()),,(&,). Similarly, the temporal
spectra of v or w transform into the transverse one-dimensional spectrum (~(k,).

In order for Taylor’s hypothesis to be valid, the turbulence must be stationary and
homogeneous in the direction of the mean wind. Ideally, to test Taylor’s hypothesis one
would then deploy a line of sensors along the mean wind direction. Panofsky (1962) used
this approach and confirmed that Taylor’s hypothesis was well satisfied at a height of 2 m
above a homogeneous surface in Nebraska. For measurements at 250 m AGL, this method is
not practical. However, it can be argued to first approximation that in order for an eddy to
change negligibly as it advects past a sensor, Taylor’s hypothesis requires a low turbulence
level. For example, using a,, as a measure of the intensity of turbulence, Willis and Deardorff
(1976) suggest that Taylor’s hypothesis is reasonable when

~ <05 (2.46)

For the measurements discussed in Section 5.2.3, 0, = Im s'l and u = 4.1 m s'l, which gives
a ratio of 0.24. Likewise, for the measurements discussed in Section 5.3.3, cu ~ 1 m s'l and
u = 4.5 m s'l, which gives a ratio of 0.22. Based on this simple argument, Taylor’s

hypothesis should be valid for these measurements. Still, there are indications that the BAO
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site does not strictly adhere to the conditions necessary for Taylor’s hypothesis to be valid.
First, the surrounding terrain in all directions is inhomogeneous. Second, the nearby Rocky
Mountains cause disturbances in the flow, such as standing waves, which also give rise to
nonstationary conditions. Thus, | must conclude that Taylor’s hypothesis is only
approximately valid for the measurements obtained at the BAO.

It is also important to consider what is the appropriate average velocity to use in
applying Taylor’s hypothesis. For example, Panofsky and Dutton (1984) point out that high-
frequency structures advect with the mean wind, while lower-frequency structures move with
a convective velocity that is somewhat larger than the local wind. However, in geophysical
flows we typically use short time samples to calculate high-frequency turbulence spectra. As
reported by Hill (1996), the relevant average velocity to use in applying Taylor’s hypothesis
to these cases is the average calculated over the "short” measurement time. Here, Hill (1996)
uses "short” to mean a duration short compared to the time required for the velocity-
component joint probability density function to obtain its long-time-averaged form.
Therefore, in applying Taylor’s hypothesis to the frequency spectra measured on the tower
(see Section 5.1.3), I used the mean wind speed measured over the 15-min sampling period.

2.3.3 Properties of the inertial subrange

Kolmogorov (1941) proposed that the spectra of turbulence could be divided into three
regions: the energy-containing subrange, the inertial subrange, and the dissipation subrange.
Under this hypothesis, there is no direct energy transfer between the energy-containing
subrange and the dissipation subrange. However, the rate of energy transfer from the large
scales in the energy-containing subrange is equivalent to the rate of energy dissipation at the
small scales in the dissipation subrange. In geophysical turbulence (i.e., large Reynolds
number turbulence), the large and small scales become statistically independent. The small
scales attain a universal structure which is also isotropic.

Over the mid-scales in the inertial subrange, the bulk of the energy transfer is from the
larger scales to the smaller scales. In the case of velocity, energy is transferred at the rate £.
For scalars, this rate is %. The one-dimensional spectra of velocity in the inertial subrange
depend only on ki and £. This argument was originally presented by Kolmogorov (1941) for
the energy spectrum. Likewise, the spectra of scalars depend only on kx, %, and e. The
velocity scale imbedded in 6 is important to the rate of destruction of scalar variance because
scalar fluctuations are produced by the air motions associated with velocity turbulence.

By dimensional analysis, the spectral densities of velocity components in the inertial
subrange are given by

Sa(*,) = AeV3ki's\ (2>47)
where the subscript a could be w, v, or w, and A is an empirical constant. Lumley and
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Panofsky (1964) list a number of the earlier studies that confirm the -5/3 power law expressed
in (2.47). Some of these studies found that for one-dimensional spectra, a -5/3 dependence
extended to spatial scales that were large compared to the distance from the ground and, thus,
would be expected to lie outside of the inertial subrange. Note that (2.47) follows from the
"energy cascade" assumption, not from isotropy.

Upon inserting the k~5n dependence in (2.34), we obtain

WV -\ = 18.(%). <2-48>

Thus, in order for (2.47) to apply to all velocity spectra, the constant A must be different by a
factor of 4/3 for the longitudinal and lateral cases. Fairall and Larsen (1986) suggest using
A = 0.52 for Su, which gives A = 0.69 for Sv and Sw. For scalars, dimensional analysis gives

WV = Be-I"Xk;53, (2.49)

where the subscript 0 denotes a scalar variable. The value of B is taken to be 0.4 (Fairall and
Larsen, 1986).

Using the same reasoning, we can derive a similar law for structure functions in the
inertial subrange. We begin with the Fourier transform of the structure function given by
(2.15), except now in terms of a one-dimensional wavenumber spectrum instead of a
frequency spectrum:

DI&) = 2J~ [l -COS(*E,)]4"* )dfc, (2.50)

where the subscript x could be 0 or a, i.e., a scalar or velocity component. Using £, for  k
for kv and differentiating with respect to  we obtain

dD

==

2k £ sinky)<\>(k)dk. (2.51)
Jo X
Then, taking the inverse transform we find that

e, = - 099 Edginkg) (2.52)
nk Jo

Now suppose that the form for structure functions in the inertial subrange is given by
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Dx = C2"m. (2.53)

This dependence on separation follows from the classical similarity theory of Kolmogorov
that was applied earlier to the spectra. Differentiating with respect to B, gives

Cxm%m-| (2.54)
so that &v is given by
sx(k) = —1~- f“ £n'lsin (2.55)
nk Jo
which can also be written in the form
C .
S(K) = —KLr(m+I)sm (2.56)
X

However, because (2.47) and (2.49) have Sx ~ k'5n, (2.56) requires that m = 2/3. The constant
of proportionality Cx is called the structure function parameter and is given by

(2.57)
Evaluation of (2.56) with m = 2/3 gives
Sx(k) = 0.25 Cxk ‘513 (2.58)
Using the expressions for Sx given by (2.47) and (2.49), we arrive at
C« = 4Ae® (2.59)
and
Y2 = 4Be'lix (2.60)

“A
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These expressions result from the inertial-range turbulence theory of Corrsin (1951), and thus
they are commonly referred to as Corrsin relations.

To summarize, in this chapter | reviewed some of the basic statistical properties of
turbulence. The discussion led to theoretical expressions for spectra and structure functions
of isotropic turbulence in the inertial subrange which allow me to infer the turbulent kinetic
energy (TKE) and scalar dissipation rates without making direct measurements of these
quantities. In Chapter 5 I apply this theory to scalar and velocity microturbulence

measurements.

3. BEHAVIOR OF STRUCTURE FUNCTION PARAMETER PROFILES AND
DISSIPATION RATE PROFILES IN THE CONVECTIVE BOUNDARY LAYER

Our knowledge of atmospheric boundary-layer structure has developed from a
combination of laboratory simulations, numerical models and simulations, and atmospheric
measurements. Of the many different types of boundary layers that have been studied with
these techniques, the cloud-free, convective boundary layer (CBL) is the best understood in
terms of the development of simplified conceptual models and useful scaling laws or
parameterizations (Fairall, 1987a), although Wyngaard (1992) reports that progress has been
made with regard to the stable boundary layer (e.g., Nieuwstadt, 1984).

The CBL is usually defined in terms of three height regions: the surface layer, the
mixed layer, and the interfacial layer. Of these, the surface layer has received the most
attention and is the best understood, primarily because of its accessibility to measurement.
The Monin-Obukhov (M-O) similarity hypothesis has brought order to surface-layer
observations (Wyngaard, 1992). But even our understanding of the surface layer can be
considered tenuous, for example, in the presence of nonhomogeneous surface conditions. And
while evidence supports a mixed-layer scaling, there are questions as to its applicability for
boundary layers over complex terrain (Kustas and Brutsaert, 1987). Furthermore, the effects
of entrainment on turbulence statistics in the boundary layer are not fully understood.

The profiles of structure function parameters have been studied rigorously since the
1960s, primarily because of an interest in the effects of turbulence on the propagation of
acoustic and electromagnetic waves. A number of studies (e.g., Neff, 1975; Thomson et al.,

1978; and Coulter and Wesley, 1980) have demonstrated the use of sodar to measure profiles
of Cj and C2. Similarly, Gossard et al. (1990) and White et al. (1991), among others, have

used properly calibrated radars to measure profiles of C,2 and Ce2. Success of a more
qualitative nature has been achieved with radar measurements of C,2 (or alternatively, e) (e.g.,
Hocking, 1985; Gossard et al., 1990; and Cohn, 1995). Part of the problem with validating
these techniques has been the lack of direct observations available for comparison.
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This chapter summarizes the current understanding of how structure function
parameter and dissipation rate profiles behave in the CBL. In Section 3.1,1 discuss scalar
structure function parameters. Discussion pertaining to the velocity structure function
parameter, which is related to e through inertial range turbulence theory, is presented in

Section 3.2.

3.1 Scalar Structure Function Parameter Profiles

As shown in Chapter 5 [see (5.6) - (5.8)], the refractive-index structure function
parameter, C,2, receives contributions from temperature (Cr2), humidity (Ce2), and temperature-

humidity correlation (CTQ). For remote sensors, the relative magnitudes of these contributions
depend on pressure, temperature, humidity, and the operating wavelength of the instrument
(see Wesley, 1976). Fairall (1991) looked at this dependence for clear-air radars, such as the

one used in this study, and found that given the wide range of surface Bowen ratios observed
over land, it is necessary to evaluate the relative contributions of Cr2, CTQ, and Ce2 to C,2 in

the convective boundary layer on a case-by-case basis. In the marine boundary layer, C,2 is
typically dominated by CQ2.

3.1.1 Surface layer

Wyngaard et al. (1971a) showed that the profiles of structure function parameters in
the surface layer are well described by M-O similarity theory. The principal idea behind
M-O similarity is that the statistical structure of turbulence in the surface layer is determined
by four governing parameters: the height above the surface, z; the friction velocity,

[(mvw)2 +(vwv)2]1/4, (3.1)

u.

where the "s" denotes a surface value; the buoyancy parameter, g/T, where g is the
acceleration due to gravity; and the surface temperature flux, (Qw)s. These four parameters

by themselves or in combination define two length scales, z and

kag (vals

where ka is the von Karman constant, traditionally taken to be 0.4, and (Fvv)s = (Bw)! +

0.61 T (gw)s/p is the surface virtual temperature flux, where p is the density of air and q the
specific humidity. In addition, the governing parameters define a velocity scale, m,; a
temperature scale,
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(3.3)

and a humidity scale,

(3.4)
ut

With M-O similarity, the variables that describe the surface-layer turbulence structure, when
made dimensionless by these scales, are hypothesized to be universal functions of zJL. For
example, when applied to structure function parameters, the scaling hypothesis leads to
(Wyngaard et al., 1971a)

C2zm
. = Mz/L), (3.5)
Cro 728
%kﬂ:ﬂwu, (3.6)
C02zm

-NMW (3.7)

where the functions/,,/2, and/3 must be determined experimentally. Wyngaard et al. (1971a)
measured fi over a range of stable and unstable conditions using data from the 1968 Kansas
experiment. Subsequent studies by Davidson et al. (1978), Fairall et al. (1980), Kohsiek
(1982), and Smith et al. (1983), among others, have supported the M-O prediction.

At the outer edge of the surface layer, Wyngaard et al. (1971b) argued that under
unstable conditions, the surface-layer expressions approach a "local free convection” height
dependence. Here, z continues to be the significant length scale, but «* is no longer the
appropriate velocity scale and should therefore drop out of (3.5) - (3.7). In order for this to
occur,/[,/2, and /3 must be proportional to w,2, and thus to (-z/L)'23 Therefore, in the local
free convection limit, the structure functions are predicted to obey a z'43 height dependence:

\-2/3

cT ~ I -413 (3.8)
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Ctg ~W qws ~.0w 43 (3.9)
v J
\-213
Co —vws —0w 4B (3.10)
VT Vo

3.1.2 Mixed layer

In the mixed layer the turbulence structure continues to be insensitive to w*. Deardorff
(1970) hypothesized that in addition to z, z, becomes an important length scale, because here,
convective turbulence dominates mechanical turbulence, and in convective turbulence the
largest eddies have a vertical scale of the order z,. The velocity, temperature, and humidity
scales are then replaced, respectively, by

. (o M3 (3.11)
e = 1O (3.12)

W
) (3.13)

Using these mixed-layer scales to nondimensionalize (3.8) - (3.10), Wyngaard and Lemone
(1980) obtained

5

< 5z Alz,)4B (3.14)
e.l
’(-TQ 213
= Biz/zX4/3, (3.15)
e.m.
Co23213
CET 2 c(az) s, (3.16)
m.
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where A, B, and C are constants that again must be determined experimentally. Kaimal et al.
(1976) tested this theory with data from the 1973 Minnesota experiment. They observed the
mixed-layer height dependence of the temperature structure function parameter up to about
70% of the depth of the mixed layer. The value of A = 2.7 used for their analysis agrees
with the value found by Wyngaard et al. (1971a) for the Kansas data. Similar results were
obtained by Caughey and Palmer (1979) for another over-land case. Other results
summarized by Wyngaard and LeMone (1980) for four marine boundary layers (MBLS)
showed that the profiles of Cr2, CTQ, and Cq normalized by mixed-layer scales also had a zm
height dependence over at least some portion of the MBL. However, substantial deviations
from this height dependence did occur, sometimes even at the lowest parts of the mixed layer
(see Figs. 2 and 4 in Wyngaard and LeMone, 1980). These data also suggested that the
values of A, B, and C are all different.

3.1.3 Interfacial layer

Wyngaard and LeMone (1980) realized that the strong peaks in Cr2 and Cq observed
near the inversion were caused by entrainment. Entrainment is the process which brings free
tropospheric air into the boundary layer (Tennekes and Driedonks, 1981). Wyngaard and
LeMone (1980) developed a model that predicts the values of the interfacial-layer3 averaged
structure function parameters using approximate forms of interfacial-layer averaged Corrsin
relations. The interfacial-layer-averaged scalar dissipations were calculated by integrating the
variance budget equations over the depth of the interfacial layer, where it was argued that
dissipation was in balance with production. Because the scalar structure function parameters
are a relatively weak function of 8 (e.g., Cr2 « e'll3), a simpler parameterization was used for
8. They assumed that e(z) decreases linearly from its value at the bottom of the interfacial
layer, where e = 0.4g(BIv)i IT (Lenschow et al., 1980), to zero at the top. The resulting
expressions (details of the calculations are given by Wyngaard and LeMone, 1980) for the
interfacial-layer structure functions are

3.9(A020,
(3.17)

. (3.18)

3The interfacial layer is defined by Deardorff (1979) to be the region at the top of the boundary layer where the
virtual temperature flux is negative.
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re.
(Cn) o (3.19)

where the angle brackets denote an average over the interfacial layer, Ow = (0*w)5/w,
is the mixed-layer virtual temperature scale, and AOV and AQ are the jJumps in virtual
temperature and humidity over the interfacial layer. The interfacial-layer humidity and
temperature scales <2, and Tt are given by

Q=A2 22 2417°Q (3.20)

321

T =pa0 05 28TAQ 4, T (3.21)
| a©’ p Aey

Wyngaard and LeMone (1980) compared their model with observations from a limited
number of cases where AOV and AQ were available and found good agreement despite the
highly intermittent nature of the interfacial layer. However, it remained unclear how to
calculate the structure function parameters in the region of transition from where the mixed-
layer expressions are valid to where their interfacial-layer model is applicable.

3.1.4 The top-down/bottom-up approach

Realizing that the diffusion of scalar fluxes at the top and bottom of the boundary
layer behave differently, Wyngaard and Brost (1984) developed a new and important
approach to boundary-layer modelling that treats "top-down™ and "bottom-up™ processes
separately. Entrainment fits naturally in this modelling framework because it is a top-down
process. Fairall (1987b) used this technique to develop a model for Cr2 and Cq that could be
applied over the entire depth of the mixed layer. Like Wyngaard and LeMone (1980), he
obtained the structure function parameters from the Corrsin relations, calculated the scalar
dissipation rates from the scalar variance budget equations, and used the convective limit for
e in the form el ~ 0.7w*/z,13.

However, with the top-down/bottom-up scaling approach, the total variance

of a scalar is expressed as the sum of top-down and bottom-up components (Moeng and
Wyngaard, 1984), e.g.,
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¥ = (W+e) = 07+07+2BA, (3.22)

where the subscripts t and b refer to top-down and bottom-up, respectively. Variance budget
equations are then maintained for each of the variance components in (3.22). Fairall (1987b)
neglected the advection and local time rate of change terms in the budget equations and, thus,
assumed that the dissipation term was in balance with the sum of the gradient production term
and the transport term. He evaluated the gradient production term using existing top-down
and bottom-up dimensionless gradient profile functions (Wyngaard and Brost, 1984; Moeng
and Wyngaard, 1984) and the transport term using the large-eddy simulation (LES) results of
Moeng and Wyngaard (1984). The resulting expressions for Cr2 and Ce?2 (see Fairall, 1987b
for further details) are given by

C213
A

A7 _1ft) **AF) *<AFDI. 323
0.

SH4_ - o) * v, Ft) *R@hfi)h ft-24)
m

where = 2zJz{ and Re and RQ are defined as the ratio of the entrainment flux to the surface
flux. The dimensionless top-down and bottom-up gradient functions defined by Fairall
(1987b) were modified by Fairall (1991) using the more recent top-down/bottom-up diffusion
LES computations of Moeng and Wyngaard (1989)

h&) = 10(-ti/L)FI[~(1-1z/L) Y2\ (3.25)
htb<g) = 8(1-0.84), (3.26)
h&) - 10(1- 4r23(2 -4)’1 (3.27)

In the free convection limit, L drops out, and (3.25) is given by hb(*) = 2.11412
Immediately, one can see that this model differs from those shown previously because

it requires specification of the entrainment fluxes, which are often expressed in terms of the
entrainment velocity, We. For example,
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(Ow), = -WAO. (3.28)

However, the entrainment velocity is no easier to measure than the fluxes at the top of the
boundary layer. Therefore, Fairall (1987b) used a parameterization for Re that he based on
the result of Tennekes and Driedonks (1981) for the cloud-free, entraining, convective
boundary layer: We ~ 0.2(Bvv)j/AO. After including a term to account for entrainment
induced by surface shear (Fairall, 1984), Fairall (1987b) arrived at

Ri = -0.2[1 +3.2(-L/z,.)]. (3.29)
He then computed RQ from
- A0 0. (3.30)
Q AOm

Fairall (1987b) compared his model results against observations and found that the
model was able to predict deviations from the mixed-layer prediction of a zm height
dependence that were qualitatively similar to those observed in the atmosphere. However, a
profile-by-profile comparison yielded poorer results. Typically, the model underestimated the
value of Cj in the upper half of the boundary layer by as much as a factor of ten, suggesting
that the effects of entrainment were being underestimated. Fairall (1987b) listed a variety of
entrainment-producing mechanisms that were not included in his model that may have
contributed to this result. Other possibilities he mentioned were that the effects of
entrainment on Cr2 may have been greater in the atmosphere than implied by the particular
LES that he used or that some other aspect of the LES pertaining to his evaluation of the
terms in the variance budget equations may have been inadequate.

One particular comparison reported by Fairall (1987b) involved Ce2 measurements
made by Druilhet et al. (1983) where the surface humidity flux was negligible. In fact, the
effects of entrainment were so dominant for this particular case that the Ce2 profile exhibited
a positive slope with respect to z throughout the boundary layer. This was a particularly
interesting case to analyze because it isolated the top-down component. For this comparison
(see Fig. 6 in Fairall, 1987b) the top-down component of the model agreed well with the

observations.

The qualitative picture that emerges from both observations and theory is that the
profile of C,2 decreases in the surface layer according to M-0 similarity, becomes a weaker
function of z (depending on the influences of entrainment) in the mixed layer, increases
sharply to a peak associated with the inversion capping the mixed layer, and then decreases
rapidly to its free tropospheric value above the boundary layer. Comparisons between the
structure function parameter profiles observed by remote-sensing techniques and the models
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described above require measurements of the stress and scalar fluxes at the surface as well as
the scalar jumps at the inversion. The radar used in my research is not capable of observing
the expected surface-layer behavior except for extremely deep (~3 km) boundary layers

because of its minimum detectable range (-150 m) and maximum vertical resolution (60 m).

3.2 Dissipation Rate Profiles

The rates of turbulent kinetic energy (TKE) dissipation and scalar dissipation are
important because these quantities appear as terms in the second-order budgets of momentum
and scalar variances. Unfortunately, only a few data bases include complete profiles of £ and
X, mainly because of the difficulty and expense associated with obtaining in situ
measurements over the entire depth of the boundary layer. As shown in Chapter 2, inertial
range turbulence theory allows us to relate dissipation rates to stmcture function parameters.

The scalar dissipation rates are not determined independently because % appears as a product
with e'13 in the scalar Corrsin relations. For velocity, there is a direct relationship between

the velocity structure function parameter and e23.

3.2.1 Surface layer

Using data from the Kansas experiment, Wyngaard and Cote (1971) derived empirical
functions for the normalized TKE dissipation rate, k”*e/u,3, as a function of zZJL. Kaimal et al.
(1976) replaced z and w* with mixed-layer scales and arrived at an asymptotic surface-layer
prediction for Ci,

= constant. (3.31)

They observed that a constant value of C2 is reached only at heights above O.lz,. In the
region 0.01z, < z < 0.1z,, they found C2 to be approximated by

1.3 +0.1(z/z,) (3.32)

Assuming C2 ~ 2e283,

732

1.3 +0.1 (z/2)(*m
2

(3.33)
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The same general behavior was observed by Lenschow et al. (1980) with aircraft data from
the Air Mass Transformation Experiment (AMTEX), although the AMTEX values of £ were
consistently smaller than those observed in Minnesota. In addition, the value of 1.5 for the
constant in (3.31) evaluated by Kaimal et al. (1976) was higher than the value of unity
reported by Wyngaard and Cote (1971) for the Kansas data.

On the other hand, the values of £ measured in the upper part of the boundary layer
over Aschurch, England, merged quite well with the Minnesota data, even though the
topography was markedly different at the two sites (Caughey and Palmer, 1979). This
suggests that the disagreement involving the constant in (3.31) may be partially explained by
differences in the measurement techniques. During the Kansas experiment, £ was calculated
from the fluctuating velocity time series measured by hot-wire probes mounted on a tower.
For both the Minnesota and Aschurch data sets, £ was determined by analyzing the inertial
subrange of velocity spectra measured by turbulence probes mounted on a balloon tether. As
reported by Haugen et al. (1975), balloon motion can cause overestimates in the longitudinal
and lateral wind variances measured on a balloon tether by as much as 15-30%. The
corresponding velocity spectra must then also be affected, as recognized by Kaimal et al.
(1976), who attempted to correct the Minnesota velocity spectra for motion contamination.

The variances of temperature and vertical velocity were much less affected by balloon
motion in the study by Haugen et al. (1975). Since the temperature spectra are also less
likely to be corrupted, it is not surprising to find less scatter in the normalized C72 data than
in any other variable examined by Kaimal et al. (1976). Using Cr2 ~ 3.2N&3, where N is the
dissipation rate of 02/2, Kaimal et al. (1976) also demonstrated that Afell3 obeyed the zm
height dependence predicted by the local free convection theory of Wyngaard et al. (1971a).
Lenschow et al. (1980) showed the same behavior for %Q down to a height of 0.01z.

3.2.2 Mixed layer and interfacial layer

As mentioned earlier, Kaimal et al. (1976) found that Cv2 approached a constant above
0.1Zj. In the Minnesota data, this behavior was observed up to the inversion, although there
was some indication of a slight decrease in Ci2 near the inversion, which was more
pronounced in the £ profiles measured by Caughey and Palmer (1979) and Lenschow et al.
(1980). This behavior is also observed in numerical and laboratory studies (Deardorff, 1974;
Willis and Deardorff, 1974).

The profile of N also approaches a constant in the mixed layer but at a much higher
level in the boundary layer: 0.5z, for the Minnesota data (see Kaimal et al., 1976). However,
in contrast to Ci2, N has an elevated maximum associated with the inversion capping the
mixed layer. Caughey and Palmer (1979) showed an increase in N of nearly an order of
magnitude over its mixed layer value beginning at about 0.7z,. Above the inversion both N
and Ci2 decrease as a result of a reduction in high-frequency temperature and velocity
fluctuations (Caughey and Palmer, 1979).
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4. THE NOAA 915-MHZ BOUNDARY-LAYER RADAR/WIND PROFILER

4.1 System Description

The National Oceanic and Atmospheric Administration (NOAA) 915-MHz boundary-
layer radar/wind profiler (NBL radar)4 (Fig. 4.1) was developed at the NOAA Aeronomy
Laboratory (Ecklund et al., 1988). The radar was designed to provide wind profiles in the
lower troposphere at up to 60-m vertical resolution. The conceptual design was based on
earlier work by Ashkenazy et al. (1983). The first operation of the prototype occurred during
the summer of 1986. Since then, these radars have been used by NOAA and other research
organizations on land, on ice, and onboard ships, at dozens of sites throughout the world.

Portability requirements dictated that the system be rugged, lightweight, and easily
transportable. Aeronomy Laboratory engineers met these requirements by using microstrip
technology in the design of the radar antenna. The particular NBL radar deployed at the
Boulder Atmospheric Observatory (BAO) uses a single, flat, square, phased-array antenna.
The antenna consists of four 1-m by 1-m panels, giving an aperture of 4 m2. Each panel
contains 16 individual microstrip patches. The circuit board for each patch contains all
requisite etched transmission lines and is phased for broadside radiation (Ecklund et al.,
1988). An antenna enclosure was designed to help reduce the impact of ground clutter
(Russell and Jordan, 1991). The definitions and values of the principal operating parameters
and characteristics for the NBL radar during the BAO experiment are given in Table 4.1.

4.2 Signal Processing

The return backscattered signals received by the radar undergo five steps in signal
processing: detection, ranging, coherent integration (time domain averaging), spectral
analysis, and incoherent integration (spectral averaging). The resulting Doppler velocity
spectrum is then numerically analyzed to provide the spectral moments. In the remainder of
this section, | discuss these processing steps in detail.

4.2.1 Detection and ranging

First, the return signal must be coherently detected. The radio frequency (RF) signal
is mixed with a coherent local (reference) signal and down-converted to an intermediate
frequency (IF) before it is passed to a quadrature detector. At this point, the complex signal
plus noise, s(t), can be expressed in the form (Rottger, 1988)

4The portable NOAA 915-MHz radar discussed here should not be confused with the much larger NOAA 915-
MHz radar that is permanently installed at Stapleton Airport in Denver, Colorado.
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Figure 4.1. The NOAA 915-MHz boundary-layer radar/wind profiler shown with its clutter
fence enclosure. The radar antenna (not visible) is located near the base of the clutter fence.
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s(t) = x(t) +iy(t), (4.1)

where x(t) = a(f)cos[0(f)] and y(t) = a(f)sin[0(f)] are the quadrature components (/ and Q).
The amplitude a(t) is the sum of the squared amplitudes of the received premixed, band-
limited signals. The time-varying nature of the phase 0(f) is caused by changes in position
and scattering efficiency of the scatterers in the radar volume. Quadrature detection produces
time series of sine and cosine components, which are digitized in the analog-to-digital (A/D)
converters.

Table 4.1
NBL radar characteristics and operating parameters.

Value
Standard Coded
Symbol Parameter Pulse Pulse
X Wavelength (cm) 32.8 32.8
\ Physical antenna area (m2) 4 4
0 Beamwidth (deg) 12 12
X Pulse width (ns) 400 400
Coded pulse width (ns) N/A 1600
IPP Interpulse period (ps) 25 32
AR Range resolution (m) 60 60
P, Peak pulse power (W) 500 500
ne Number of coherent integrations 320 250
nf Number of FFT points 64 64
ns Number of spectral averages 30 30
T Receiver noise temperature (K) 150 150
Ts Sky noise temperature (K) 30 30
vV Beam elevation angle 90 90
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The digital signals are then sampled at discrete time intervals. The range gate height
or simply range, R, is given by

(4.2)

where ¢ = 3.0 x 108 m s'l is the speed of light and tr is the round-trip travel time between
transmission and detection. A similar expression is given for the range resolution, AR:

(4.3)

where x is the transmitted pulse width in seconds.

4.2.2 Coherent integration

The next step in signal processing is coherent integration, also referred to as time-
domain averaging. This process averages nc consecutive phase-coherent pulses, thereby
reducing the number of data points by a factor of nc. But the primary benefit of coherent
integration is an improvement in the signal-to-noise ratio (SNR). When the random noise
amplitudes of the complex signal are integrated over nc samples, the resultant noise power is
increased by nc. On the other hand, when nc coherent signals are summed, the resultant signal
amplitude is increased by nc; thus, the integrated signal power is increased by nc2.
Consequently, the coherent integration of nc pulses improves the SNR by a factor of nc.
However, in the radar signal processing program, the integrated amplitudes for signal and
noise are normalized by nc. Therefore, the signal power remains constant with coherent
integration, and the enhancement in SNR is seen as a reduction in noise power.

The number of samples used in the integration must be carefully selected. To ensure
phase coherence between pulses, the integration period, At, must be shorter than the typical
time scale of the signal variations. Signal phase and amplitude variations are caused by
movement of scatterers relative to each other within the scattering volume, the mean
movement of scatterers by the background wind, and changes in the relative efficiency of
individual scatterers. The relative motions of the scatterers are estimated by a correlation
time, which depends on the radar wavelength, antenna beamwidth, and the sensed altitude
(Gossard and Strauch, 1983).

The sampling frequency defined by At determines the maximum frequency that can be
resolved after integration. Since at least two points within one cycle are needed to specify a
sinusoidal oscillation, the maximum frequency that can be resolved, or the Nyquist frequency,
N, is equal to half of the sampling frequency:
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Signals with frequencies outside of £fN will leak through and contaminate or alias the signal
within the fundamental frequency band. An inherent feature of coherent integration is that it
bandpass filters the return signals, thereby significantly reducing the intensities of components
outside of £fN.

4.2.3 Spectral processing

A set of nf coherent integrations is processed by the Fast-Fourier transform (FFT)
method, where nfis a power of 2. The direct current (DC) component is zeroed out and the
transform is then interpolated across DC. In more recent versions of the radar control
program, the long-term mean value at DC is subtracted from the transform. DC filtering is
done primarily to remove energy resulting from ground clutter. Ground clutter refers to radar
backscatter from non-atmospheric targets such as trees, buildings, power transmission lines,
and, in our case, the BAO tower and its guy wires. Clutter in a more general sense includes
reflections from insects, birds, and airplanes, as well as from other radio frequency
transmissions. Clutter can occur in both the main part of the transmit beam and in its side
lobes. Here, we are concerned with any interference at or near DC. It is important to note
that even if ground clutter did not exist, DC filtering would be required in about the lowest 1
km of range gates because residual transmit power leaks out of the circulator and into the
receiver electronics, resulting in a significant DC component (Jordan, 1995).

The user has the option of applying a Hanning window to the transformed data to
reduce the effect of spectral leakage caused by using time series of finite length. In the time
domain, windowing is equivalent to multiplying the time series by the window function. In
the spectral domain, this process is represented by the convolution of the Fourier transforms
for the time series and window function. An attractive feature of the Hanning window is that
under the discrete Fourier transform, windowing in the spectral domain is equivalent to
multiplying the coefficients of the transform by the weighting function (-1/4 +1/2 -1/4)
(Harris, 1978). The position of the peak in the Doppler velocity spectrum does not change
when the window is applied. Therefore, the window does not affect the accuracy of the
velocity measurement. However, windowing will broaden the spectrum and, therefore, have
an impact on the estimate of the spectral width and its application to velocity
microturbulence.

The last step of spectral processing computes the power spectrum by squaring the
transform. When the frequency scale is converted to a velocity scale, the power spectrum is
referred to as a Doppler velocity spectrum. The radial velocity, vr, is related to the mean
Doppler frequency shift, fD, by
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where a positive radial velocity is defined in the direction pointing toward the radar. An
example of a typical Doppler velocity spectrum is shown in Fig. 4.2.

4.2.4 Incoherent integration
The last stage of signal processing is incoherent integration, or spectral averaging.

The effect of this process is to improve the detectability of the signal. Referring to Fig. 4.2,
the detectability, D, of a Doppler velocity spectrum is defined as

where Ps is the peak spectral density of the signal spectrum, and cN is the standard deviation
of noise spectral density.

To understand how incoherent integration effects detectability, consider a random
variable x with a Gaussian distribution,

ax) = —L_exp(-*22), 4.7
(27C)112

where the mean value and standard deviation are assumed to be 0 and 1, respectively. When
intensities of x are integrated or summed as

y = sz +x22 +X32 +, lX|\2/|, (4.8)

it can be shown that y has a %2 distribution with mean value, p = M, and standard deviation
a = (2M)m, where M is called the degrees of freedom of the %2 distribution. The ratio

between the mean value and standard deviation becomes

(4.9)
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Figure 4.2. A typical Doppler velocity spectrum measured with the NBL radar from the third
radar range gate centered at 278 m AGL. The spectrum was measured at Erie, Colorado, on
26 July 1993 beginning at 00:08:52 GMT. The spectral processing parameters are those listed
for the standard pulse in Table 4.1. Spectral densities for the signal peak and noise are
denoted by Ps and PN, respectively. The standard deviation of noise spectral density is
represented by cN. The dB scale for spectral density is referenced to 1 W s m"L
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When ns spectra are averaged, the mean values for the spectral densities of both the
signal and noise do not change. Therefore, the ratio P</PN remains unchanged. But according
to (4.9), the ratio becomes nsm because ns integrations of the noise produces a yj-
distribution with 2ns degrees of freedom, given that the noise amplitude spectrum is Gaussian
(Tsuda, 1988). As a result, D is increased by nsm.

4.2.5 Radar dwell time

The time required to collect and process ncnfns pulses characterizes the radar sampling
time or dwell time, tD:

th = nn.n IPP +t | (410)

where IPP is the interpulse period and tp represents a constant for processing time

0.5 s). Using the values given in Table 4.1, we find that tD = 16 s. A single Doppler
velocity spectrum for each range gate is produced from the backscattered signals recorded
during each dwell period. For wind profiling, at least three radar beams are required to
resolve the wind field. In this case, the time separating subsequent measurements from any
one particular beam would be three times the dwell time. However, in this study we
programmed the radar to profile using only one vertically pointed beam. Therefore, the
resolution in our data is equivalent to the radar dwell time.

We can now see that the radar measurement is a combination of both spatial and
temporal averages. The spatial averaging is applied over the radar’s finite pulse volume,
while the temporal averaging is applied over the dwell time. The effect that these averaging
filters have on the turbulence that is resolved by the radar is examined in Section 5.3.1.

4.3 The Doppler Spectral Moment Algorithm

After the final stage of signal processing is completed, the resulting Doppler velocity
spectrum is analyzed to estimate the Doppler spectral moments (hereafter, simply moments).
The basic approaches to signal processing and moment estimation have not changed
significantly from the time that automated signal processing was first implemented with the
research wind profilers. However, now that the routine use of wind-profiler data for both
research and commercial purposes has uncovered a number of quality-control problems (e.g.,
Wilczak et al., 1995), there has been increasing pressure from a growing user community to
reexamine the profiler signal processing and moment estimation procedures. At the time of
this work, a research program devoted to this problem is underway at the
NOAA/Environmental Technology Laboratory (ETL).
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4.3.1 Signal, noise, and the spectral moments

First, the mean noise spectral density (or noise "floor™), PN, is estimated objectively
using the technique of Hildebrand and Sekhon (1974). The total noise power per velocity
bin, N/Av, is then calculated by multiplying PN by the transform length (64 in our case).

Next, the position of the peak in the spectrum is determined simply by locating the maximum
spectral density. The signal is then interpreted as the interval on either side of the spectral
peak where the spectral density is greater than PN.

The noise floor is subtracted from the spectral values over the signal interval before
calculating the moments. The Oth moment gives an estimate of the total signal power per
velocity bin, S/Av:

S -t, p,-r,,h (4.11)
Av

where P, are the spectral values between the points (v, and v2) where the spectrum crosses the
noise floor. The SNR is then defined as the ratio, S/N. The first moment gives a reflectivity
weighted radial velocity estimate:

E"\/, 17>

i=v,

r S/IAv

(4.12)

The second moment gives an estimate of the radial velocity variance:

(4.13)
S/IAv

Spectral width is defined as 2CV. Careful scrutiny must be applied to each set of moments,
since the algorithm produces values even when there is no detectable signal.

4.3.2 Ground-clutter suppression
Ideally, all of the energy resulting from ground clutter would reside in the single
frequency bin at DC, in which case the DC filtering discussed in Section 4.2.3 would

eradicate the clutter. However, this is rarely, if ever, the case. Clutter is broadened in the
frequency domain by the wind (e.g., moving leaves on trees or vibrating wires). In addition,
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artificial broadening occurs because of the signal processing. To combat the problem,
Anthony Riddle of the NOAA Aeronomy Laboratory developed a ground-clutter algorithm.

The algorithm uses a type of spatial (in height) pattern recognition to determine if
ground clutter is present in a Doppler velocity spectrum. The user specifies the height below
which the ground-clutter algorithm is to be applied. Within this range, if the algorithm
detects a signal that is nearly symmetric about DC, then those points from the spectrum are
ignored in the search for the peak signal. However, if the signal detected at the height
immediately above the range covered by the algorithm is very close to DC, then the algorithm
is turned off for all heights below.

This algorithm has been shown to be quite effective in retrieving the atmospheric
signals from spectra measured by oblique beams that are contaminated by ground clutter.
However, it is unclear how well the algorithm works with vertical-velocity spectra because
the part of the spectra resulting from atmospheric backscatter often overlaps with the ground-
clutter portion of the spectra. This makes identification and separation of the two components
more difficult. Therefore, it is best to choose a radar site that minimizes ground clutter for
radar applications that make use of the measured vertical velocities.

4.4 Data Acquisition

The profiler operations and data acquisition are controlled by the profiler on-line
program (POP). The software runs on a personal computer (PC) equipped with a digital
signal processing (DSP) card for expediting the DSP computations. A consensus algorithm is
used to produce average wind profiles over a specified averaging period (e.g., 1 hour) from
the individual radial velocities measured by the radar. However, in this work I am more
interested in the high time-resolution Doppler velocity spectra.

The first three moments of the velocity spectrum are calculated in POP and recorded
on a chosen storage medium. In the past, the cost of massive storage media, or, alternatively,
the cost associated with a technician transferring data periodically to smaller storage media,
dictated that only the moments of the spectra be recorded. However, with the advent of
optical media, it is now practical to record the complete Doppler velocity spectra. This
additional information is often needed to evaluate completely the integrity of the spectral
moments. Currently, the spectra and moments are stored in a compressed (binary) format.
Special software has been written at NOAA/ETL to allow users quick and easy access to the
radar moments data in the form of time-height displays.

4.5 The Doppler Radar Reflectivity Equation

The radar reflectivity or scattering cross section per unit volume, t|, is a measure of
the radar-scattering intensity. In clear air, this intensity is caused by refractive-index
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fluctuations present in the scattering volume. If the radar half-wavelength lies within the
inertial subrange, then (Hardy et al., 1966)

ILall3 (4.14)
0.38

where r\ is in m'l and A is in meters, giving units of mm for C,2 The goal here, then, is to
relate t| to a quantity that is directly measurable by the radar. The more common approach is
to calibrate the power output by the signal processor. However, this technique is based on a
receiver calibration that depends on the radar operating parameters in use at the time of the
calibration. A different approach that relates SNR to 1| avoids this problem by not requiring a
separate receiver calibration.

Starting with the radar equation of Probert-Jones (1962), the power received at the
antenna port, Pr, is related to the transmit power, P,, by

p = cT,\2PtGo2Qtyv\

(4.15)
r 1024722In(2)R2’

where G0 is the antenna gain and 0 and <) are the beamwidths describing the shape of the
transmitted beam (i.e., if 0 = <), then the beam is conical). We use two expressions for the
antenna gain,

Go6(|) = n2 (4.16)
and
4kA
Gy ez @.17)

where Ae¢ is the effective antenna area, to obtain

kekPA i 418
P - e .
r 2561n(2WV (4.18)

The effective antenna area is related to the physical antenna area, Ap, by the antenna
efficiency. This relationship is well-known for the more conventional parabolic antennas, but
has not yet been determined for the flat, rectangular, phased-array design. Because At is
unknown, | introduce the radar "system" efficiency parameter, a, to account for the antenna

45



efficiency, and | use Ap in place of Ae. | also use a to account for absorptive and radiative
losses in the transmission line and antenna (YanZandt et al., 1978). The signal power at the

input to the receiver, S, is then given by

na2PtApsin(\[/) AR
1281In(2)/?2

(4.19)

where | use (4.3) to replace cx by 2AR. A factor of sin(\|[/), where \j/ is the beam elevation
angle, appears in the numerator of (4.19) for cases when \|/ < 90°. Note that two factors of a
are required to account for the two-way losses in the transmission line and antenna.

We obtain the system noise power, N, from

N = KTB (4.20)

where kB = 1.3803 x 1073 J mol'l K' is Boltzmann’s constant, BN is the receiver noise
bandwidth, and Ta is the system noise temperature, given by

aT + T (4.21)

where Ts and Trx are the noise temperatures in degrees Kelvin for the sky and for the radar
receiver, respectively. At 915 MHz, the geometric-mean galactic temperature for an elevation
angle of 90° is about 30 K (Doviak and Zmic, 1984). Because a < 1, and given the value of
Trx from Table 4.1, we expect aTs << Trx. Therefore, it is a reasonable approximation to
neglect sky noise in this analysis. The receiver noise bandwidth is inversely proportional to

B c (4.22)
X 2AR

If we substitute (4.22) in (4.20) and let Ta = Trx then

N = ckBTrx (423)

~ 2AR
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The SNR at the input to the signal processor is found by dividing (4.19) by (4.23):

S = T7ta?P(Apsin(\|/)

N " 64in@)cefitn AX T (4.24)

The SNR at the output of the signal processor is a factor of nc larger than the value given by
(4.24) because of the enhancement associated with coherent integration (see Section 4.2.2).
Solving for T|, we obtain

M\n{2)ckBTn R v
fi = _ SNR. (4.25)
na2PtApsin(\\f)nc VAP 5

Once a has been determined, (4.25) allows us to calibrate radar reflectivity measurements,
which in turn can be used to determine C,2. Substituting (4.25) in (4.14) gives us

1.54XI0BF N+ * Ry

™ SNR. (4.26)
a2P,n A%sinOi/) AR

We now see the advantage of using a radar equation based on SNR rather than signal
power. Note that in (4.25) the radar system noise power is known, so that calibrated values
of r\ can be obtained from SNR measurements. No calibration of the radar receiver is
required because noise and signal undergo the same processing steps. On the other hand, if
we calibrated the received power in terms of the signal power at the output to the signal
processor, then a new calibration would be required every time the signal processing
parameters or the gain of a receiving component were changed.

5. MEASUREMENT ANALYSES

This chapter summarizes the results obtained during the Boulder Atmospheric
Observatory (BAO) Radar Calibration Experiment conducted in July 1993. In Section 5.1,
following a brief overview of the in situ sensors used in this study, the theory summarized in
Chapter 2 is applied to the measured time series of scalar and velocity fluctuations in order to
calculate the desired structure function parameters. Section 5.2, then, compares the
measurements of C,2 made on the tower with the remotely-sensed measurements of C,2 made
by the National Oceanic and Atmospheric Administration (NOAA) 915-MHz boundary-layer
radar/wind profiler (NBL radar) in order to calibrate radar reflectivity, which is the
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fundamental measurement of the radar. Section 5.3 considers radar measurements of velocity
turbulence. | first examine the filtering associated with the radar sampling, using both theory
and observations. | then use an established technique modified to account for dwell time
averaging to estimate C,2 from the radar measurement of spectral width and compare these

results with the results obtained from the turbulence sensor mounted on the tower.

5.1 Tower Measurements
5.1.1 Turbulence sensors

| selected state-of-the-art fast response sensors to obtain direct in situ measurements of
velocity, temperature, and humidity microturbulence. For velocity and temperature, |1 used the
ATI 200-kHz sonic anemometer/thermometer (hereafter "ATI™). For humidity, | used the
Ophir fast infrared hygrometer (hereafter "Ophir"). Engineers from the Environmental
Technology Laboratory (ETL) mounted these instruments on a 3-m boom at the 250-m level
of the BAO tower (see Fig. 5.1).

The ATI measured fluctuations in temperature and the three-dimensional wind field at
a rate of 10 Hz. The Ophir measured coincident fluctuations in absolute humidity at a rate of
20 Hz. The humidity data were then pair-averaged to 10 Hz to match the resolution of the
ATI. | acquired the signals from both instruments with a common personal computer (PC)-
based data system. The data-acquisition program calculated means, variances, and
covariances for each 15-min data segment. In addition, the program produced spectra and
cospectra using an 8192-point Fast-Fourier transform (FFT). The time series were tapered
with a Hamming window prior to computing the FFT to reduce spectral leakage. The
resulting power spectra were smoothed in a manner that maintains roughly equivalent spacing
between frequency points on a logarithmic plot. The variances, covariances, spectra, and
cospectra were rotated into the mean wind direction measured by the ATI. The 15-min
statistics and spectral data were recorded in hourly files on magnetic tape. The 10-Hz data
were not saved, because the data-acquisition and real-time processing program used up most
of the available computational resources on the PC we used.

5.1.2 Mean sensors and instrument comparisons

In addition to the turbulence measurements, | obtained mean measurements of wind

speed, direction, temperature, and dew point at five levels on the tower (100 m, 150 m, 200
m, 250 m, 300 m). The RM Young (Model 8002) propvane anemometer provided the wind
measurements and the EG&G (Model 200M) probe was used for temperature and dew point
(see Fig. 5.1). The data from these sensors were acquired with Campbell Scientific (Model
CR-21X) data loggers. The data (5-min means) were then transferred to the ETL via phone
lines. The configuration of instrument booms on the BAO tower at the 250-m level is shown
in Fig. 5.2.
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Figure 5.1. Photographs showing the sonic anemometer (ATI) and infrared hygrometer (Ophir)
mounted on the turbulence sensor boom (top) and the propvane anemometer (RM Young) and
mean temperature/dew- point sensor (EG&G) mounted on the mean sensor boom (bottom). Both
booms are attached to the BAO tower at the 250-m level. The boom orientations are shown in

Fig. 5.2.
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Figure 5.2. Configuration of the 250-m tower level depicting the tower structure (solid lines
forming the equilateral triangle) and the orientation of the mean sensor (BI) and turbulence
sensor (B2) booms. The center line of the tower (dashed line) is rotated 4° from north.
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I produced 15-min averages from the mean sensor measurements and compared them
to the mean values measured by the turbulence sensors. Validation of the mean winds
measured by the ATI is important, since | use the mean wind speed and direction in the
application of Taylor’s hypothesis. The data-acquisition program also uses the mean wind
direction to rotate the second moment and spectral velocity data. The mean temperature and
humidity from the turbulence sensors are used to calculate refractivity (see Section 5.1.3).

A comparison of wind velocity data from all wind directions indicated flow
contamination caused by the tower structure. A schematic indicating the estimated range of
the contaminated wind directions for each of the instrument booms is shown in Fig. 5.3. The
lines tangent to the tower from the tip of each boom span an angle of 30°. To be
conservative | added an additional 30° to either side of this angle, giving a total
contamination sector of 90° for each boom. 1 used the remaining flow directions (34-94 deg
and 184-304 deg) in the wind comparisons.

Scatterplots comparing the mean north-south, U, and east-west, V, components, speed,
and direction measured by the sonic and propvane anemometer are shown in Fig. 5.4.
Although the data are highly correlated, there is a noticeable bias for the larger magnitudes of
both velocity components and the resultant speed. Because | could not determine which
instrument caused these unexpected biases, | decided to compare the sonic anemometer data
from the 250-m level with the propvane anemometer data from adjacent levels (i.e., 200 m
and 300 m). The results of the comparisons for all three levels are summarized in Table 5.1.
Notice that the correlation is slightly lower and the scatter is larger for the wind comparisons
between adjacent levels (i.e., at 200 m and 300 m), but the linear regression slope is much
closer to 1.0. Therefore, | attribute much of the difference between the mean winds measured
at the 250-m level to calibration errors involving the propvane anemometer at that location.

Unfortunately, the mean temperature and humidity sensors at the 250-m level were
found to be even less robust than the wind sensor. The problem was later traced to improper
grounding of the cables for this level. Thus, | was again compelled to use the mean sensor
data collected at 200 m and 300 m. For the temperature and humidity mean comparisons |
included all wind directions. Periods of data were removed when the ATI was incorrectly
calibrated for the temperature measurement and when the EG&G dew-point sensors were not
operating properly. Scatterplots comparing the mean temperature and humidity measured by
the turbulence probes with the corresponding means measured by the mean sensors at the
200-m level are shown in Fig. 5.5. Correlation statistics for the temperature and humidity

measurement comparisons are included in Table 5.1.
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Figure 5.3. Schematic showing the two flow direction sectors that were eliminated from the
wind data sets for the comparisons between the mean and turbulence sensors because of the

possibility of flow distortion caused by the tower structure.
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Figure 5.4. Scatterplots comparing the 15-min mean wind components, speed, and direction
measured with the sonic and propvane anemometers at the 250-m tower level.
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Figure 5.5. Scatterplots comparing the 15-min means of temperature (top) and specific
humidity (bottom). For these comparisons, the EG&G temperature and humidity data from
the 200-m level are compared to the ATI and Ophir data from the 250-m level.
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Table 5.1
Correlation statistics for the turbulence/mean sensor comparisons.

200 m 250 m 300 m
Variable N E C m NE C m N E C nm
U(ms?) 290 1.10 0.96 095 337 0.35 0.99 0.84 362 0.79 098 i.i
V(ms1) 290 097 094 098 337 043 098 0.82 362 0.76 0.97 0.96
Speed (m s') 290 0.74 0.96 0.99 337 042 098 0.77 362 0.57 0.98 0.95
Direction (°) 290 13.3 0.98 1.1 337 5.0 099 093 362 10.0 0.99 0.86
T (C) 604 091 0.96 1.2 594 11 0.88 0.86 602 0.85 0.96 11
q(kg) 771 045 094 097 — — — — 1015 0.35 0.95 0.83

tThe 15-min means measured by the turbulence sensors deployed at the 250-m tower level are compared to the

means measured by the mean sensors located at three different tower levels. The four statistics given for each
variable at each tower level are the number of observations (N), the standard error of the estimate given by
linear regression (£), the correlation (C), and the slope of the regression line (m).

5.1.3 Structure function parameters

| applied Taylor’s hypothesis to the frequency spectra measured by the ATI and Ophir
in order to calculate the desired velocity and scalar structure function parameters. After
applying (2.45) to (2.58), C/ is given by

M/3

c: =4 s(PHF (5.1)

where u is the mean horizontal wind measured by the ATI. | examined many spectra to find
the frequency range for which the product fSx(f) most often exhibited the -2/3 power law
characteristic of the inertial subrange. | chose to use the median spectral density of the
individual spectral bins in this range (0.1-0.5 Hz). Figure 5.6 shows some examples.

| used the temperature and humidity fluctuation data and their corresponding spectra to

estimate C,2 First, note that it is convenient to use refractivity, N, instead of refractive index,
n, where
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Figure 5.6. Examples of normalized power spectra in the CBL (z/z, = 0.4) produced from
8192-point (13.6 min) time series measured with the turbulence sensors mounted on the BAO
tower. The time series were collected on 16 July 1993 beginning at 17:15:00 GMT. The
dashed lines are drawn with a -2/3 slope and pass through the median spectral density in the
0.1 to 0.5 Hz range.
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N = (n-1)x 106. (5.2)
For absolute humidity, Q, in units of g m'3 and temperature, T, in K, N is given by

776 P 1}33 QR (5.3)

T J

N =

where Ry = 2.87 x 103 mb m3 g! K'l is the gas constant for air and P is the total pressure in

millibars. Equation (5.3) follows from Doviak and Zmic (1984), except that N has been
rewritten in terms of absolute humidity, rather than vapor pressure.

I decomposed each of the variables, N, T, Q, and P into a mean, denoted by an
overbar, and a fluctuating part, denoted by a prime5,*such that

N-+N'
T+T
Q+Q’

(5.4)

T O 4 Z
I

=P+P".

In this analysis, pressure fluctuations can be ignored (Burk, 1980). After substituting (5.4) in
(5.3), we arrive at an equation for the fluctuating refractivity:

> ( \
N = 1L6P+1122Q 1, 1722 (5.5)

T ] 1 T J

| used the 10-Hz data and 15-min averages in (5.5) to calculate N* with P = 827 mb. Spectra
of N' also were produced using an 8192-point FFT. Equation (5.1) is then used to estimate

Cff. To convert from Cw2 to C,2, we simply multiply Cw by 1012 | refer to the tower-
deduced values of C,2 using this method as (C,2)x.

5The prime is used here instead of lowercase letters (as in Chapter 2) for the fluctuating part to avoid ambiguity
with other variable definitions.
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Alternatively, | could have used the structure functions for temperature, humidity, and
temperature-humidity correlation to estimate Cy2. The dependence of Cw2 on Cr2 and Cq is

found by taking the square of (5.5),

CN - aTCT 2djbQCTQ + bgCQ, (5.6)
where
77.6P + 17220
. (776P+ 17220) (5.7)
T
and
1722 58)
T

However, this method requires that | estimate Cr2, Ce2, and CTQ from the spectral data. |

found, in particular, difficulty in estimating CTQ. Because the first method described requires
only one structure function, | decided to use this method for the tower C,2 calculations. In

addition, because using the median spectral density in the range of 0.1 to 0.5 Hz could be a
source of error in the (C,2)T data, | visually inspected each individual spectrum to determine

the most appropriate value of Spjf) to use in (5.1).

5.2 Comparison of the Refractive-Index Turbulence Measurements

5.2.1 Data selection

Gaps in the radar and tower time series caused by instrument failures reduced the
number of 15-min data pairs available for this analysis. 1 also applied several different data
selection criteria to both the tower and radar data sets, which reduced by 87% the number of
data pairs that | chose to use in the analysis. These data selection criteria are explained
below.

The decreased length and time scales of nocturnal turbulence, compared to those
associated with daytime convective boundary-layer turbulence, violate my crude assumptions
of stationarity and homogeneity. For example, a layer of turbulence may be present in part of
the radar pulse volume but at the same time be above or below the sensors on the tower.

This point is supported by the degradation in correlation that | observed between tower C,?
and radar reflectivity at night. Therefore, in this comparison | chose to use only daytime
data. Furthermore, | used time-height displays of radar reflectivity to determine the evolution
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of the mixed-layer height. This allowed me to select periods when the 250-m level was
located well within the convective boundary layer (CBL), where it is more likely that the
turbulence fills the radar pulse volume. Also, because of the Rayleigh scattering contribution
to radar reflectivity caused by rain, | removed periods of rain prior to the analysis.

| used three other data selection criteria for the tower data. First, because Taylor’s
hypothesis is not valid for very light wind conditions, | used only those data collected during
periods when the mean wind speed exceeded the threshold given by (2.46) of 2.0 m s'L.
Second, visual inspection of the refractivity spectra indicated times when an inertial subrange
could not be determined with a satisfactory level of confidence. Many of these cases were
caused simply by low signal (i.e., weak turbulence). On the other hand, some power spectra
with considerable energy were rejected because of excessive high-frequency noise
contamination. Third, in addition to its effect on the measured velocity fluctuations, the
tower can create temperature fluctuations whenever the wind blows through the tower and the
tower is at a different temperature than the air (e.g., when the tower is warmer than the air
because of absorption of solar radiation). Likewise, humidity fluctuations can be created by
the tower when the tower is wet. The latter is not likely to have occurred during the periods
I chose for this analysis. And even though the (C,2)x calculations were dominated by
humidity fluctuations much of the time, | decided to remove periods of data when the mean
wind direction fell within the flow contamination sector defined in Fig. 5.3 for the turbulence
sensor boom.

5.2.2 Radar pulse coding and receiver recovery

| programmed the radar to alternate between sampling with a standard pulse (SP) and
a coded pulse (CP). Pulse coding effectively increases the pulse width, resulting in increased
average transmitted power, without sacrificing a loss in range resolution. Because the power
intensification effect of pulse coding is not fully realized until the fourth range gate, a
comparison with and without pulse coding was necessary to calibrate CP radar reflectivities in
the lowest three range gates.

An additional factor that affects the signal power in the lowest few range gates of both
the SP and CP operating modes is receiver recovery from the blanking pulse. In order for the
receiver to be sensitive to the signal amplitudes resulting from atmospheric backscatter (which
contain only a small fraction of the transmitted power), a high-gain stage is required at the
front end of the receiver. Users of radar data often want to obtain measurements as close to
the ground as possible, which means that the shortest possible delay time between
transmission and reception should occur. However, the transmitter does not produce a
perfectly square pulse in time, and the receiver must be protected from the residual pulse
power during a period of recovery after the receiver is switched on. Therefore, a blanking
pulse is used to effectively place a ramp on the receiver gain. During this process, the
received signals do not acquire their full gain such that, after signal processing, the signal-to-
noise ratio (SNR) is reduced. The number of range gates that are affected by the blanking
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pulse depends on the delay time between transmission and reception, which ultimately
determines the height of the first range gate.

| produced median profiles of radar range-corrected SNR for both the SP and CP
modes. The results are shown in Fig. 5.7. From the SP profile, it appears that only the first
two range gates are influenced by the blanking pulse. To estimate the effective loss in SNR
for these gates, | linearly extrapolated the part of the SP profile between 278 m (gate 3) and
878 m (gate 13) down to 150 m. The difference between the extrapolation and the SP profile
results in the receiver recovery loss factors listed in Table 5.2. The same correction factors
are applied to the CP profiles because both operating modes used the same delay time.

The remaining difference between the CP profile and the SP profile in the lowest three
range gates is caused by incomplete pulse coding. The difference profile of range-corrected
SNR for the CP and SP modes is shown in Fig. 5.8. | compared the average difference in
range gates 5-20 to the difference in the first three range gates to determine the partial
decoding loss factors. The results are listed in Table 5.2. The numbers in parentheses were
calculated by Ghebrebrhan (1990) using a mathematical model. Aside from the second range
gate, the model and observations agree within 10% (-0.4 dB). The strange result | obtained
for the second range gate has been observed by others and is currently being investigated by
radar engineers at NOAA. For gate 3, the gate used in the comparisons with the tower, the
combined loss in SNR due to receiver recovery and partial decoding is -3.2 dB.

Table 5.2
SNR loss factors for receiver recovery and partial decodingl.

SNR Loss Factors

Gate Receiver Recovery Partial Decoding
1 -5.6 -9.6 (-10)
2 -0.6 -4.3 (-7.8)
3 0.0 -3.2 (-:3)
4 0.0 +0.4 (0)
5 0.0 -0.3 (0)
6 0.0 -0.2 (0)

fValues are in dB. Data highlighted in bold are for the radar range gate used in the
calibration. The numbers in parentheses are from Ghebrebrhan (1990).

60



1400 [ aaad § e e e § e r n i i r
1300

1200 H

1100

1000 -

900-
1T 800

£ 700H
¢ 600 -|
500
400-
300-
200-
100-

0 ' i TR T A i E E T PV i
20~ 42 a4 ' ds ' 48 ' 5552 B4 B6 | 58 60
Range Corrected SNR (dB)

Figure 5.7. Median profiles of SP and CP range-corrected SNR measured with the NBL
radar. The dashed line near the bottom of the standard pulse profile shows the extrapolation
used to estimate the receiver recovery loss factor.
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Figure 5.8. Difference profile for range-corrected SNR with the radar alternating between a
CP mode and an SP mode.
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5.2.3 A radar 2 calibration

Here, | compare the (C,2)x estimates to measured values of radar reflectivity in order to
calibrate the radar system efficiency parameter a. | emphasize that this calibration is based
on the assumption that the radar and the tower see identical turbulence structure over the
horizontal distance separating them, and over the specified averaging period. The radar was
located approximately 200 m from the tower. This separation was required to prevent tower
echoes from contaminating the radar backscattered signals. The averaging period is defined
by the tower, since (C,2)x values were computed from spectra containing an 8192-point time
series, which translates to a 14-min averaging period. As mentioned earlier, | was forced to
preselect an averaging period because of computational resource limitations. | chose a 14-
min averaging period partly to resolve a significant portion of the inertial subrange. |
extracted the median from each corresponding 14-min time series of radar reflectivity data. |
used a median instead of an average to reduce the impact of outliers.

| estimated the radar calibration constant by substituting (C,2)x for C,2 in (4.26):

logl0(a2) Rci’ﬁ ~ loglo (Cn)T (5.9)

where CR takes the place of all constants and radar operating parameters, RCSNR = R2SNR,
and both CR and RCSNR are in dB. Using the values given in Table 4.1, CR = -201.6 dB for
the SP mode. For the CP mode, CR = -206.6 dB (a factor of four is included to account for
the increased length of the CP). The appropriate loss factors from Table 5.2 were added to
the radar SNR data before using (5.9) to compute a. The results of the calibration are
summarized in Table 5.3. A scatterplot comparing C,2 from the tower with C,2 from the radar
in the CP mode is shown in Fig. 5.9.

Table 5.3
NOAA 915-MHz radar system efficiency.

Coded Pulse Standard Pulse

Log average 0.25 0.20
Median 0.23 0.19
Linear average 0.27 0.23
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Figure 5.9. Scatterplot comparing C,2 measured remotely with the radar and C,2 measured in
situ on the tower. The measurements were obtained in the CBL using a 14-min averaging
period. The number of data points, the radar system efficiency determined from the
calibration, the correlation coefficient, and the rms error are shown in the lower right comer.
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There is a significant amount of scatter, which is under-emphasized in Fig. 5.9,
because the data are plotted on a logarithmic scale covering five orders of magnitude. The
scatter may be partially attributable to spatial inhomogeneity as well as to the spatial and
temporal sampling differences between the radar and the tower instruments. The implications
that these sampling differences have on velocity microturbulence measurements are discussed
in Section 5.3. Other errors, including sampling uncertainty, are discussed in the Appendix.

The relative uncertainty of the calibration is determined by calculating the uncertainty
in the mean value of a, which is given by ol<ln = 0.36 dB. However, according to Fig. 4.8
and Table 4.2, if the tower sensors were located at a different height, so that | was forced to
use the radar SNR data from a different range gate, then the mean value of SNR could
change by £0.4 dB. Using (5.9), the corresponding value of a would change by +0.2 dB.
Thus, | estimate the total relative uncertainty in the calibration to be approximately 0.56 dB,
or 14%. The absolute uncertainty includes any systematic errors associated with the
turbulence sensors on the tower. These errors are discussed in the Appendix.

5.3 Radar Measurement of Velocity Turbulence
5.3.1 The radar averaging filter

~ Using a time series of vertical velocity measured by the radar to estimate the vertical-
velocity variance, <5@, one might expect a priori that the radar sampling would smooth
fluctuations on scales shorter than the dwell time and smaller than the pulse volume.
Therefore, one would also expect the radar-deduced variance to underestimate the true
variance. | examined the degree to which the velocity field is filtered by the radar sampling
by forming a spectrum from the radar time series and comparing it to the spectrum measured
by the ATI. | used an hour-long time series of radar vertical velocities interpolated onto a
256-point temporal grid to compute the radar spectrum. The time series and resulting
spectrum were processed the same way that the ATI data were processed, except that the
radar time series was visually inspected to remove a few obvious outliers before computing
the spectrum. | produced an hourly averaged ATI spectrum by averaging the four 14-min
spectra obtained within the hour. | then interpolated the ATI spectrum to match the
frequencies at the low-frequency end of the radar spectrum. Figure 5.10 shows an example.l

| found 50 hours of CBL data for which | judged the ATI spectra to be of high
quality. The average vertical-velocity spectra measured by the radar and ATI is shown in
Fig. 5.11. The ratio of radar spectral density to ATI spectral density as a function of
frequency is also shown in Fig. 5.11. Here, one can see that at the lower frequencies (less
than 0.01 Hz) the radar measures nearly the same spectral density on average as the ATI
measures. However, as frequency increases, the ratio drops off. The attenuation of radar
spectral density results from the averaging imposed by the radar sampling.
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Figure 5.10. An example of the normalized vertical velocity power spectra deduced from
time series measured concurrently with the radar and ATI. A line of -2/3 slope indicated by
the asterisks is shown for comparison. The radar spectrum was computed from a 1-hr time
series of vertical velocity, whereas the ATI spectrum was computed by averaging the four 14-
min spectra obtained within the hour. The measurements were taken in the CBL (z/z; = 0.2)
on 15 July 1993 beginning at 21:00 GMT.

| first evaluated the filtering effects of the dwell time and the pulse volume
independently using mathematical models found in the literature. The process of averaging
the radar signals over the dwell time is analogous to estimating the power spectrum of a
discrete time series of finite length, a problem that was addressed by Kristensen (1971).
Discrete sampling results in aliasing, which allows energy at frequencies larger than the
Nyquist frequency to leak back into the resolved spectrum. As shown by Kristensen (1971)
and stated in Section 4.2.2, averaging acts as a low-pass filter on the signal, thereby
diminishing the effects of aliasing.

Following the notation of Kristensen (1971), the filtered and aliased spectral estimate,
G(to*), is given by
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Figure 5.11. A statistical comparison of the vertical-velocity spectra measured concurrently
with the radar and ATI. The top panel shows the average spectra calculated from 50 hours of
CBL data. A line of -2/3 slope is indicated by the asterisks. The circles in the bottom panel
show the ratio (radar to ATI) of spectral density for each of the 50 individual spectra. The
solid curve is drawn through the median ratio occurring at each discrete frequency. The
dashed curve gives the ratio between the average spectra. Both curves illustrate the combined
filtering effects of pulse-volume and dwell-time averaging.
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T0 = nAt 0, = "

and where n is the number of data and At is the time between adjacent data. In this analysis,
n = 256 and T0 = 1 hour, which gives At = 14 s. The effect of aliasing can be described by
multiplying the intrinsic spectrum, <j>(co), by a series of Dirac combs separated in frequency by
m(Os, where m is an integer (Kristensen, 1971). The filtered spectrum without aliasing is
given by setting m = 0 in (5.10). The sampling period At and Nyquist frequency (oN in (5.11)
are associated with the resolution of the measured time series of vertical velocity and should
not be confused with the integration period and Nyquist frequency discussed in Section 4.2.2.

For <| (CO), | used the spectral form suggested by Kaimal et al. (1989) for w spectra
under unstable conditions:

V5/3

<o) =crx 1+15 @ (5.12)

co,,

where tom is the frequency at the spectral peak and xm = 2tt/com is the corresponding time
scale. The spectra measured by Kaimal et al. (1976) suggest that xm = 1.0z, /w for unstable
conditions. The average wind speed recorded by the ATI for the 50 hours of data was 4.1

m s'l, and the average z{ estimated from the SNR profiles measured by the radar was 1400 m,
so xm = 6 min. The function G(co) was evaluated numerically over the interval 0 < co/coN < 1.

The ratio of G to ¢ is defined by Kristensen (1971) as the pseudo transfer function

(i.e., it is not a true transfer function, because it depends on the choice of (()). | adopt the
notation of Kaimal et al. (1989) and denote the transfer function by
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*I"(O» = (<3t(>c((()%)’ (5. 13)

where the subscript "T" is used to identify the transfer function resulting from averaging over
the radar dwell time. 1 evaluated this function with and without the effect of aliasing, and the
results are shown in Fig 5.12.

I now focus on the filtering associated with the pulse volume. This problem has been
addressed by Srivastava and Atlas (1972), Frisch and Clifford (1974), and Gossard and
Strauch (1983). If x! is the direction along the radar beam and x2 is the direction
perpendicular to xi and along the direction of the mean wind, then at a fixed height, the radar
measures the transverse spectrum of vertical velocity

Sw(k2) = 133<I>1(k)Op(k)dkldks3, (5.14)

where

Dp(k) = (2nAFp(K)\2 (5.15)

is the beam filter function associated with the pulse volume, and FP(k) is the Fourier
transform of A(r), the two-way beam illumination function (Srivastava and Atlas, 1972).
Frisch and Clifford (1974) and Gossard and Strauch (1983) used Gaussian functions to
describe the pulse length and horizontal beam cross section. If a circular cross section is
assumed, then

[Fp(K)|2 = —L exp[-k?b2-a2(k?+k?)]. (5.16)
(2 k)6

The Gaussian beam half-width, a, and pulse half-length, b, are given by Gossard et al. (1990):

*Q%x

. b = 0.3AR, (5.17)
sjlIn2

where R = 278 m is the height at the center of the range gate used in this study, and Qh is the
angular half-width of the antenna beam in radians.

If the turbulence is isotropic, then the functional form for <Fu(k) is given by (2.32).
We also know from (2.26) and (2.47) that E(k) = AMK'S3. The value of AE is approximately
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Figure 5.12. The theoretical transfer functions for dwell-time averaging (KT) and pulse-
volume averaging (KP) treated separately and plotted as a function of the frequency (or
wavenumber) normalized by the Nyquist value. The dwell-time transfer function is shown
with and without the effects of spectral aliasing.
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1.6 (Gossard et al., 1990). Using (2.20) and (2.32), we have for the isotropic one-dimensional
lateral spectrum:

N\
- — *1 5.18
ydk,dks = & dkidk3 (5.18)
The filtered spectrum measured by the radar is then given by
ssky = & 1= 1 exp(-b2K2 - a2k2) dkxdk3.  ("*19)

2n Kk j
-0

The transfer function for pulse volume averaging, KP, is found by taking the ratio of (5.19) to
(5.18). Using k for k2, we have

Kp(k) = (5.20)

The function KP is also plotted in Fig. 5.12 as a function of the ratio k/kN, where kN is the
wavenumber corresponding to (ON. For the given measurement height and average wind
speed, the radar pulse volume filters more of the turbulence than the radar dwell time.

The overall transfer function for the radar is found by combining the contributions
from dwell-time averaging and pulse-volume averaging in a multiplicative manner. The result
is shown in Fig. 5.13, along with the transfer function determined from the radar and ATI
observations (see Fig. 5.11). The radar sampling results in less aliasing than is predicted by
the model.

However, we must remember that the estimation of the radar moments is a noisy
process. For example, in Fig. 4.2 only a small region of the velocity spectrum near the peak
could be identified because the rest of the spectrum was imbedded in noise. Noise is
associated with the velocity estimate because the first moment is weighted by the value of the
spectrum (i.e., signal plus noise) at each frequency point within the signal interval. It is
unclear exactly what effect this type of sampling uncertainty has on the spectrum produced
from a time series of radar velocity estimates. However, if the energy that is aliased because
of finite sampling is mostly uncorrelated, then we would not expect to see a strong functional
dependence on frequency in the aliased spectrum.

bn(*)y
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Figure 5.13. The radar transfer function calculated with (dashed curve) and without (solid
curve) spectral aliasing, along with the median transfer function from Fig. 5.11 that was
determined by comparing the power spectra from the radar and ATI (open squares). The
error bars include the second and third quartiles of the distributions shown in Fig. 5.11.
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5.3.2 Spectral width estimation of Cu2

Gorelick and Mel’nichuk (1963, 1968) were among the first to recognize that the
turbulent kinetic energy (TKE) present in scales smaller than the pulse volume appeared in
the variance of the Doppler spectrum. Unfortunately, several other factors can contribute to
the spectral width (Gossard, 1990). For clear air, the total broadening of the spectrum, a,2, is
approximately given by

°) = N2+° 4= (5.21)

where c? is the contribution due to wind shear in both the transverse and radial directions,
(Ta2 is the contribution due to antenna properties, and a2, is the variance of the velocity
component in the radial direction due to turbulence. Two antenna effects broaden the
spectrum. If the antenna rotates, the spectrum is broadened by the antenna motion. For non-
rotating antennas, O2 reduces to the effect of a finite width beam which is often referred to as
beam broadening. To demonstrate this effect, consider a horizontal wind blowing through a
vertically pointed beam. Even in a uniform wind, the radial direction sensed by the radar
varies over the width of the beam so that a range of velocities is measured. For example, it
is easy to show that the radial velocities sensed by the leading and trailing edges of the beam
are opposite (i.e., toward and away from the radar).

Gossard (1990) gives parameterizations to correct for the shear and beam broadening
effects. | evaluated these functions for the NBL radar and found that given its relatively wide
beam (see Table 4.1), a? >> a2, so beam broadening dominates shear broadening. The beam

broadening is given by Gossard (1990):

o= r * (5.22)
a 2.76

where VT is the wind speed transverse to the radar beam. Assuming successful removal of the
contamination, the spectral width that remains is equivalent to twice the standard deviation of
radial velocity fluctuations that are associated with eddies smaller than the radar pulse
volume. As shown in Section 5.3.1, the dwell time should also be accounted for in the
broadening of the spectrum. However, we should treat these two filtering processes together,
since they occur simultaneously during the radar measurement.

Following the notation of Gossard et al. (1990), the spatially averaged velocity
measured by the radar can be written as

FFA(r)w(r)dr, (5.23)

where r is a point of measurement along the beam. If we generalize to include time
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dependence, then

w(t) = -i JJAMw(r,t)dr. (5.24)

The Fourier transform of w(r,t) is given by
w(r,t) = JJIN(K)e'k(r'vi)Ik, (5.25)

where the spectral form of Taylor’s hypothesis has been used, i.e., to = k-v is the angular
frequency induced by wavenumber k. Inserting (5.25) in (5.24) and rearranging terms gives

us
W) = JjW(K)IK iJJJAMEK rIr  ikyt (5.26)

The term enclosed in brackets is the beam filter function FP(k). Dwell-time effects are
included by averaging w(t) over the dwell time. The temporally and spatially averaged
vertical velocity measured by the radar is thus given by

772 772

wa = FW)dt = JJJdW(K)Fp(k)dk Je '~ 'dt. (5.27)
-TI2 -772
More generally,
w = JIJJW(K)Fp(K)F7(k)JK, (5.28)
where
Fr(k) » jT(t)e-k y,dt (5.29)

is the Fourier transform of the dwell-time window function, T(t). | assume that the process of
averaging over the dwell time can be represented by a rectangular window function. Then, in
Fourier space, F~K) is given by

Ft(k) = sinIE/ZCLZJLI/2), (5.30)

where L — VjtD.
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Ultimately, I am interested in the spectral broadening due to turbulence. This can be
expressed in terms of the corresponding point-measured and space- and time-averaged
variances (Frisch and Clifford, 1974):

AL~ Nint G, (5.31)

The first term on the right side can be determined by integrating the spectrum given by
(5.18). For the second term | must first modify (5.19) to include the dwell-time averaging
function before integrating. The end result is given by

4kofu San(fCZ L/2) -b2k?-a2(k?+k,2
(K2L/2)2

) dkidkedks 32

Gossard et al. (1990) took a different approach. They treated the spatial and temporal
averaging processes separately. The pulse volume averaging contribution was found by
evaluating (5.32) without the sine term. An analytical solution to this integral was found by
Frisch and Clifford (1974)"and Labbitt (1981). The pulse volume contribution denoted by
Gossard et al. (1990) as °vw, is given by

alw = | ALE(BE)23r(5/3)f, (5.33)
where for b < a
5 = a
b
-1 _(
\alJ
=1-nh h?
15 105

and forb > a
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Gossard et al. (1990) approximated the time averaging contribution by

gt = jJE(K)dk, (5-34)
|

where k0 = 2n/(VTtD) and ke = 2n/8. After integrating (5.35), they obtained
N
o A VBrropa-gon. (5.35)
V2tty

Combining (5.33) and (5.35) gives

\2/3

Akgu = 67823{r(5/3)y2 + (2ut)2 N 1

23
Aee

(5.36)

Gossard et al. (1990) ignored the right-hand term in braces unless VjtD > 8. | find two
problems with this result. First, the proper dimension with which to compare VjtD is 28, since
8 is based on the half-dimensions of the pulse volume. Second, with a non-zero wind speed,
beam broadening should occur with any amount of time averaging, not just after L exceeds
(2)8. If I remove the right-hand term in brackets from (5.36), replace 8 with 28 (Dr. Gossard
has agreed to these changes in principle), and insert the proper pulse volume dimensions for
the NBL radar, then (5.36) may be rewritten as

|
LT 1983 4355 (VTLD)2/3. (5.37)

Figure 5.14 compares the space- and time-filtered variance functions described by
(5.32) and (5.37). The triple integral in (5.32) was evaluated numerically for selected values
of L. The solid curve drawn in Fig. 5.14 represents a fourth-order polynomial fit to the
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Figure 5.14. Two different velocity variance filter functions for the effects of pulse volume
and dwell-time averaging on radar measurements of spectral width. The separation between
the two curves is due to the different approaches used to calculate the dwell-time contribution

(see text).
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results of the integrations. The intersection of the curves with the y-axis gives the pulse
volume averaging contribution to the variance. The two curves behave differently for low
wind speeds. The primary difference between the two techniques is that the integral approach
includes a continuum of scales for the time average filter, whereas the Gossard et al. (1990)
approximation includes a limited range of scales represented in wavenumber space by the
bounds for the integral in (5.34). Because the integral approach has no obvious deficiencies, |
chose to use this approach to account for the spectral broadening caused by the radar

sampling.

| can now summarize the procedure | used to estimate C,2 from the radar. First |
obtained the median spectral width from a 15-min time series of Doppler velocity spectra
measured by the vertically pointed radar beam. An 15-min averaging period was chosen to
match the resolution of the tower measurement. A median was used instead of an average
again to reduce the impact of outliers. | converted the radar spectral width to variance. |
then used (5.22) to remove the variance attributable to the finite beamwidth. The remaining
variance and the wind speed measured by the ATI were used in conjunction with Fig. 5.14 to
calculate 8. Finally, I used (2.59) to compute C,2

5.3.3 Radar/tower Cu2intercomparison

In comparing the radar and tower measurements of C,2 | used all of the available
daytime data for which an inertial subrange could be determined in the streamwise velocity
spectra measured by the ATI. | compared C,2 instead of Cj because there was generally
better signal in the u-spectra than in the w-spectra measured by the ATI. A scatterplot
comparing the values derived from the two methods is shown in Fig. 5.15. All data are
shown, except for two cases in which the radar method produced a negative value of C,2
These cases occurred when the horizontal velocity measured by the ATI was greater than 14
m s'l. In addition, the four points farthest above the 1:1 line in Fig. 5.15 are associated with
wind speeds ranging from 10-15 m s'l. These results suggest that the corrections for finite
beamwidth and/or dwell time are too severe for wind speeds greater than 10 m s'l. A
majority of the data in Fig 5.15 is scattered below the 1:1 line. | examined the individual
Doppler velocity spectra used in the radar C,2 calculation for many of these points and often
found enough erroneously large spectral widths in the 15-min averaging period to contaminate

the median.

Figure 5.16 shows the scatterplot that results when the eight worst outliers in Fig. 5.15
(four from each side of the 1:1 line, which together account for only 6% of the data) are
removed. A discussion of the uncertainties associated with the C,2 calculations is given in the
Appendix. The correlation statistics shown in Fig. 5.16 are comparable to those obtained in a
comparison of the vertical-velocity variances measured by a sodar and a sonic anemometer in
unstable conditions (Gaynor and Kristensen, 1986). Curiously, the scatter increased when
they applied a pulse volume filtering correction to the sodar measurements. Gossard et al.
(1984) compared Cj measured by sonic anemometers mounted on the BAO tower with radar-
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Figure 5.15. Scatterplot comparing C,2 calculated from the 14-min medians of spectral width
measured by the radar with C,2 determined from the 14-min longitudinal velocity spectra

measured with the ATI.
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Figure 5.16. Same as Fig. 5.15, except with eight outliers removed. The number of

observations, the correlation coefficient, and the results of linear regression analysis are given
in the lower right.
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measured values deduced from Doppler spectral width, but they were not satisfied with their
results mainly because of spurious radar returns caused by side-lobe scattering from the tower
structure. | know of no other similar comparisons. Gossard et al. (1995) calculated spectra
from 20-min time series of radar-measured vertical velocity and compared them to the
spectral density that resulted from the corresponding measurement of Cj? determined from the
Doppler spectral width. The agreement was convincing, but only six range gates were
examined during a single 20-min period.

The results shown in Fig. 5.16, along with the results given by Gossard et al. (1995),
lend support to the usefulness of the radar technique. However, it is likely that improvements
in the accuracy of radar measurements of velocity microturbulence could result from the
development of new signal processing algorithms that compute spectral width more
accurately.

6. RADAR OPERATING PARAMETER SENSITIVITY STUDIES

In this chapter | summarize the results of a series of experiments that were designed to
investigate how the spectral moments are affected by changes in the fundamental radar signal
processing parameters: nc, nf, and ns. | use these studies to test the universality of the
relationships that were used to derive C,2 and C,2 from radar measurements of reflectivity and
spectral width. The results also suggest how the different segments of the radar dwell time
should be allocated to optimize the radar’s performance for different applications such as
mean wind profiling and turbulence and to minimize (to the extent possible) the problems
associated with radar measurements of turbulence discussed in Section 1.2.4.1

| obtained the data for these analyses over a nine-day period (June 12-20, 1995)
during which a commercial version of the radar described in Chapter 4 was operating at the
Boulder Atmospheric Observatory (BAO) tower. | programmed the radar to point vertically
during this period and turned off pulse coding, spectral windowing, and the ground clutter
algorithm so as not to complicate the interpretation of the measurements. | conducted a
number of experiments either using a constant set of signal processing parameters or
alternating between two parameter sets for every average spectral cycle. All parameter sets
used a 400-ns pulse, resulting in 60-m vertical resolution, a 23-ps interpulse period, and 33
gates. Table 6.1 lists the periods when data were collected, the mode of operation (constant
or alternating parameter sets), the values of the parameters used, and the number of profiles
measured. Table 6.2 lists the experiments conducted with the radar and gives schematic
representations of the signal processing parameters used in each experiment. The results of
these experiments are displayed as frequency distributions of the Doppler spectral moments
measured at the third radar range gate, which is centered at a height of 240 m above ground
level (AGL).
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Julian
Day(s)
163

164

165

166

167

168-169

170

171

Times
(MDT)

09:31-23:59
00:00-11:10
11:11-23:59
00:00-11:15
11:42-23:59

00:00-12:24

13:37-23:59

00:00-11:56

11:58-23:59

00:00-23:59

00:00-11:13

11:28-23:59

00:00-08:42

Table 6.1
Data collected for the radar operating parameter sensitivity studies.

Mode
Constant
Constant
Constant
Constant

Alternating

Alternating

Constant

Constant

Alternating

Alternating

Alternating

Alternating

Alternating
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320
320
320
320
320
320
320
320
320
320
320
80
320
80
320
80
320
320
320
320

nf

64
64
64
64
256
64
256
64
64
64
64
256
64
256
64
256
64
64
64
64

ns
15

15
100
100

15
60

15
60
100
100
30
30
30
30
30
30
100

15
100

15

No. of
Profiles

6383
4945
914
803
706
706
712
712
741
853
1280
1280
5109
5109
1194
1194
769
769
534
534
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Before proceeding with the results, it is appropriate to review briefly some of the
concepts discussed in Chapter 4. The coherent integration period, At, is the amount of time
required to produce a single point for the Fast-Fourier transform (FFT) and is found by
multiplying nc by the interpulse period (IPP). The Nyquist frequency associated with the
resulting Doppler velocity spectrum is then given by fN= 1/(2At). The corresponding Nyquist
velocity, or the maximum velocity magnitude that can be resolved unambiguously in the
spectrum, VN, is determined by inserting fN in (4.5). Thus, vN = X//[2. The spectral velocity
resolution, Av, is given by taking the velocity interval, 2vN, and dividing it by the length of
the FFT, i.e., Av = kfN/nf. The dwell time defined in (4.10) is the amount of time required for
the profiler on-line program (POP) to collect and process all of the pulses (ncn/is) used to
produce the average Doppler velocity spectrum.

6.1 Coherent Integration Period

In this experiment | programmed the radar to alternate between two parameter sets:
one with nc = 80, and one with nc = 320. | kept the dwell time constant by changing the
number of FFT points (see Table 6.1) so that the product ncnf remained fixed for both
parameter sets. In this case fN changes, but Av is constant.

Figure 6.1 shows frequency distributions of vertical velocity for each of the parameter
sets. Aside from minor differences near 0 m s'l, the two distributions are quite similar. The
range-corrected signal-to-noise ratio (SNR) distributions are shown in Fig. 6.2. The SNR for
the longer integration period is enhanced by approximately 6 dB. This increase is a direct
result of coherent integration because, as described in Section 4.2.2, the coherent integration
of nc pulses improves the SNR by a factor of nc (i.e., 320/80 = 4 = 6.02 dB). Thus, the radar
C,2 equation given by (4.26) properly accounts for a change in the coherent integration period.

The frequency distributions for signal power and noise power are shown in Figs. 6.3
and 6.4. As explained in Section 4.2.2, the POP deals with an increase in nc by reducing the
noise power (Fig. 6.4) while keeping the signal power constant (Fig 6.3). The FFT is also a
coherent process. However, if At is selected carefully to take advantage of the coherence
time for atmospheric signals, then increasing the length of the FFT will not result in a further
improvement in SNR. In other words, once the number of FFT points is adequate to resolve
the spectrum, adding more points will not change the integrated power spectral density. The
frequency distributions for Doppler width shown in Fig. 6.5 do not exhibit any notable
differences but could if the SNR became too small.

The signal processing parameter changes made in this experiment do not affect radar

performance for velocity turbulence applications because the velocity resolution and dwell
time were the same for both parameter sets. However, an increased sensitivity to C,2 results

because, although both parameter sets measure the same value of C,2, the parameter set that

uses the longer coherent integration period has a higher SNR. The results here are also
relevant to the applications of mean wind profiling and precipitation detection. Note that the
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br 400

-1.5 —1.0

Figure 6.1. Frequency distributions of vertical velocity measured with a 915-MHz radar
alternating between a long (nc = 320) coherent integration period (solid curve) and a short (nc
= 80) coherent integration period (dashed curve). Each distribution contains 7,583 data from
the third range gate centered at 240 m AGL. These data were collected over a four-day

period (Julian days 167-170) in 1995 (see Table 6.1).
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Figure 6.2. Frequency distributions of SNR for the long (solid curve) and short (dashed
curve) coherent integration periods.
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Figure 6.3. Frequency distributions of signal power for the long (solid curve) and short
(dashed curve) coherent integration periods.
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Figure 6.4. Frequency distributions of integrated noise power for the long (solid curve) and
short (dashed curve) coherent integration periods.
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Figure 6.5. Frequency distributions of Doppler spectral width for the long (solid curve) and
short (dashed curve) coherent integration periods.
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shorter integration period leads to increases in fN and vN. A broader velocity range is
advantageous for eliminating the problem of velocity folding (aliasing), which can occur when
measuring a strong horizontal wind field or when the radar is used to detect the fall velocity
of precipitation. Clutter targets (e.g., airplanes, motor vehicles) and radio frequency
interference (RFI) from outside the Nyquist interval can also fold back into the resolved
velocity spectrum and cause the peak picking algorithm to erroneously choose a spectral peak
resulting from non-atmospheric backscatter. This kind of interference can even confuse the
trained observer of radar velocity spectra because the aliasing may result in velocities that are
typical of the atmosphere. Increasing the Nyquist interval decreases velocity folding and
allows interfering signals to be resolved in the Doppler velocity spectrum at their proper (i.e.,

unfolded) velocities.

Assuming that the product ncnf remains constant, the only drawbacks to using fewer
coherent integrations are an increase in the amount of data processing required in the FFT
stage and a decrease in the SNR. The former is not an important consideration given the
speed and memory that are available with today’s computers. Whether or not a reduction in
SNR is acceptable to the user depends partly on the atmospheric conditions encountered
during operation and the desired altitude coverage. The traditional strategy that has been
adopted for wind profiling is to make At as long as the atmosphere allows without making vN

too small.

6.2 FFT Length

This experiment examines the effects of changing the length of the time series used to
generate the Doppler velocity spectrum. For this case | programmed the radar to alternate
between two parameter sets: one with nf = 64 and one with nf= 256. This time | kept the
dwell time constant by changing the number of spectral averages (see Table 6.1), so that the
product nfis remained fixed for both parameter sets. The Nyquist frequency was the same for
both sets because nc (and thus At) was the same. Therefore, the increase in nf gives a factor-
of-four increase in Av (0.087 versus 0.35 m s'l).

Figure 6.6 shows the vertical velocity frequency distributions for this experiment.
There are marked differences in the distributions, most notably the position of the peaks with
respect to velocity. For the 64-point FFT parameter set, the peak is at -0.25 m s'l, while for
the 256-point FFT parameter set, the peak is at -0.05 m s'l. There are several reasons why
these peaks may occur at negative velocities rather than at zero. First, synoptic conditions
were favorable for large-scale subsidence. Secondly, because of westerly flow aloft and the
nearby Rocky Mountains, the vertical-velocity distributions measured at the BAO site were
likely influenced by the presence of a quasi-stationary lee wave. Thirdly, according to the
times listed in Table 6.1, approximately one-third of the data for this experiment were
collected in the daytime convective boundary layer (CBL). The frequency distributions of
vertical velocity in the CBL are expected to have a negative mode because most of the
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Figure 6.6. Frequency distributions of vertical velocity measured with the radar alternating
between a long (256-point) FFT (solid curve) and a short (64-point) FFT (dashed curve).
Each distribution contains 1,418 data from the third range gate centered at 240 m AGL.
These data were collected on Julian days 165 and 166 (see Table 6.1).
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upward mass transport occurs in intense, narrow updrafts, whereas mass balance is achieved
by much weaker but more persistent subsidence.

While the mode of the vertical-velocity distribution in convection may be negative,
mass balance requires a zero mean vertical velocity. Table 6.3 lists the average vertical
velocities measured by the radar for the long and short FFT parameter sets. The average
vertical velocities computed over the entire Nyquist interval are unrealistic. Similar results
were obtained when the National Oceanic and Atmospheric Administration (NOAA) 915-MHz
boundary-layer radar/wind profiler (NBL radar) was operated at sites that were far away from
any major topographic features (see Section 1.2.4). Other investigators have taken extended
time series of vertical velocity with different radar/wind profilers and have consistently found
negative averages (e.g., Green et al., 1988; Gage et al., 1991). Nastrom and VanZandt (1994)
proposed that the long-term average subsidence measured above the boundary layer by the
Flatland VVHF radar in Illinois was due to vertically propagating gravity waves. In their
study, the monthly mean values ranged from -0.03 to -0.07 m s'L

Table 6.3
Average vertical velocities (m s'l) measured by the long- and short-FFT parameter sets.

W 256 W. 64
W\ <2 ms'l -0.08 -0.11
\WA<<wN -0.27 -0.31

Another interesting feature of the averages given in Table 6.3 is that for the range of
velocities between +2 m s'l, the average downward vertical velocity measured with the short
FFT is 37.5% larger than the average measured using the long FFT. Here, it is relevant to
consider the implications of direct current (DC) filtering (see Section 4.2.3). For the moment,
assume there is no mean vertical motion during a particular radar measurement cycle. With
DC filtering, the energy in the Doppler velocity spectrum at 0 m sl is removed or drastically
reduced. Therefore, the peak picking algorithm searches for a signal peak in the velocity bins
adjacent to DC. The moment algorithm can still calculate a velocity of 0 m s'}, but only if
the resulting signal after DC filtering is symmetric about DC. The frequency distributions
shown in Fig. 6.6 show that, on average, DC filtering biases radar vertical-velocity
measurements away from 0 m s'l by an amount that is proportional to AV. The distributions
also show that this bias can be reduced significantly by increasing velocity resolution, thereby
allowing the POP to resolve smaller (magnitude) velocity fluctuations.

92



The SNR (Fig. 6.7) did not change appreciably in this experiment because the number
of coherent integrations was the same in both parameter sets. In addition, because the SNR
was unaffected, the signal power and noise power distributions (not shown) were quite similar
as well.

On the other hand, the distributions for Doppler spectral width shown in Fig. 6.8 are
significantly different. The addition of spectral points allows the POP to resolve narrower
spectral peaks. In this case increasing the number of spectral points from 64 to 256 led to
roughly a factor-of-two improvement in the minimum resolvable Doppler width or a factor-of-
four improvement in the corresponding minimum resolvable variance. It is also interesting to
note the behavior of the distribution tails, where the measured widths are large compared to
the velocity resolutions and, therefore, should not be as sensitive to AV. However, for widths
ranging from 2 to 4 m s'l, the distribution for the 64-point FFT contains 58% more data than
the distribution for the 256-point FFT. With the dwell time fixed, this result must be
accounted for by the increase in the number of spectra averaged together for the shorter FFT.
The equations used to derive C,2 from radar measurements of spectral width (see Section
5.3.2) do not account for this result because the increase in velocity resolution is not
accompanied by an increase in dwell time.

This experiment has important implications for both mean wind profiling and
applications involving turbulence. | first consider mean wind profiling and assume that the
combined error introduced to the radial velocity estimate by the DC filter and a coarse
resolution of the Doppler velocity spectrum is Av. Over half of the distribution of vertical
velocities shown in Fig. 6.6 for the 256-point FFT parameter set lie within the velocity range
-0.35 to 0.35 m s'l. Thus, for the parameter set that used the 64-point FFT and had a velocity
resolution of 0.35 m s'}, a large portion of the vertical-velocity measurements are dubious.
The relative error for horizontal winds should not be as severe because the magnitudes of the
oblique radial velocities are generally larger than the magnitude of the vertical radial velocity.
Therefore, fewer observations from oblique pointing beams should be affected by the DC
filter. On the other hand, the oblique radial velocities are multiplied by l/cos(\|/) to convert
them to horizontal velocities. Since \|/ is typically 75°, the absolute error for horizontal wind
measurements that are affected by the DC filter is nearly a factor of four larger than the error
for vertical velocity.

| did not use the time series of radial velocities measured by the radar except to
demonstrate the averaging filter that is imposed by the radar sampling. However, other
turbulence applications make direct use of these measurements. For example, Angevine et al.
(1993b) used the velocity and temperature measurements from a 915-MHz wind profiler
equipped with the radio acoustic sounding system (RASS) to calculate profiles of heat and
momentum flux using the eddy correlation technique. Any improvement in the accuracy of
radial velocity or spectral width will also lead to better estimates of variance, since the total
variance measured by the radar is a combination of a resolved variance, which is controlled
by the radar sampling, and an unresolved variance, which contributes directly to the
broadening of the spectrum. We saw that an increase in spectral resolution also improved the
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Figure 6.7. Frequency distributions of SNR for the long (solid curve) and short (dashed
curve) FFTs.
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Figure 6.8. Frequency distributions of Doppler spectral width for the long (solid curve) and
short (dashed curve) FFTs.
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spectral width measurement by allowing narrower peaks to be resolved in the spectrum. This
result would, for example, allow smaller values of C,2 to be estimated using the technique

described in Section 5.3.2.

The two most obvious drawbacks to increasing nf are an increase in processing time
(although, with today’s computers this increase should be insignificant) and an increase in
dwell time. However, if the increase in nf is offset by a decrease in ns, as was the case in this
experiment, then the dwell time remains fixed. There is no penalty associated with reducing
the amount of incoherent integration at altitudes where the SNR is large enough that
detectability is not an issue. Also, at the altitudes where detectability is important, the
improvement resulting from spectral averaging is only a weak function of ns (see Section
4.2.4). This improvement cannot be readily measured, because the effect of incoherent
averaging is to reduce the standard deviation of noise fluctuations, a statistic that is not
recorded in the POP (the effect of incoherent integration will be examined further in Section
6.3). Furthermore, reducing the number of spectral averages should decrease the artificial
broadening of the spectrum caused by incoherently averaging spectra together. Perhaps the
biggest obstacle to overcome when using a longer FFT at most radar sites is the spread of
energy from ground clutter into additional velocity bins near DC, which makes identification
and separation of the contamination more difficult. This is more of a problem when the
clutter is due to objects that move with the wind, such as vegetation.

6.3 Dwell Time

In this experiment, | varied the radar dwell time by changing the number of spectral
averages from 15 to 100. Referring to Table 6.1, the short dwell-time data used in this
analysis were collected on days 163 and 164, while the long dwell-time data were collected
on days 164, 165, 166, 167, 170, and 171. It was not necessary to include the short dwell-
time data from days 170 and 171 since the number of profiles measured with this parameter
set already far exceeded the number of profiles measured with ns = 100. Therefore, this
experiment differs from the previous two because the dwell times, the number of observed
profiles, and the observation periods for each parameter set were different. Also, because the
number of observations differed, the frequency distributions presented in this section are
normalized by the number of observations occurring at the distribution peak.

The vertical-velocity distributions are shown in Fig. 6.9. The velocities corresponding

to the peaks in the distributions are slightly different. This difference may not be significant
because the velocity resolution in the Doppler spectrum for both cases was 0.35 m s',,

whereas the peaks are separated by only 0.05 m s'l, which corresponds to the resolution used
to sample the distributions. Both distributions are notched at the first positive velocity bin.
The underrepresentation of the small updraft velocities is caused by the DC filter and the
biasing discussed in Section 6.2. | cannot explain why the notch is more severe for the short
dwell-time parameter set, although the differences in the number of observations and the
observation periods may have contributed to this outcome.
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Figure 6.9. Frequency distributions of vertical velocity measured with the radar using either
a long (ns = 100) dwell time (solid curve) or a short (ns = 15) dwell time (dashed curve). The
short dwell-time distribution contains 11,328 data from Julian days 163 and 164. The long
dwell-time distribution contains 4,614 data from Julian days 164-167, 170, and 171 (see Table
6.1). All data are from the third range gate centered at 240 m AGL.
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The SNR distributions (Fig. 6.10) are quite similar, but the noise power distributions
(Fig. 6.11) are noticeably different. According to Section 4.2.4, increasing ns reduces the
variance of noise fluctuations. This result is manifested by a narrowing of the distribution of
observed integrated noise powers in Fig. 6.11. The real benefit of reducing the variance of
noise fluctuations is to improve the detectability of the signal. | used a consensus algorithm,
along with the alternating parameter set data collected on days 170 and 171 (see Table 6.1),
to see how this benefit is realized in the data. For each of the 85 15-min data segments and
for each range gate, | found the 2 m s'l window in the velocity spectra that contained the
maximum number of observations, nm. If nm was greater than or equal to half of the total
number of observations for the 15-min period, then the data passed the consensus test. Figure
6.12 shows the results of this analysis. For this particular consensus test, the short dwell-time
parameter set performs as well as or better than the long dwell-time parameter set up to a
height of 900 m. It is only above this height that | observed any benefit to increasing ns.
This comparison confirms that spectral averaging does not improve the quality of radar
velocity estimates at altitudes where the SNR is good.

Figure 6.13 shows the frequency distributions of spectral width. The distribution for
the long dwell-time parameter set is shifted toward larger spectral widths. This is an
expected result because, as the dwell time increases, the scales of turbulence filtered by the
radar sampling increases (see Section 5.3.2). The additional unresolved turbulence broadens
the Doppler velocity spectrum. Conversely, the short dwell time has the advantage of
resolving explicitly more of the eddy structure.

As described in Section 5.3.2, there are additional factors contributing to spectral width
that make it difficult to diagnose the turbulence contribution. Therefore, for turbulence
applications, | strongly believe that the dwell time devoted to incoherent integration could be
better spent, particularly if it is used to increase the velocity resolution by increasing nf. For
mean wind profiling applications, however, the increased recovery of data at the higher
altitudes (e.g., as shown in Fig. 6.12) may be more important than an increase in velocity
resolution. The results shown here and in Section 6.2 verify that in order to properly separate
the different contributions to spectral width, one must account for spectral broadening by the
signal processing, particularly spectral averaging.

6.4 Discussion

The results described above have a number of important implications for wind profiler
research and applications. Because a number of studies have now shown that the NBL radar
incorrectly measures the mean vertical velocity in convection, possibly because of Rayleigh
scattering from insects or other particulates, any applications that make use of vertical-
velocity fluctuations measured by the NBL radar must first remove the mean. In the absence
of Rayleigh scatterers, a negative velocity bias may still exist, and Fig. 6.6 shows that this
problem is exacerbated when a coarser spectral resolution is used.
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Figure 6.10. Frequency distributions of SNR for the long (solid curve) and short (dashed
curve) dwell times.
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Figure 6.11. Frequency distributions of noise power for the long (solid curve) and short
(dashed curve) dwell times.
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Figure 6.12. Height profiles for the long (solid curve with filled circles) and short (dashed
curve with open circles) dwell-time parameter sets giving the percentage of 15-min vertical-
velocity segments that passed the consensus algorithm described in the text.
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Figure 6.13. Frequency distributions of Doppler spectral width for the long (solid curve) and
short (dashed curve) dwell times.
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Determining the spectral broadening attributable to turbulence is not an easy task.
First, there is the error imposed by the finite beamwidth, which, in the case of the NBL radar,
is rather severe. Then there are the corrections for pulse volume and dwell-time averaging.
In this chapter | demonstrated how specific stages of the signal processing can affect the
measurements of spectral width. Perhaps not surprisingly, a substantial change in the
distribution of spectral widths was observed when | varied the spectral resolution (or,
alternatively, the number of FFT points). This is an important result because the current
standard technique for interpreting spectral width does not include this effect. Additionally,
placing more points in the spectrum allows the moment-generating algorithm to resolve
smaller widths, thereby increasing the sensitivity of the radar for this particular measurement.
| also showed (Fig. 6.13) that the number of spectral averages affects the distribution of
observed spectral widths. Since increasing the number of spectral averages results in
increasing the dwell time, the correction that | applied to account for dwell-time averaging
should compensate for this effect.

Of the three operating parameters examined, only the number of coherent integrations
affected the SNR. The equation used to calculate C,2 correctly accounts for this dependence
because the ratio of SNR to nc appears in (4.26). The radar C,2 equation should then
generally be applicable given that the radar half-wavelength lies within the inertial subrange.
An exception occurs when the turbulence does not fill the radar pulse volume. This is mainly
a problem above the CBL or in the stably stratified boundary layer where the turbulence may
be confined to layers thinner than the pulse length. In these cases the fraction F of the radar
pulse volume filled with turbulence must be estimated or parameterized (Cohn, 1995).

7. SUMMARY AND CONCLUSIONS

In the past, comparisons between Doppler radar/wind profilers and in situ sensors often
relied on radiosondes (and, on fewer occasions, aircraft and tethersondes) to serve as
platforms for the in situ sensors. The improved resolution and low-altitude coverage provided
by the recently developed boundary-layer radars have allowed comparisons between radars
and towers. In this memorandum | described a comparison of scalar and velocity
microturbulence statistics measured by the National Oceanic and Atmospheric Administration
(NOAA) 915-MHz boundary-layer radar/wind profiler (NBL radar) and by turbulence sensors
mounted on a 300-m tower.

The first purpose of this comparison was to obtain a calibration for radar reflectivity
measurements, which are used to calculate C,2. The capability of Doppler radars to measure
C,2 is well established, but a calibration of this type had not previously been attempted.

Based on the results presented in Section 5.2.3, the calibration was a success. The radar and
tower measurements of C,2 are well correlated with a correlation coefficient of 0.83. The

relative uncertainty in the calibration based on the scatter in the data is 14%. As
demonstrated in the Appendix, approximately half of the 3.53 dB scatter is attributable to
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sampling uncertainty. Other factors that contributed to the scatter include the separation
between the tower and the radar and the fact that the radar signal processing program at times
improperly identified the clear-air return in the Doppler velocity spectrum.

The reflectivity calibration determined in this analysis should generally be applicable
to cases other than the convective planetary boundary layer and at sites other than the Boulder
Atmospheric Observatory (BAO). However, if the radar is set up to use a much longer pulse
than was used in this study, then the turbulence may not fill the pulse volume. This is
especially true above the boundary layer and in the stable boundary layer where the
turbulence may be confined to narrow layers. In these cases, it is necessary to estimate the
fraction of the radar scattering volume that is turbulent (see Cohn, 1995).

The second purpose of the radar-tower comparison was to investigate the use of radars
to measure velocity statistics. | first demonstrated the filtering imposed on the velocity
fluctuations measured by the radar as a result of the space-and-time averaging that is inherent
in the radar sample. These effects must be accounted for in estimates of second- and higher-
order velocity statistics computed from the velocity time series measured by the radar. |
derived a transfer function that can be applied to the spectra computed from time series of
radar-measured vertical velocities to compensate for the filters. | then modified a technique
that uses the spectral width measured by the radar to deduce the small-scale velocity structure
that is unresolved by the radar velocity measurement, thereby allowing the radar to provide
estimates of the turbulent kinetic energy dissipation rate, or alternatively, C,2. 1 made the
modification to account for the broadening of the radar beam resulting from temporal
averaging.

I compared the estimates of C,2 deduced by the radar technique to the measurements of
C,2 obtained on the tower. This comparison yielded only moderate correlation, with a
correlation coefficient of 0.72. An error analysis showed that sampling uncertainty accounts
for most of the scatter. This analysis also showed large uncertainties in the radar C,2
measurements. This result points out the difficulty in obtaining second-order velocity
statistics from the radar. Part of the problem is due to the way in which the Doppler spectral
moments are calculated. Improvements in the accuracy of the moments may result from
implementing more sophisticated signal processing algorithms than are currently used today.
The NOAA/Environmental Technology Laboratory (ETL) recently formed a task force to
address this question.

The averaging of returns from a large number of radar pulses was once a necessity
because of computing limitations, but today it is merely a matter of convenience. Therefore,
in Chapter 6 | reported the results of three separate sensitivity studies. In each study, | varied
one of the three primary signal processing parameters. The purpose of these experiments was
twofold: first, | wanted to test the radar equations used to derive C,2 and C,2 for correct
responses to changes in the parameters and, second, | wanted to see if the parameter settings
traditionally used for mean wind profiling could be adjusted to improve radar performance for
turbulence measurements.
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| observed an improvement in signal-to-noise ratio (SNR) when the number of
coherent integrations increased. This improvement occurred because of the way in which
SNR is calculated in the radar processing program and should not be construed as having
resulted from a change in the coherence time of the atmosphere. The radar reflectivity
equation used in this memorandum properly accounts for the relationship between coherent
integration and SNR.

Changes to the distribution of spectral widths observed by the radar occurred when the
velocity resolution was changed and when the dwell time was altered. The radar C,2 equation
| used should account for the dwell-time effect, but | could not verify this hypothesis because
wind-speed data were not available for the sensitivity studies. The velocity resolution factors
into the minimum width that can be resolved in the Doppler velocity spectrum. In Fig. 6.8,
the widths most noticeably affected are less than about 0.75 m s'l, suggesting that there is a

wind-speed dependence to the velocity resolution effect as well.

The results presented in Chapter 6 indicate that improvements in the accuracy and
sensitivity of the first and second Doppler velocity spectral moments occur when the velocity
resolution increases. | showed that lack of resolution in the Doppler velocity spectrum is
partly responsible for the negative bias observed in the frequency distributions of vertical
velocity measured in convection. In addition, | observed a factor-of-four improvement in the
minimum resolvable spectral width when the velocity resolution was increased by a factor of
four.

For turbulence measurements, the primary result of increasing the dwell time (e.g.,
through an increase in the number of incoherent integrations) is to decrease the range of
velocity scales resolved by the first moment and thereby increase the unresolved variance
(i.e., increase the spectral width). Because of the large uncertainties associated with
diagnosing the turbulence contribution to spectral width, this result is undesirable. It is,
therefore, my recommendation that the time allotted for incoherent integration be used either
to increase the velocity resolution or to decrease the dwell time.

Finally, the usefulness of Doppler wind-profiling radars is enhanced when they are
deployed as part of a suite of instruments. An example is the Department of Energy’s
Atmospheric Radiation Measurement (ARM) Program, in which scientists are using a wide
array of ground-based and airborne sensors along with multiple radars operating at different
frequencies (Stokes and Schwartz, 1994). Programs such as this will provide the data
necessary to further evaluate radar techniques for measuring turbulence.
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APPENDIX: ERROR ANALYSIS

In this appendix | investigate the different sources of uncertainty associated with the
C? and C2 measurements presented in Chapter 5. | classify these errors under two
categories: random errors and systematic errors. Random errors are associated with the
statistical variability of the atmosphere ("sampling uncertainty™) and with particular elements
of the techniques used to derive C2 and C2 ("random measurement uncertainty"). Systematic
errors are associated with any instrument errors (“instrument uncertainty™) and with other
elements of the measurement techniques ("systematic measurement uncertainty™). Random
errors contribute to the scatter shown in Figs. 5.9 and 5.16. Systematic errors contribute to
the bias in the C2 scatterplot (Fig. 5.16) and, in the case of C2, to an error in the calibration
constant derived from comparing radar and tower estimates of C2 (Fig. 5.9).

A.l Sampling Uncertainty

The sampling uncertainty can be estimated using the time-averaging formula (e.g.,
Lumley and Panofsky, 1964)

T _ 2r (A.D
3 al '’

where 3 is the integral time scale of a stationary random function of time, a? is the ensemble
variance of the time average fT (for averaging period T) about the ensemble mean /, and %
is the ensemble variance of / about /. Here we are concerned with the sampling uncertainty
associated with two measurements taken at the same time but separated by a distance 5. If
8 = 0, such that the radar and tower sample approximately the same air, then sampling
uncertainty is not an issue. For 8 > 0, the variance of interest becomes

= [/'(D-/(r +8)]2 (A-2)
Assuming local homogeneity,
[F(r+8)1 = [F(N]2 (A3)
such that
2 = 2{[/I'(N]2 ~F(r)F(r +8)). ~

The right-hand term in the brackets is the correlation function, R(8). To proceed, | assume
that R(8) is given by
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*(5) =/'(r)2exp(-8/X,), (A.5)

where X, is the integral length scale. This expression has the correct property that when
normalized by the variance, R(S) integrates to give X, However, the correlation may drop off
much faster than in (A.5), especially if the separation is not aligned with the mean wind. In
this case it is difficult to determine the appropriate integral length scale.

Assuming that (A.5) is valid, (A.4) can be rewritten as

2 = 2[/'(N]2 [1 -exp(-8/X,)]. (A.6)

Substituting (A.6) in (A.l) and letting 3 = X, /U, we arrive at

al _ 4A 1 -exp(-8/X))]

(A7)
uw uT

In the limit of 8 — 0, (A.7) gives the expected result that the sampling uncertainty becomes
negligible. For 8 >> Xt, (A.7) gives twice the sampling uncertainty that would be calculated
in (A.l). This result makes sense because for large separations the two instruments sample
volumes of air that are statistically independent.

| first apply (A.7) to the C,2 analysis. For X,, | use the integral length scale for scalar
variances in the convective boundary layer (CBL) given by Lenschow and Stankov (1986):

( \iR2
X Xe (A.8)
VZ*J

The actual integral length scale for C,2 may be different because structure functions by
definition neglect the largest scales in the flow. With z = 250 m and zt = 1400 m, X, ~

600 m. For 8 =200 m, U =41 m s'l, and T = 14 min, taking the square root of (A.7) gives
a sampling uncertainty of 44%. A factor of 1.44 converts to 1.58 dB. The scatter observed
in Fig. 5.9 was 3.53 dB, or a factor of 2.25. The contribution of sampling uncertainty to the
scatter is found by taking the ratio of the squares of these factors. Based on this analysis,
sampling uncertainty accounts for roughly half of the scatter in Fig. 5.9. If | had used 1-h
averages instead of 14-min averages, the sampling uncertainty calculated with (A.7) would
have improved to 21%.
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For the C,2 analysis, | used the integral length scale for the horizontal velocity
variances in the CBL given by Lenschow and Stankov (1986):

(A.9)

with Zj = 1400 m, A, « 420 m. The same values of 5 and T used above apply to the C,2
analysis, but here U = 4.5 m s'L. Inserting these values in (A.7) gives a sampling uncertainty
of 41%. The scatter in Fig. 5.16 is 1.65 dB, or a factor of 1.46. Based on this analysis,
sampling uncertainty accounts for nearly all (93%) of the scatter in the C,2 comparison.

A.2 Radar (n2

Most of the uncertainty in the radar C,2 measurement is associated with the radar
reflectivity equation [see (4.25)]. Additional uncertainty comes from the inertial subrange
requirement used to derive (4.14). To estimate the error in r\ in terms of the uncertainty in
the radar parameters, | use the standard error approach (e.g., Fristchen and Gay, 1979), where
the uncertainty in a function G(x,y) is expressed as

(A.10)

Equation (A.10) can be simplified using the rules of logarithmic differentiation. For example,
if we let G = x/y, then taking the natural logarithm of both sides gives us

InG = In* - Iny. (A1)
By differentiating logarithmically, we obtain
dinG  din* |
dx dx X (A.12)
dinG _ _diny 1
dy dy y
Then, using the identity
dinG = 1
Al
dG ~G (A13)

and the chain rule, we can rewrite (A.10) as
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8G _ bx by (A.14)

Put into words, (A.14) says that the relative uncertainty in G is given by the sum of the
relative uncertainties in x and y. The sign of the individual terms is important if one or more
like terms are to be combined. If x and y are independent variables and 8x and by are
uncorrelated, then the most probable uncertainty in G is given by the sum of the squares of
the individual terms:

12
sG  "bx'f . (by* (A.15)
~G XJ \yJi

Because (4.25) involves only products, it is well-suited to this approach. Following
the above example, | write an equation for the relative uncertainty in radar reflectivity,

Sr| ,, 8Tn + 2bR+ 8SNR _ 8P, _ 28(AR) rA 16
T ™ R SNR P AR

where the uncertainties of the constants and beam elevation angle in (4.25) are assumed to be
negligible. All of the errors on the right-hand side of (A. 16) are instrument errors, except for
the relative uncertainty in the signal-to-noise ratio (SNR), which is a random measurement

error.

The relative uncertainty in Trx is estimated to be 10% and is based on the operating
specifications reported by the manufacturers of the different receiver components. Radar
engineers have also calibrated the mean noise temperature of the receiver in the laboratory by
disconnecting the antenna and using a (calibrated) noise diode in its place to inject a signal.
This noise calibration becomes uncertain in an operational sense because of losses in the
antenna and the addition of sky noise. | neglected sky noise in the radar reflectivity equation
(see Section 4.5), because in the mean and at 915 MHz, the sky is much colder than the
receiver. On the other hand, when the beam is pointed directly at a radio star and/or when
there is increased sunspot activity, the sky noise temperature at 915 MHz could approach 200
K (Doviak and Zmic, 1984). Because in (4.21) Ts is multiplied by a, | estimate the combined
error in Trx to be 0.24x200 +15 = 48 +15 K. Therefore, the relative uncertainty in Trx for any
one particular radar reflectivity measurement could be as high as 42%.

The relative uncertainty in R translates to how accurately the delay time between the

transmitter and the antenna is known. This delay is measured at each radar site using a delay
line and an oscilloscope. The estimated uncertainty is £10 m. However, an additional delay
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occurs in the receiver, which increases the uncertainty by a factor of two. Therefore, |
estimate the relative uncertainty in R at R = 278 m to be 7%.

The relative uncertainty in AR translates into the uncertainty in x since AR = cx/2. The
relative uncertainty in x is quite small - on the order of 1%. However, the transmitter does
not produce a perfectly square pulse, so the edge effects may result in additional uncertainty.
For this reason, | estimate the relative uncertainty in AR to be approximately 10%.

Unfortunately, the average peak power in the pulses transmitted by the National
Oceanic and Atmospheric Administration (NOAA) 915-MHz boundary layer radar/wind
profiler (NBL radar) was not measured during the Boulder Atmospheric Observatory (BAO)
radar calibration experiment. Instead, | assumed a nominal value of 500 W. The transmit
power varies over the life of the transmitter and is also slightly temperature dependent. For
the transmitters used with the NBL radars, the peak pulse power varies from about 300 to 700
W. Therefore, the relative uncertainty in P, is 40%.

The relative uncertainty in the SNR can be analyzed in terms of the individual
uncertainties in the signal power, 5, and noise power, N:

5SNR ! w fes .5N; (A.17)
SNR  SNR

Referring to Fig. 4.2, determining the relative uncertainty of the noise power is the same as
determining the relative uncertainty in PN because noise power is calculated by multiplying PN
by a constant (i.e., the length of the spectrum). The uncertainty in PN is given by

SP, (A.18)

nf—np

where np is the number of spectral points used to define the signal peak. However, as shown
in Section 4.2.4, incoherent integration (spectral averaging) reduces the intensity of noise
fluctuations such that cN = P™n"2. As a result, the relative uncertainty in noise power is

given by

(A.19)

In this case, ns = 30 and nf = 64. If | take np to be 5, then the relative uncertainty of the
noise power is roughly 2%.
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Estimating the error in the signal power is not as straightforward because the shape of
the curve under which the area is calculated varies from spectrum to spectrum, and, in
general, is more complicated than the rectangle used in the noise power calculation.
Referring to Fig. 4.2, the signal power is given approximately by

5 « In Av(P PJ- (A.20)
2 P *
Therefore, the relative uncertainty in 5 is given by
5P 5P,
~5S§~ n AV (A.21)
27

To calculate the uncertainty in Ps> | assume that the fluctuations in the signal are comparable
to the fluctuations in the noise:

5P, (A.22)
\VRA R

Substituting (A.22) in (A.21) and using (A.19) along with the identity 5 = (SNR)PNn™Av), |
obtain

55 = np > o+ 1 "
5 2nf \J~n~ SNR Inf—nf/ (A-23)

For SNR > -8 dB, the relative error is less than 3%. There is also an uncertainty associated
with determining the endpoints where the signal crosses the noise floor, but these regions do
not contribute significantly to the signal power for reasonable values of SNR. Using (A. 17),
the relative uncertainty in SNR becomes 5%. Summing the squares of the other errors in
(A.16), I estimate the instrument error associated with the radar to be 63%.

A.3 Tower Cn2

The first error | consider for the tower C,2 measurement is the separation between the

two turbulence sensors, since the fluctuations measured by both instruments were used to
calculate the refractivity spectrum. This error results in underestimating the high-frequency
contributions to the temperature-humidity cospectrum for /> U/(2n6s), where § = 1 m is the
separation between the two instruments. For the spectra used to compute C,2, the average
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wind speed was 4.1 m s'L. In this case, the separation becomes important for frequencies

larger than about 0.65 Hz. To identify the inertial subrange in the N spectra, | used only the
portion of the spectra between 0.1 and 0.5 Hz. Therefore, | can neglect the instrument
separation in my computations of C2.

| next consider the error associated with inaccuracies in Taylor’s hypothesis and
anisotropy in the inertial subrange. Wyngaard and Clifford (1977) give factors to correct
scalar and velocity spectra for these effects. For scalars, the factor is given by

2 2 2 V1
! I I (A.24)
92 3523

| used the 15-min variances and mean wind speeds measured by the Applied Technologies,
Inc. sonic anemometer (ATI) in (A.24). This application is not strictly correct because the
15-min averages do not necessarily represent ensemble statistics. In addition, the variances
measured by the ATI were often suspect because of high-frequency contamination caused by

noise spikes (see Kaimal and Finnigan, 1994). To combat this problem, I used the median
variances and average wind speed from the 96 samples used in the C2 analysis. With a? =

0.90 m2 s2, a2 = 1.05 m2 s2, cw2 = 1.20 m2 s'2, and 77 = 4.1 m s'l, FN = 0.96, which means
that the tower values of C2 are overestimated by 4%. | classify this error as a systematic

measurement error.

In the interest of comparing these variances with those measured in previous studies, |
use the mixed-layer scaling described in Section 3.1.2. Here, the appropriate velocity scale is
w*. To use (3.11) I linearly extrapolate the heat flux measured by the ATI at 250 m down to

the surface, assuming the flux profile crosses zero at a height of 1400 m. The average heat
flux measured by the ATl is 150 W m'2, giving a value of 180 W m' for the surface heat

flux. With T - 300 K and zt *“ 1400 m, = 2.0 m s'lL. The median velocity variances
measured by the ATI, when nondimensionalized by w*, are in good agreement with the
observations of Kaimal et al. (1976) and Caughey and Palmer (1979).

Another uncertainty in the tower C2 measurements is due to the uncertainty of fitting a

line to the inertial subrange in the refractivity spectra, which | classify as a random
measurement uncertainty. The normalized error in a spectral estimate is given by (Lumley
and Panofsky, 1964):

M2
85() _ A\ (A.25)
s lap !

Here, the relevant frequency interval is 0.4 Hz, because this corresponds to the range of
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frequencies | used to determine the line. The relative uncertainty associated with finding the
inertial subrange is then 7%.

Instrument errors also contribute to the uncertainty in the tower C2 measurements. For
example, long-term comparisons of humidity fluctuations measured by the Ophir infrared
hygrometer and a psychrometer have shown that the Ophir hygrometer underestimates
humidity fluctuations on average by 3% (Fairall et al., 1996). The resulting error in Cq or
C2 is 6%. The two most important systematic errors for the sonic thermometer are
sensitivities to humidity and to the wind component normal to the path (which for the
temperature measurement is the same path used to measure vertical velocity). With the ATI,
the latter effect is compensated for in the real-time processing of the temperature signals.

But, as pointed out by Kaimal and Finnigan (1994), both errors are negligible under daytime
unstable conditions when temperature fluctuations are large. A limitation of the frequency
response for measuring temperature fluctuations is imposed by the line averaging occurring
along the acoustic path. The range for useful measurements is given by X (or u/f) > 2n x 15
cm (Kaimal and Finnigan, 1994), which in this case corresponds to/< 4.0 Hz. The range of
frequencies used to determine C2 is well within this range.

A.4 Tower Cu2

The sources of uncertainty for the tower C2 measurements are similar to those
described above for the tower C2 measurements. For instance, the same uncertainty in
finding the inertial subrange applies here because the same approach was used to analyze both
the velocity and refractivity spectra. However, the factor to account for inaccuracies in
Taylor’s hypothesis and anisotropy in the inertial subrange for velocity spectra is slightly
different and is given by (Wyngaard and Clifford, 1977):

. 2
1 <a 2 2GW (A26)

F, -
92 Qw2 3

To evaluate (A.26) | used the median variances and average wind speed from the C2 analysis.
With €2 =093 m2 s2 a2 =0.97 m2s?2, a2 = 1.06 m2s? and u =45 m s'l, Fu = 0.94,

suggesting that on average, the ATI overestimated C2 by 6%.

The same limitation to the frequency response of the sonic thermometer applies to the
sonic anemometer because the path lengths are identical for all three axes. Therefore, the
range of frequencies used to determine C2 is well outside the range of contaminated
frequencies. However, the streamwise and cross-stream velocity components u and v are also
affected by the separation between the two horizontal paths. The range of useful wavelengths
becomes X > 2k < 37 cm (Kaimal and Finnigan, 1994), which in this case corresponds to
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/<< 1.6 Hz. Thus, the C2 estimates should still be unaffected by the spatial averaging
characteristics of the ATI probe. Flow distortion and transducer shadowing effects are
compensated for in real time (Kaimal and Finnigan, 1994). The algorithms used to correct
for these errors are based on calibration tests performed in wind tunnels and in the
atmosphere (Kaimal et al., 1990).

A.5 RadarCu2

The total uncertainty in radar measurements of C2 is attributable to uncertainties
contained in the formulas used to correct the spectral width for the effects of finite beamwidth
and spatial and temporal averaging, as well as the uncertainty in a,2 calculated from the
Doppler velocity spectrum. Considering the latter, the normalized random error for an
estimate of the variance is given approximately by (Bendat and Piersol, 1986):

"Nn 112

IT)

where N is the number of points used to estimate the variance. Here, the relevant N is given
by the product npns. If I assume np = 5, then the relative uncertainty in a2 is approximately
12%. There is an additional uncertainty in the second moment associated with determining
the endpoints where the signal crosses the noise floor, but this error is negligible for
reasonable values of SNR.

(A27)

Next, | consider the correction for finite beamwidth. Using (5.22), the relative
uncertainty in ca can be expressed as
8a 8Vt  89.
1+

a

: (A.28)

The wind speed used in (5.22) was measured by the ATI. This poses a random measurement
uncertainty because the tower and radar were separated by roughly 200 m. For this problem |
can use (A.7) by replacing [f'(r)]2 with ai2z. Using &2 =09 m s2, \ =420 m, 8 = 200 m,
U=45m¢s', and T = 14 min, | estimate the uncertainty in VT caused by the separation
between the tower and radar to be approximately 0.4 m s'l, which gives a relative uncertainty
of about 10%. Additional systematic measurement uncertainty in (5.22) comes from the
relative uncertainty in the radar half-beamwidth, which | estimate to be 10%. The relative
uncertainty in oa is then 14%, and the relative uncertainty in &2 is 28ajaa, or 28%.

The corrections for spatial and temporal averaging are contained in (5.32). Because of
the difficulty in defining the random errors in this equation, | analyze the random errors in

the corrected form of the approximation given by Gossard et al. (1990) [see (5.36)].
Combining numerical constants and known parameters in (2.60) and (5.36), the path to C2 for

124



the radar can be summarized by

C2 = 2.08el} = (A.29)
u 1.04y2a23 + 0.21 (VTID)\V3 D, +D,

The uncertainty in C2 is then expressed as

(DI + D2)8au=0n(8DI + 8D2)

(D, + D2)2 (A-30)

For this study, DI = 8.53 m23 and D2 = 3.63 m23. In (5.21), we found that an ~ a,2 - C2
Consequently,

80?1 = 2CTn8crn - a,? + a (A.31)

In the discussion above | estimate the relative uncertainties in a2 and a2 to be 12% and 28%,

respectively. The average spectral width (converted to variance) measured by the radar is
0.65 m2 s'2. The value of c 2 calculated from (5.22) using the average wind speed of

45 ms'1is 0.08 m2 s2. Therefore, So,, « 0.10 m? s'2 The average value of a,, calculated
by taking the average difference between a2 and c? is 0.54 m? s'2, such that the relative
uncertainty in a,, is 19%. Note that approximately 65% of this error is due to random
measurement uncertainty. The other 35%, which is due to the uncertainty in the radar
beamwidth, is a systematic measurement uncertainty.

To determine dDu | start by noting that

28y + 2 8a" (A32)
From (5.33) and to a first approximation, y °c bla, such that
8y bb 8a (A33)
y b a

and thus,
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8D, * D
b 3 a

From (5.17), a <= RQh and b oc AR, which gives us

a T &
and
8b _ 8(AR)
1T AR (A.36)

These error estimates assume that the Gaussian pulse dimensions given by (5.17) accurately
describe the actual shape of the radar pulse volume. Earlier, | estimated the relative
uncertainties in R, Qh, and AR to be 7%, 10%, and 10%, respectively. From (A.36), the
relative uncertainty in b is 10%. By taking the sum of the squares of the relative
uncertainties in R and Qh, I estimate the relative uncertainty in a to be 12%. Because the
errors in a and b are uncorrelated, the best estimate of the uncertainty in D is found by
taking the sum of the squares of the individual terms in (A.34). The result is given by

8DI = 0.26Dv The uncertainty in D2 is given by

D2 = 0.07D2 (A.37)

Since 8Z), deals with uncertainties in the radar pulse volume dimensions, | classify it as a
systematic measurement uncertainty. On the other hand, 8D2 is essentially the error in VT,
which I classified earlier as a random measurement uncertainty.

Substituting the values of D,, D2, 8<3", , 8D), and 8D2 given above in (A.30), | obtain
8Cl2 ~ 0.02 m4f3 s2. For C,2 = 0.06 m43 s? (the average value measured by the radar), the
relative uncertainty is 33%. Table A.l summarizes the results of the entire error analysis.
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Table A.1
Results of the error analysis.

Random Errors Systematic Errors
Random Systematic
Sampling Measurement Instrument Measurement
Uncertainty Uncertainty Uncertainty Uncertainty
gﬁZ 44% 9% 63% 4%
C) 41% 16% _ 28%
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