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Abstract

A ground-based remote sensor characterization study was conducted for threeweeksin April
1995 at the Boulder Atmospheric Observatory (BAO) in Erie, Colorado. An extensive data set was
acquired from asuite of in situ sensors mounted at 10, 50, 100, 200, and 300 m on the BAO tower,
four commercialy available Doppler sodars (AeroVironment 4000, Metek MODOS, Radian 600,
and Radian 600PA), a 915-MHz radar wind profiler (Radian LAP-3000), and a radio acoustic
sounding system (Radian). The overall goal of the study was not to compare one ground-based
remote sensor against another, but rather to document the performance of these sensorsasafunction
of various atmospheric conditions. A secondary objective was to document quality assurance and
quality control procedures that would lead to the acquisition of wind and temperature profiles of
known quality.

Performance audits were conducted in accordance with the most current guidance available
from the U. S. Environmental Protection Agency. The evaluation included an analysis of site
characteristics, review of the operational configuration of the instruments, and testing the response
of the sodars using an acoustic pulse transponder system.

Simple statistical parameterswere used asameasure of the agreement between tower-based
measurementsand remote sensor data. Theseincluded linear | east-squaresregressionfits, linear and
vector correlation coefficient, bias (accuracy), comparability (root-mean-square difference), and
precision (standard deviation). These statistics were derived as a function of eight different
measures of atmospheric conditionsand stability. These conditionsand stability categoriesinclude
relative humidity (RH), Pasquill-Gifford (PG) stability class, time of day (dawn, day, dusk, and
night), scalar wind speed (SS), standard deviation of the horizontal wind direction (F,), wind shear
(S,), the square of the Brunt-Vaisala frequency (N%,), and the bulk Richardson number (Ry). This
isthefirst time such amethodol ogy has been used to examine wind and temperature datafrom these
profiling systems.

Data availability from these ground-based remote sensors were examined as a function of
the eight stability categories without regard to validity. Next, corrupted data were removed by
increasing the signal-to-noise ratio (SNR) tolerance. Finally, these statistical parameters were
examined to find common themesin remote sensor performance. Overall, excellent agreement was
found between tower-based and remote sensor data. It was found that convective (unstable)
conditions were conducive to more data capture with higher altitudes than for laminar (stable)
conditions. Very low relative humidity also limits the range of sodars since the molecular
attenuation dramatically increases under these conditions. However, more variance was observed
inthe statisticsduring convective and light wind conditions. Conversely, the scatter wasquite small
for stable conditions. The nonhomogeneous nature of the boundary layer may be responsible for
the large scatter in data acquired by sensors separated on the order of several hundred meters for
such conditions.






1 I ntroduction

There can be little doubt that Doppler sodars, radar wind profilers, and radio acoustic
sounding systems (RASS) have led to significant advancesin our understanding of the atmospheric
boundary layer. These ground-based remote sensors have gained a reputation as effective and
reliable toolsfor acquiring detailed information on atmospheric wind and temperature structure. A
comprehensive review on the capabilities of these sensors and how they are used to investigate
variousatmospheric boundary layer problemsisdiscussed by Clifford et al. (1994) and Neff (1998).

There has been a recent emphasis on the use of these technologies for various air quality
programs (Crescenti, 1994). Many of these regulatory programs often require periods of long-term
monitoring in order to develop an assessment of how various meteorological conditions affect
pollution concentrationsand distributions. Ultimately, dataacquired by these ground-based remote
sensors are used in various diagnostic and/or prognostic numerical air quality models. Reliable
model results require, in part, reliable data input. Therefore, a quantitative assessment of the
uncertainty in these measurements is needed to provide confidence in model results. Aggressive
quality assurance (QA) and control (QC) procedures developed specifically for Doppler sodars,
radar wind profilers, and RASS provide additiona confidence in their data.

A basic requirement in the development of any measurement system is the verification of
its data using quantitative comparisons against data from another sensor whose measurements are
of known quality. For example, Doppler sodar dataare frequently compared agai nst measurements
acquired by in situ sensors mounted on towers, balloons (tethered or released), kites, or aircraft
(Crescenti, 1997). Severa studies have also compared sodar data against measurements obtained
by ground-based sensors such aslidars and other Doppler sodars. Similarly, wind and temperature
profiles acquired by radar wind profilers and RASS, respectively, are often compared against data
obtained by rawinsondes (May et al., 1989; Schroeder, 1990; Weber and Wuertz, 1990; Angevine
and Ecklund, 1994). Simple statistical measures such aslinear regression, correlation coefficient,
bias, comparability, and precision are the most commonly used measures of uncertainty for these
ground-based remote sensors.

A ground-based remote sensor characterization study was conducted for threeweeksin April
1995 at the Boulder Atmospheric Observatory (BAO) in Erie, Colorado. An extensive data set was
acquired from a suite of in situ sensors mounted on the BAO tower, four commercialy available
Doppler sodars, a915-MHz radar wind profiler, and aRASS. Theoveral goal of the study was not
to compare oneground-based remote sensor against another, but rather to document the performance
of these sensors as a function of various atmospheric conditions. A secondary objective was to
document QA and QC procedures that would lead to the acquisition of wind and temperature
profiles of known quality. These data will aid in the further refinement of current regulatory
guidance documents supplied by theU. S. Environmental Protection Agency (1987a; 1995). These
documents provide regulatory agencies and users with a common and consistent set of guidelines
for the collection, validation, and defense of data acquired by Doppler sodars, radar wind profilers,
and radio acoustic sounding systems.



2 Data

The BAO is a research facility
operated by the National Oceanic and
Atmospheric Administration (NOAA) for the
study of the planetary boundary layer and for
the testing of various atmospheric sensors.
This facility is located on gently rolling
terrain 25 km east of the foothills of the
Rocky Mountains in Erie, Colorado. The
terrainisreasonably flat with gentle slopesto
thenorth, east, and west. Thesteepest terrain
gradient (~ 7%) is a small hill 2 km south.
The center-piece of the BAO is the 300-m |
open latticetower (Fig. 1). Whilethevarious
meteorological sensors and data acquisition
systems have evolved over the last two
decades, the details on tower structure and
geographical information described by
Kaimal and Gaynor (1983) is still accurate.

The BAO was chosen as the study
location for a number of reasons. There has
been an established track record of successful
sodar comparison studies conducted at the
BAO over anumber of years (Kaimal et al.,
1980; Gaynor and Korrell, 1981; Finkelstein
et al., 1986; Chintawongvanich et al., 1989;
Gaynor et a., 1990). The nature of the :
boundary layer has also been well Figure 1. Photograph of BAO tower.
characterized (Schotz and Panofsky, 1980;

Hahn, 1981; Soucy et al., 1982; Panofsky, 1984).

The study was conducted over a three-week period starting on 6 April 1995 and lasting
through 27 April 1995. A suite of in situ sensors was mounted on the tower at five levels. Four
Doppler sodars, aradar wind profiler, and RASS were situated around the perimeter of the tower.

2.1 Tower Sensors

The BAO tower wasinstrumented with asuite of in situ sensorsat fivelevels. R. M. Young
Company wind monitors (model 05701-RE) were used to measure the horizontal scalar (SS) and
vector (WS) wind speed, horizontal vector wind direction (WD), and standard deviation of the
horizontal vector wind direction (F,) at 10, 50, 100, 200, and 300 m (Fig. 2). These anemometers
were mounted approximately 2 mfrom thetower on retractable boomswhich were oriented towards
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the south-southeast (154°). Vaisala HMP-35 sensors were used at the same levels to measure the
ambient air temperature (T) and relative humidity (RH). These sensorswere mounted inside R. M.
Y oung Company Gill-aspirated radiation shields (model 43408) to minimize measurement errors
associated with solar heating. The intakes of the radiations shields were at least 0.5 m away from
the tower to minimize the effect of solar heating. Two R. M. Young Company 1000 ohm RTD
platinum temperature probes (model 43347V C) were aso placed inside Gill-aspirated radiation
shieldsat 10 and 50 mto measure ambient air temperature. Thesetwo temperature probeswere used
to estimate the temperature difference () T) between thetwo levels (i.e., temperature gradient). An
Eppley Laboratory Inc. Precision Spectral Pyranometer (model PSP) located on the roof of the
visitors center (approximately 4 m above ground level) was used to measure incoming solar
radiation (Qg). Manufacturer specified accuracies for these sensors are summarized in Table 1.

Five Campbel| ScientificInc. data
loggers (model CR10) were placed at
each instrument level. Each sensor was
interrogated by its respective datalogger
at afrequency of 1 Hz. The dataloggers
were programed to record 15-minute
block averagesfrom the 1-Hz data of SS,
WS WD, F,, T, RH, and ) T. The five
data loggers were networked into a
personal computer located insideatrailer
adjacent to the base of the tower. The
averaged data were transmitted to and
recorded by the computer once per hour.
A separate computer was used to record
15-min averages of Q..

Figure 2. Photograph of an R. M. Y oung wi nd »monitor
and ATI sonic anemometer.

Tablel
Manufacturer specified accuracies of tower-based in situ sensors.
Sensor Variabl ~ Accuracy
e
R. M. Young Wind Monitor SSWS  +#0.2ms?
WD +3°
ATI Sonic Anemometer U V,W +0.05ms*
T, +0.1°C
VaisalaHMP-35 Probe RH +2% RH
T +0.3°C
R. M. Young RTD Probe T +0.1°C
Eppley PSP Qs +1% W m?




All bad data values were removed from the tower data set. Theseincluded outliers, spikes,
and missing values dueto power surgesor outages. Dataacquired from onelevel onthetower were
compared against datafrom other levelsto check for consistency. No attempt was made to replace
those bad or missing values with interpolated data. Since the tower-based measurements are to be
used as reference measurements, interpolated values could introduce added uncertainties in
statistical comparisons. The number of valid data points for each variable at each level isgivenin
Table 2. The maximum possible number of 15-min records during the study was 2052.

Table?2
Number of valid 15-min data records for tower sensors.

Variable 10m 50m 100m 200m 300m
SSWSWD,F, 1829 1687 2052 2049 2033
T 2052 1863 2052 2052 2051
RH 1849 1863 1993 2048 2052
)T 2052 1863
Qs 2052
Sonic 850 1102 1260 895 156

Five Applied TechnologiesInc. (ATI) sonic anemometers (model SWS-211/3K) were used
to measure turbulent fluxes at 10, 50, 100, 200, and 300 m (Fig. 2). The Kaimal-type sonic heads
were mounted approximately 3 m from the tower on the same booms as the wind monitors. The
three-component wind speed (U, V, W) and virtual air temperature (T,) were sampled and recorded
to an optical disk at a rate of 10 Hz by a personal computer located in the same trailer as the
previously mentioned computer. The computer was programmed to collect the raw sonic
anemometer data, computed the 15-min mean and standard deviationsof U, V, W, and T,, horizontal
wind speed and direction, as well as the covariances used to determine turbulent momentum and
heat flux. The number of valid data points for each level isalso givenin Table 2. Unfortunately,
acombination of many factorscontributed totherelatively low availability of the sonic anemometer
data. These included power outages, computer crashes, and failure of the sensor electronics.

2.2  Doppler Sodars

All known commercia manufacturers of Doppler sodars (in aphabetical order:
AeroVironment, Metek, Radian, and Remtech) were invited to participate in the study. Three
companies (in alphabetical order: AeroVironment, Metek, and Radian) accepted theinvitation. A
total of four Doppler sodars were deployed around the perimeter of the BAO tower by engineers
and/or techniciansof their respective companies. Thedistance of the outside guy wire anchor points
to the base of the tower is approximately 275 m. The oblique angle beams of the sodars were
oriented away from the tower so that reflections from the tower and its guy wireswere avoided. In
addition, this strategy minimized any potential contamination of acoustic pulses from one sodar

4



system to another. All four sodars recorded profiles of horizontal and vertical wind velocity as 15-
min averages. Each sodar also recorded other parameters such as the signal-to-noise ratio (SNR),
the number of return signals used in the average, and the amplitude. It should be noted that the
sodar-generated datafiles differ from manufacturer to manufacturer. The manufacturers submitted
their final datasetsto NOAA’s Environmental Technology Laboratory (ETL) at the conclusion of
the study. Some basic sodar specifications are listed in Table 3.

An AeroVironment model 4000
phased-array mini-sodar (Fig. 3) waslocated
near the south guy wire anchor point. Unlike
other phased-array designs, the bank of
transducers used for acoustic transmission
and reception are mounted vertically rather
than horizontally. This design avoids noise
generated by rain dropsimpacting directly on
thetransducers. A “bounce board” isused to
orient the acoustic pulse vertically and at
obligue angles from the vertical. The
AeroVironment mini-sodar was designed for
high-resolution profiling of the first 100 to
200 m of the atmospheric boundary layer.
Thus, the acoustic frequency and pulse
length were much higher and shorter, Figure 3. Photograph of an AeroVironment 4000
respectively, than the other three sodars used phased-array mini-sodar.
inthisstudy. The acoustic frequency of this
systemwas 4500 Hz with apulselength of 50 ms. The maximum range was 200 mwith aresolution
of 5m. The first reported height was 15 m above ground level. Daily ASCII data files contain
horizontal wind speed and direction, horizontal wind speed along the oblique angle beams, and
vertical wind speed. Thetotal number of received backscattered pulsesfor each of the three beams
wasalso recorded. The maximum number of pulsesper beaminal5-mininterval for thissodar was
229. In addition, the relative amplitude, SNR, and
standard deviation for each beam was aso
documented at each level. Inaddition, a“reliability
number” was included for each wind speed asa QC
| check.

A Metek model MODOS 3-beam sodar (Fig.
4) was located at the northeast guy wire anchor
point. A cluster of seven upward facing transducers
were located at the bottom of each antenna
enclosure. Ordinarily, most 3-beam configurations
employ asingletransducer mounted on atripod over
aparabolic dish. The transducer emits the acoustic
pulse downwards into the dish which acts as a

Figure 4. Photograph of a Metek MODOS
sodar.
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focusing mechanism for thebeam. Inthe case of the Metek sodar, the parabolic dish waseliminated
and replaced by a small phased-array of seven transducers. Phasing of each beam was utilized to
maintain awell-focused acoustic pulse. Another unique design feature wasthe tapered edges of the
fiberglass acoustic enclosures. Thiswas designed by Metek to minimize wind-generated noise and
acoustic beam distortion. The frequency of this sodar was 2009 Hz with a pulse length of 150 ms.
The resolution was 25 m with arange of 50 m to 650 m. The UNIX-based computer system used
for sodar operation and data acquisition recorded various parameters (e.g., standard deviations,
amplitudes, SNR) in large data files which would cover at least several days of information.

A Radian model 600 3-beam
sodar (Fig. 5) was located at the
northwest guy wire anchor point.
The transmit frequency was 1850 Hz
with a 150 ms pulse length. The
operating rangewas 50 to 700 mwith
aresolution of 25 m. Daily ASCII
data files were submitted by Radian
to ETL in the so-cdled CDF
(common dataformat). Wind speed,
wind direction, and the three
component winds were recorded. In Figure 5. Photograph of a Radian 600 sodar.
addition, SNR and the number of
received pulsesin the 15-min sampling period (maximum of 47) weredocumented. A QC codewas
included as a measure of the reliability of each wind measurement.

A Radian model 600PA phased-array sodar
(Fig. 6) wasalso located near its 3-beam counterpart
near the northwest guy wire anchor point. The same
pulse length of 150 ms was used for this sodar,
however, the transmit frequency was much higher at
2125 Hz. The 275 Hz separation of frequencies
between the two Radian sodars was sufficient to
avoid any “cross-talk” interference. Range of the
sodar was from 50 to 700 m with a 25-m resolution.
Data were reported in the same CDF format. Both
sodars utilized the same conical-shaped fiberglass
enclosures.

Figure 6. Photograph of a Radian 600PA
sodar.



Table3
Doppler sodar specifications.

AeroVironment Metek Radian Radian
4000 MODOS 600 600PA

Type phased-array 3-beam 3-beam phased-array
Number of Transducers 32 7 1 120
Frequency (Hz) 4500 2009 1850 2125
Pulse Width (ms) 50 150 150 150
Pulse Interval (s) 1 4 4 4
Zenith Angle " (deg) 18 20 18 14.87
U-Axis Beam Direction (deg) 173 101 302 349
V-Axis Beam Direction (deg) 83 11 215 259
Minimum Reported Height (m) 15 50 50 50
Maximum Reported Height (m) 200 650 700 700
Resolution (m) 5 25 25 25

2.3 915-MHz Radar Wind Profiler and RASS

A Radian model LAP-3000
915-MHz radar wind profiler was
included in the study (Fig. 7). This
ground-based remote sensor was
developed as a boundary layer
profiler (Ecklund et al., 1988) and
hasbeen extensively usedinmany air
guality studies (Neff, 1998). The
radar was configured to operate in a
dual mode. That isto say, two sets of
wind profiles with different ranges
and resolutions were obtained. Low
transmit mode wind profiles were Figure 7. Photograph of a Radian LAP-3000 radar wind
collected hourly from arange of 304 Profiler and RASS.
to 3977 m with aresolution of about
193 m (20 measurement levels). High transmit mode wind profiles were acquired as 30-min
averages from a range of 183 to 1740 m with a resolution of 55 m (30 levels). The radar was
configured to transmit 3-beams (onevertical, two oblique angle beams oriented towards 335 and 245
degreesinazimuth). Thesedataweredeliveredto ETL inCDFformat. Virtual temperature profiles
were acquired by the RASS twice per hour as 5-min averages. A total of 14 measurement levels
were acquired from 112 to 1477 m with aresolution of 105 m.
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3 Performance Audits

Detailed guidance or procedures on the auditing of Doppler sodars, radar wind profilers, and
RASS have never been provided by regulatory agencies. The On-Ste Meteorological Program
Guidancefor Regulatory Modeling Applications (U. S. EPA, 1987a) provides|imited guidance, but
only for sodars. A recent revision to the Quality Assurance Handbook for Air Pollution
Measurement Systems, Volume | V: Meteorol ogical Measurements(U. S. EPA, 1995) providesmore
current guidance but still falls short in detail. Asaresult, avariety of methods have evolved over
the last several years.

Prior to the start of the study, Parsons Engineering Science was contracted to conduct
performance audits on the Doppler sodars and radar wind profiler. The audits provided an
independent assessment that the ground-based remote sensors were setup and operating in
accordance with the manufacturers recommendations (Baxter, 1996). It should be pointed out that
the procedures of this particular performance audit do not necessarily reflect the views or opinions
of the manufacturers or other users of these ground-based remote sensors. Other techniques have
been used in other monitoring studies. Those views, as well as the results from this particular
performance audit are presented herein this paper.

The performance audits were conducted in accordance with the most current guidance
available from the U. S. Environmental Protection Agency (EPA). The audit procedures were
consistent with guidelines specified in the Quality Assurance Handbook for Air Pollution
Measurement Systems, Volume |V: Meteorological Measurements (U. S. EPA, 1995) and the On-
SteMeteorological Program Guidance for Regulatory Modeling Applications (U. S. EPA, 1987a).
The evaluation included analysis of the site characteristics, review of the operational configuration
of the instruments, and testing the response of the sodars using an Acoustic Pulse Transponder
(APT) developed by Baxter (1994a; 1995). The audit of the radar only assessed the equipment
setup. The audit procedures and results are described below.

31 Evaluation of Site Characteristics

A limiting factor in wind velocity determination for a Doppler sodar is usually the amount
of environmental noise included with the backscattered signal (Neff and Coulter, 1986). Thus, a
sodar must be able to differentiate the Doppl er-shifted backscattered signal from all other ambient
background noise. These external noise sources can be classified as active or passive and as broad-
band (i.e., white noise or random frequency) or narrow-band (fixed-frequency). In general, apoor
signal-to-noiseratio generally increases the variance of Doppler estimates and biases the Doppl er-
shifted frequency of the backscattered signal toward zero (Gaynor, 1977; Neff and Coulter, 1986).
A full review on the degradation of Doppler sodar performance due to noise is given by Crescenti
(1998). Part of the performance audit included the evaluation of site characteristics and
identification of active and passive noise sources. It should be noted that the effects of active and
passive hoise may vary with atmospheric conditions. Thus, there are no definite pass/fail criteria.



Most ambient background noiseis active broad-band. Examplesinclude highway and road
traffic, heavy machinery, industrial facilities, power plants, and airplanes. These noise sources
produce a wide-band signal which can overlap the frequency bandwidth used by a sodar. Active
broad-band noise effectively decreases the signal-to-noise ratio which results in a decrease in the
maximum vertical range of the sodar since the backscattered signal can not be discerned from the
activebroad-band noise. Datafrom higher range gates are more susceptibleto being lost to thiskind
of noise interference because of the exponential decrease in backscattered power with height. In
general, the performance of asodar will degrade as noiselevel sincrease from these nearby sources.
Some active broad-band noise sources such as highway traffic have a pronounced diurnal, weekly,
and seasonal pattern.

Active fixed-frequency noise sources include the back-up beepers used on large trucks and
forklifts, rotating fans, birds, and insects. These noise sources affect the performance of a sodar in
different ways depending upon their type and proximity. If these noise sources possessfrequencies
close to that of a sodar’s operating range, they may be misinterpreted by the sodar as valid
backscattered data. That isto say, the algorithms used to determine the Doppl er-shifted frequency
of the backscattered signal are “fooled” by the active fixed-frequency noise. The result is an
erroneous wind value that may be found in any number of the measurement heights that depend on
thearrival time of thenoiseinrelationto theinitial transmit time of the sodar. Since asodar expects
only avery weak backscattered signal, strong active fixed-frequency noise sources may saturatethe
received signal. When this happens, the sodar is unable to determine any value for wind velocity.
Some of these sources can beidentified during the site selection process. One approach to reducing
the problem of fixed-frequency noise sourcesisto use acoded pulsg, i.e., apulse has morethan one
peak frequency. A return pulsewould not beidentified as data unless peak frequencieswere found
inthereturn signal at the same frequency separation as the transmit frequencies. Pinkel and Smith
(1992) introduced a repeat-sequence coding technique for Doppler sonars and sodars which was
found to increase the precision of velocity estimates.

Passive noise sources are objects that reflect atransmitted acoustic pul se back to the sodar
antenna. Examples of potential reflectors include buildings, trees, towers, and transmission lines.
While most of the transmitted acoustic energy isfocused in anarrow beam, side lobes do exist. In
general, greater substantial sidelobeenergy existsfor lower acoustic frequencies. Fixed-echoesare
created when the side lobes reflect off of stationary objects and return the same acoustic frequency
to the sodar receiver. A zero Doppler shift in the frequency would be interpreted by the sodar asa
valid wind speed of 0 ms*. It isnot always possible to predict which objects may be a problem.
The antennasthat aretilted at an oblique angle from the vertical, and that are used to determine the
horizontal wind velocity, should be pointed in a direction away from those objects. Anything
located in the same general direction in which the antenna is pointing and extending higher than
several meters may be a potential reflector.

Algorithms have been developed which isolate and remove ambient background noise.
Melling and List (1978) introduced a zero-crossing technique to extract wind velocities from the
backscattered signal. Mastrantonio and Fiocco (1982) developed a technique to improve the
accuracy and precision of sodar wind measurements by isolating the backscattered signal from
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ambient noise by a spectral integration. Good results have been obtained with a noise reduction
scheme developed by Gardiner and Hill (1986). The final few samples of each received
backscattered signal are assumed to be due entirely to wind noise. This provides a baseline which
is subtracted out of the next backscattered signal. Some commercialy available sodars have
algorithms which identify fixed-echoes. In general, the algorithms would identify backscattered
frequencies with zero Doppler shift which remain constant in space and over time. That peak
frequency would be eliminated and the next strongest backscattered frequency would be used in
determining the wind velocity. It isnot clear which methods, if any, are used by the manufacturers
to minimize noise interference. Often, those algorithms are proprietary in nature, and thus not
subject for release to the general public.

A qualitative assessment of active noise included identification of all artificially and
naturally generated sources at the BAO. These included traffic from Interstate-25, air conditioners
in equipment trailers, and birds. I1n addition, there were two sources of active noise common to all
of the sodars. The first was the RASS that operated at the entrance to the BAO facility. The
acoustic sources for the RASS were active twice per hour for 5 min at the start of each hour. The
operating frequency of the RASSwas outside the operating range of all the sodars except the Metek
MODOS. Metek took precautions against interference by orienting their oblique angle antennas
away fromthe RASS. The second active noise source waswind-generated noise from thetower and
its guy wires. During very windy conditions (> 10 m s?), a“whistling” effect was created. The
frequency of the noise varied with changing wind speeds. However, audit capabilities at the time
were unable to identify specific frequencies of tower-generated noise. It was noted (Baxter, 1996)
that tower-generated noise due to high winds could potentially interfere with sodar operation by
limiting the altitude range of the sodars as well as producing audible frequencies within the
operating range of the sodars. Kaimal et al. (1980) discovered that BAO tower was a source of
narrow-band noisein an earlier study. Theclosely spaced elements of the elevator/carriage support
system on the tower generated noise with two spectral peaks when southwesterly winds exceeded
4 ms®. Thefirst peak was located at 500 Hz and was of no consequence to any of the five sodars
being evaluated. The second peak ranged between 1100 and 1300 Hz and affected the performance
of at least one sodar. These frequencies are well below those used by the four sodars evaluated in
this study.

Acoustic noise levels were measured on 4 April 1995 from 0930 to 1000 MDT using a
Realistic 33-2055 digital sound level meter. The sound meter was placed on a tripod west of the
tower in what is approximately the center of the BAO. This measurement was assumed to be
representative of the overall facility. Noise levels were observed eight equally spaced directions.
The maximum level was approximately 64 dB with average noiselevelsof lessthan 50 dB. Higher
maximum values were due to nearby birds, traffic noise from Interstate-25, air conditionersfor the
electronicstrailers, and the acoustic pul sesemitted from the surrounding sodars. Unfortunately, due
to time and budget constraints, only one noise survey was conducted. While it was shown from a
single survey that the BAO facility is a quiet environment for the operation of Doppler sodars, it
would have been useful if several more surveyswere conducted at varioustimesthroughout the day
to at least assess the levels of noise created by traffic from I-25, especially during rush hour.
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The technology now exists to conduct a more quantitative noise survey with minimal cost
and effort. A portable laptop computer, sound card and microphone are the only tools needed to
identify the frequencies and relative intensities of background noise While not in existence during
this study, a recently available freeware program named Spectrogram (ver 3.1) was successfully
used by Crescenti and Baxter (1998) to identify the frequencies of various noise sources in the
vicinity of operating sodars during asubsequent air quality sodar study in southern California. The
latest version of this program may be found at http://www.monumental .com/rshorne/gram.html.
Both broad-band and narrow-band frequencieswere generated by variousmechanisms. Spectrogram
allowed for easy identification of these noise sources. Asaresult, the output frequency of the sodar
was changed to a bandwidth where there was no noise interference.

Ideally, a site should be relatively clear of obstacles that could act as potential fixed-echo
reflectors for Doppler sodars. This is also true for objects that may act as ground-clutter in the
operation of aradar wind profiler. However, ideal sites for either a sodar and/or radar are rare.
Therefore, it isimportant to construct an obstacle vistatable that containsinformation about the site
(Baxter, 1994b; 1996). Thisincludesidentification of all natural and man-made objectssurrounding
the sensor, their azimuth, elevation angle above the horizon (i.e., height), and distance. The
information provided in such atable can be used to assess potential interference in sodar or radar
operations. Vistatables (Tables 4, 5 and 6) were constructed for the AeroVironment, Metek, and
Radian sodars, respectively, during the performance audit. An indication of potential fixed-echo
interference would bein the form of consistent depressionsin the wind speed profile for an oblique
angle beam oriented towards an object that may act asareflector. A vistatablewasalso constructed
for the Radian LAP 3000 radar wind profiler and RASS (Table 7). Objects such as swaying power
lines and trees are potentia reflectors for the el ectromagnetic pulse transmitted by the radar.

The results of the site evaluations identified the locations of each sodar and radar as
generally acceptable (Baxter, 1996). There were a number of reflective sources that could
potentially contaminate the data, but each manufacturer oriented the obligque angle antenna beams
away from those objects. In particular, the most significant reflective source was the 300-m tower
anditsguy wires. Minor sourcesincluded avariety of small buildingsused to house el ectronicsand
data acquisition systems.

Another sodar system check performed aspart of the audit wasaso-called “listen only” test.
That isto say, the sodar transmitters are turned off but the recelvers remain on. Thistest can help
determineif any background noiselevel producesa” measured” wind velocity. Inpractice, novalid
wind values (i.e., -999 or blank) should be reported by asodar. However, if any “valid” valuesare
reported, then there may be an active noise sourcein the areagenerating frequenciesin the operating
range of thesodar. All sodarstested during the audit displayed only invalid datain the®listen only”
test. Thus, additional confidence was gained that the BAO was a*“quiet” site for the operation of
asodar.
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Table4

Vistatable for AeroVironment 4000 sodar.

Mag. True  Obstacle
Azimuth  Azimuth  Elev.
(deg) (deg) (deg)  Features/Distances/Other Notes
0 12 45 Guy wires going to top of tower
30 42 <3 Flatterrain
60 72 <3 Flat terrain, houses with trees~ 1 km
90 102 <3 Flat terrain, treeswith no leaves ~ 1 km
120 132 <3 Flatterrain
150 162 7 Tank and tower ~ 1 km
180 192 <3 Flatterrain
195 207 <3 Building ~ 75 m, start of guy wires
210 222 35 Guywires~25m
240 252 66 Guy wires~30m
270 282 69 Guy wires~40m
310 322 65 Guy wires, trailer ~30 m
330 342 62 Guy wires closeto top of BAO tower
340 352 59 BAO tower
354 6 50 Main compound buildings ~ 200 m

3.2  Equipment Alignment

The orientation of an antennawith respect to azimuth, whether itisan individua antennaof
a 3-beam sodar system or a phased-array antenna of a sodar or radar, directly affects the accuracy
of the sodar-derived or radar-derived wind direction. Similarly, thelevel of an antennawith respect
tohorizontal directly affectsthe cal cul ation of the component wind velocities. Thus, another critical

component of the performance audit was to verify antenna alignment and level.

A Brunton Pocket Transit (model F5007LM) was used to verify the orientation and level of
the sodar and radar antennas for the two oblique angle antenna directions. The transit is tripod-

mounted and can be read to an accuracy of approximately +0.5°.
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Table5
Vistatable for Metek MODOS sodar.

Mag. True  Obstacle
Azimuth Azimuth Elev.
(deg) (deg) (deg)  Features/Distances/Other Notes

0 12 <3 Houses, trees, power lines ~500 m
30 42 <3 Houses, trees, power lines~ 400 m
60 72 <3 Houses, trees, power lines~ 800 m
90 102 <3 Powerlines~400m

120 132 <3 Houses, trees, power lines~ 1 km
150 162 <3 Trees~1km, water tank ~ 2 km
165 177 6 Instrument trailers~50 m

180 192 <3 Instrument trailers ~ 60 m

210 222 25 Guy wires~300m

225 237 49 BAO Tower

240 252 37 Guy wires~30m

270 282 <3 Powerlines~2km

300 312 <3 Houses~1km

330 342 <3 Houses, trees~1 km

The magnetic sitingswere corrected with respect to true north with solar observations of the
sun’s azimuth angle in both directions (U. S. EPA, 1995). The corrected orientation was then
compared to the values in the software settings of each sodar and radar. The audit results for the
azimuthsaregivenin Table 8. The audit found that all of these antennas were aligned to within 1°
in azimuth. Antenna levels were checked using the inclinometer integral to the transit. All four
sodars and the radar were found to be with £0.5° from horizontal. For alignment, the criteria for
acceptabl e orientation of the oblique angle beamsis+2°. Thisisreadily achievable and consistent
with the wind vane orientation from U. S. EPA (1995) specified guidance while the criteriafor the
level of anantennais+1°. It wasnoted that some of the systemsdid not lend themselvesto straight-
forward checks of the antennalevel or zenith angle measurement. Thisisan important item during
the setup and audit stages of amonitoring program. Thelevel of the parabolic antennas of the RASS
were not checked for leveling. However, a recent study by Coulter (1998) suggests that RASS
acoustic antennas should be level to within £1°.
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Table6
Vistatable for Radian 600 and 600PA sodars.

Mag. True  Obstacle
Azimuth Azimuth Elev.
(deg) (deg) (deg)  Features/Distances/Other Notes

0 12 <3 Houses, trees~1 km

30 42 <3 Houses, trees~1 km

60 72 <3 Houses, trees~1km

90 102 22 Guy wires~400m
105 117 46 BAO tower ~ 300 m, FM-CW radar ~40 m
120 132 31 Guy wires~500m
150 162 <3 Flatterrain
180 192 <3 Flatterrain
210 222 <3 Flatterrain
240 252 <3 FHatterrain
270 282 <3 Treewithnoleaves~1km
300 312 <3 Flat terrain, high tension towers ~ 1.5 km
330 342 <3 Houses, trees, and power lines~ 1 km

Theverification of the proper operation of each transducer in aphased-array sodar iscritical
for the acquisition of valid data. The failure of atransducer, a bank of transducers, or the driver
switching electronics can degrade the focus of the acoustic beam and its steering. For this study,
no audit procedures were performed on this particular aspect. However, thisisacritical stepto add
confidence in the proper operation of a phased-array sodar. Some manufacturers have self
diagnostic algorithmsto test each individual transducer in aphased-array. These should be utilized
every several (4 to 6) monthssince prolonged exposure of thesetransducerscan lead tofailure. One
technique of evaluating theintegrity of aphased-array antennaisto test therel ative amplitude output
of each transducer. The procedureinvolvessequentially placing atest element over each transducer
of the array and measuring the voltage induced into the test element from each transmit pulse. The
anal og peak voltage of each pul se can be observed and compared to other elementsinthearray. The
test element should have afoam insulation seal around the mating surface to minimize interference
from adjacent phased-array transducers. Themeasurementsaretypically taken over multiplecycles
of the beam transmit sequence.
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Table7
Vistatable for Radian LAP 3000 radar wind profiler and RASS.

Mag. True  Obstacle
Azimuth Azimuth Elev.
(deg) (deg) (deg)  Features/Distances/Other Notes

0 12 27 Guy wires~ 500 m, power lines~ 2 km
10 22 31 BAOtower ~500 m
30 42 <3 Houses, power lines~ 2 km
60 72 <3 Treeswith noleaves~ 1.5 km
90 102 <3 Flatterrain
120 132 8 Lightpole~30m
150 162 11 Building
180 192 7 Power lines~200 m
210 222 5 Power lines~300 m
240 252 14 10-mtower ~20m
270 282 <3 Flatterrain
300 312 <3 Treeswith noleaves~ 3 km
330 342 <3 Trees, power lines~ 3 km
Table8
Performance audit results.
AV Metek Radian Radian Radian
4000 MODOS 600 600PA  LAP 3000
Beam 1 Direction (°) 83.0 10.5 215.0 259.0 335.5
Beam 2 Direction (°) 173.0 101.0 302.0 349.0 2455
APT Results(ms?)
Horizontal Avg. Diff. 0.04 -0.17 -0.2 0.01
Horizontal Max. Diff. -0.08 -0.21 -0.5 0.03
Vertical Avg. Diff. -0.09 0.05 -0.1 -0.05
Vertical Max. Diff. -0.21 0.07 -0.1 -0.11
Clock Time Difference (9) 11 -4 -2 -1 4
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3.3 Simulated Wind Test

An important aspect to any measurement program is the need to quantitatively verify the
response of a sensor to known inputs. The output of conventional in situ sensors such as a cup
anemometer can easily be confirmed by placing the sensor in awind tunnel or by rotating the shaft
at a known speed. Unfortunately, the verification of wind velocity data from a Doppler sodar is
more problematic but not impossible.

Sodar-derived wind velocities are obtained by the measurement of the frequency shift and
the time of arrival of a backscattered acoustic pulse. Thus, the only means of truly providing a
known input into asodar istheintroduction of specific acoustic frequenciesat knowntimeintervals.
Thedifference between thetransmit frequency and asimul ated backscattered frequency corresponds
to aDoppler shift introduced by winds moving to or away from the antenna. Thetime of arrival of
asimulated return with respect to the transmit pul se represents a specific altitude based on the speed
of sound and the beam zenith angle. The Acoustic Pulse Transponder (APT) was developed by
Baxter (1995) to input acoustic frequencies at predetermined timesinto asodar for the verification
of asimulated wind profile.

The APT isamicrocomputer based system used for auditing Doppler sodars. This system
first detects the transmitted acoustic pulse from the sodar antennathen transmits a preprogrammed
pulse sequence back at thesodar. The pul se sequence consistsof oneor more sequential frequencies
at specifically timed interval sthat represent known frequency offsetsfromthe sodar. Thefrequency
offsets and time of the pul ses simulate awind profile along each of the sodar component axes. The
APT can beprogramed for the number of pul ses, pulseduration, pulsefrequency, and timing delays.
The APT system consists of three modules. The pulse transponder, system interface, and portable
laptop computer.

The pulse transponder is placed near the sodar antenna and serves two purposes. It acts as
a receiver (microphone) that detects the transmit pulse from the sodar antenna. The pulse
transponder also acts as a speaker that transmits the audio frequencies back into the sodar antenna.

The system interface provides the link between the pul se transponder and laptop computer.
The interface converts the detected acoustic pulse received by the transponder into adigital signal
that is transmitted to the computer via the RS-232 port. In addition, the interface amplifies and
conditions the audio frequencies generated by the computer that are sent to the transponder.

The laptop computer detects the transmit pulse in the RS-232 port and initiates the pulse
timing sequence. The computer software cal cul ates the retransmission timing and frequency to be
generated based on a preprogrammed configuration that is specific to the sodar being audited. The
frequencies generated by the computer are transmitted to the system interface by means of an audio
pickup. The system configuration as well as arecord of each retransmitted pulseisrecorded in a
documentation file.
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The APT has an accuracy of 1 Hz from 1390 to 4606 Hz. The accuracy of the pulsetiming
is2 mswhich correspondsto an altitude resol ution of better than 1 m. A more complete description
of the APT is given by Baxter (1994a; 1995)

A ssmplewind profile simulation was applied to each sodar. The APT was programmed to
simulate wind velocities about 3 to 4 m s in the lower portion of the sodar operating range. The
upper portion of the profile was programmed to smoothly increase wind velocitiesto 7to8 ms*in
the opposite direction. The results of the APT tests (Table 8) show agreement within +0.2 m s™.
Thus, the APT tests provided additional confidence that all of the sodars properly received the
generated acoustic pulse and computed the proper wind profiles based on known frequency inputs.

34  Independent Wind M easurement Comparison

An operational check using independent wind measurements can help establish the
“reasonableness’ of the sodar or radar-derived winds. This procedure can help identify any major
problem with the system such as improper sensor alignment or defective beam steering. It is
important to note that thisis a necessary procedure even if an APT test isincluded in asodar audit.

The comparison to independent wind measurements depends on the actual instrument used
for data collection (e.g., tower, tethersonde, rawinsonde, kite, or another ground-based remote
sensor). Prior to the comparison, it isimportant to assure the independent data are processed using
similar methods as the sodar or radar data, i.e., calculated vector averages. A typica acceptance
criteriamay be +20° for wind direction and +2 m s* for speed. For two sodar systems measuring
the same volume this criteriamay be much tighter while comparisons of data collected from aradar
and kite measurements may be much broader. Exceedance of the criteriadoes not necessarily mean
either system is malfunctioning but instead alerts the user that further evaluations may be needed
to determinethereason for thedifferences. Militanaet al. (1991), Virag et al. (1992) and Wilkerson
et a. (1994) have outlined sodar audit procedures using tethersondes. Similarly, West and Ferullo
(1990) present a sodar audit procedure using tower measurements.

U. S. EPA (1987a) had proposed one form of performance auditing using instruments such
as atethersondes to collect at least 120 sample intervals for comparison of sodar data. Thislarge
number of samples reflected a lack of trust of the sodar technology with the need to reprove the
operation through expensive multi-day tests every six months. A permit must be issued by the
Federal Aviation Administration (FAA) for tethersonde deployments. This can be logistically
difficult, especialy in areas near airports. Another limitation with tethersonde deployment is the
difficulty of using them in high wind conditions (> 10 m s*). However, with better guidance and
theimprovement of sodar technology (Crescenti, 1997), such aggressive comparisons have become
unnecessary.

Regardless of the platform used for comparison, West and Ferullo (1990) compiled several
different typesof scatter plotsaspart of their audit procedure. Thisplotsare especially helpful with
displaying discrepancies that are not obvious in statistical measures of scatter (e.g., bias,
comparability, precision, correlation coefficient). A summary of the variables used in those plots
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isgivenin Table 9. For example, plotting ) WD (sodar wind speed minus tower wind speed) asthe
dependent variable (y-axis) as afunction of the independent variable (x-axis) WS (tower) usually
shows large scatter of wind directions for light wind conditions and smaller differences for more
moderate wind speeds. Of course, the independent variables are data acquired by so-called
“standard sensors’ (i.e., tower, tethersonde). West and Ferullo (1990) also point out that
constructing multiple scatter plotsis helpful for finding discrepancies in the sodar data as well as
discrepancies in the standard measurements. In their case of comparing sodar wind directions
against tower wind directions, they discovered that the tower-based vane was misaligned by 24°.
Viraget al. (1992) point out that uncertainty in tethersonde height can |ead to scatter in comparisons
against sodar derived winds, especially in zones of significant wind shear. Thus, thelesson learned
isthat even standard measurements used in audits can contain errors.

Table9
Variables used in scatter plots for audits
(based on West and Ferullo, 1990).

Dependent Independent
Variable Variable
WS VS WS
WD Vs WD
WS VS time
WS VS WS
WS Vs WD

WS Vs WD
WD Vs time
WD VS WS
WD Vs WD

Due to the nature of the study, an independent wind measurement comparison was not
performed as part of the audit. Dataacquired by the tower-based in situ sensor are used to evaluate
the performance of these ground-based remote sensors.

35 Other Audit Procedures and Observations

Since computer clocks can drift in time, each was checked to assure all data were collected
inan appropriatetime synchronization. Thisisespecially important if thereareinterferencescreated
between instruments such as the RASS and one or more sodars. The time becomes crucial if there
is an overlap and more than one sample interval may become contaminated. At the outset of the
program all of the instrument clocks were synchronized withaWWYV clock at thetower. The drift
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in sodar/radar clock time varied from -1 to +11 s over the course of severa days.

Finally, attention was focused on the manufacturer’ s definition of wind component values.
In some instances, the horizontal wind components obtained from the obligue angle beams were
rotated to align with 90° (east) and 0° (north) to form the commonly accepted meteorol ogical values
of U and V. Other manufacturers ssmply reported the component velocities with respect to the
obligue angle antennas but still labeled these velocities as U and V. There are advantages and
drawbacks of each definition, however, it is incumbent on the user to understand the reporting
convention for proper data validation and interpretation.
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4 M ethodol ogy

Most evaluation studies have utilized simple statistical techniques to assess the overall
reliability of Doppler sodar, radar wind profiler and RASS measurements. For example, many
investigators use linear least-squares regressions of the form

y=mx +b (1)

where mis the slope and b is the y-intercept describing the fit of the remote sensor data (y) as a
function of the reference data (x). The amount of scatter (root-mean-square difference) about a
linear fit is often reported as the standard error (SE). For example, regression fits of sodar wind
speed asafunction of tower wind speed can be easily determined. Similarly, fits can be determined
for wind direction values from a remote sensor as a function of tower-based wind direction data.

Another simple statistical measure of remote sensor reliability is the linear correlation
coefficient r which is defined as the ratio of the covariance between two variables x and y to the
sguare root of the product of the variance of x and the variance of y. The equation is defined as

r=—= %)

By definition, r rangesfrom-1to+1. Two variables(e.g., sodar wind speed and tower wind speed)
are perfectly correlated (i.e., vary together) whenr = 1. Conversely, those two same variables are
perfectly negatively correlated (i.e., vary oppositely) when r =-1. Variables with no net variation
yield r = 0. However, when using alinear correlation to assess the reliability of both wind speed
and wind direction from a sodar or radar against tower-based values, two separate values of r must
be determined.

Crosby et al. (1993) proposed adefinition for avector correlation coefficient r, inwhich the
effects of both magnitude and direction areincluded in asimple scalar valuethat isameasure of the
degree of association between the vectors of interest. The following definition for r, consists of
matrix multiplications of variances and covariances of the wind velocity components:

Py = E )

where
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and

g = I:0”1”10."1"1 ‘:).“1"10.“1"1:I [0”2”20"2"2 0”2"20“2"2] (5)

By definition, a perfect correlation between two sets of vectors yields a value of r, = 2. Zero
correlation existswhenr, = 0.

Other statistics of comparison that have been used are the bias (accuracy) B and the
comparability (root-mean-square difference) C. They are defined (Hoehne, 1971) as

1 i
5-13 - x ©

C =
i=1

12
1 V)
N g: ¥, - X) ] (7)

where N is the number of observations, X; is the ith observation from the reference instrument (in
this case, the BAO tower), and Y, is the ith observation from the sensor in question (i.e., Doppler
sodar, radar wind profiler, or RASS). The bias is simply a measure of a systematic error. The
comparability is a useful statistic since it combines both bias and random errors. The precision
(standard deviation) Sis defined as

S = (C2 _ BZ)l/Z (8)

As noted by Crescenti (1997) who reviewed a compilation of sodar comparison studies,
many investigators often compute these statistics for an entire data set regardless of atmospheric
conditions or stability. When the data sets were subdivided, it was often day versus night so that
Doppler sodars could be evaluated for convective (unstable) versus laminar (stable) conditions,
respectively. Unfortunately, these ssmple statistics were not generated as a function of various
measures of atmospheric conditions or stability.

Eight different measures of atmospheric conditions and stability are used in this study to
measure the statistical characteristics of these ground-based remote sensors. They include: relative
humidity (RH), Pasquill-Gifford (PG) stability class, time of day, scalar wind speed (SS), standard
deviation of the horizontal wind direction (F,), wind shear (S, the square of the Brunt-Vaisaa
frequency (N%,), and the bulk Richardson number (R;). These parameters were chosen since they
are easily derived from tower-based measurements.
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Molecular attenuation of acoustic signals from Doppler sodars significantly increases with
decreasingrelative humidity (Neff, 1975; Crescenti, 1998), especially for relative humidity lessthan
40%. In addition, radar wind profilers also demonstrate much better performance at higher
humidities. Thus, statistical estimates were derived for five classes of surface (10-m) relative
humidity. Thestatisticsweregenerated for relative humiditiesbetween 0 - 20%, 20-40%, 40 - 60%,
60-80%, and 80-100%.

Pasquill-Gifford (PG) stability class was determined using by the solar radiation/delta-T
method (Coulter, 1994). Oneof six stability classes (A, B, C, D, E, or F) wasdetermined from 10-m
tower wind speed, theincoming sol ar radiation, and the tower-based temperature difference between
10 and 50 m. These stahility classesare useful in characterizing an unstable (A, B, C), neutral (D),
or stable (E, F) boundary layer.

Time of day was divided into four categories: dawn, day, dusk, and night. The transitional
times of dawn and dusk were included to examine those instances when the boundary layer was
making the transition from stable to unstable and from unstable to stable, respectively. For this
study, dawn is defined as the time in the early morning when the Sun is between 10° below the
horizon to 20° above the horizon. Dusk is defined as the time in the |ate afternoon when the Sun
isbetween 10° abovethe horizon to 20° bel ow the horizon. Of course, day isthetime between dawn
and dusk when the Sun is above the horizon while night is between dusk and dawn when the Sun
is below the horizon.

Strong winds can generate localized noise that can potentially interfere with Doppler sodar
operations (Crescenti, 1998). In addition, strong winds can effectively push the acoustic signal
generated by a RASS source away from the vertically pointing radar beam, thereby degrading
temperature measurements. The surface (10-m) scalar wind speed was subdivided into four
categories: near cam (<2 ms?), light wind (2 - 5 ms*), moderate wind (5 - 10 m s*), and strong
wind (> 10 m s%).

The standard deviation of the horizontal wind direction F, acquired by the 10-m wind
monitor was used to measure the horizontal homogeneity of the wind field. Four categories were
created: very homogenous(< 10 deg), moderately homogeneous (10 - 20 deg), moderately
nonhomogeneous (20 - 30 deg), and very nonhomogeneous (> 30 deg).

A simple measure of mechanical mixing can be estimated by computing thewind shear. For
this study, S, isdefined as:
Au)® [ Av)?
Az Az

where ) uand ) v aredifferencesin thewind vel ocity componentsover the vertical thickness) z(10
and 50 m). Four categories were created: no wind shear (< 0.02 s%), light wind shear (0.02 - 0.04
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s%), moderate wind shear (0.04 - 0.06 s*), and strong wind shear (> 0.06 s*).

Conversely, a simple measure of the thermal mixing (i.e., buoyancy) can be estimated by
computing the Brunt-Vaisala frequency Ng, which is defined (e.g., Stull, 1988) as:

AQ) 12
Ny = (% E) (10)

where g is the acceleration due to gravity (9.81 m s?), 2 and ) 2 are the mean and difference of
potential temperature, respectively, over thevertical thickness ) z(10and 50 m). Inthisapplication,
four categories of the square of the Brunt-Vaisalafrequency (N?,) were created: unstable (< 0s?),
dightly stable (0 - 0.001 s?), moderately stable (0.001 - 0.002 s?), and strongly stable (> 0.002 s?).

Finally, the bulk Richardson number R; is a simple measure of the ratio of thermal mixing
to mechanical mixing and is defined (e.g., Stull, 1988) as:

R - & ABD Az
0 (AP ¢ (AW

(11)

R; is computed from temperature and wind velocities at 10 and 50 m. Four categoriesfor R; were
created: strongly unstable (< -0.5), moderately unstable (-0.5 - 0.25), moderately stable (0.25 - 1),
and strongly stable (> 1).

Some data were eliminated in order to avoid an artificia bias or scatter in these statistical
parameters. Datawere not considered when the tower-based vector wind speed was less than 0.5
ms* (i.e., below the starting threshold of the wind monitor). In addition, datawere not considered
when the wind direction was between 302° clockwise to 32°. This was done to avoid tower-
generated turbulence and is consistent with the methodology developed by Kaimal (1986).
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5 Analysis

Thefirst step in the evaluation and performance of these ground-based remote sensorsisan
anaysis of dataavailability as afunction of atmospheric conditions and stability. Next, those data
acquired by aparticul ar remote sensor are screened by their respective signal-to-noiseratiosin order
to remove obvious outliers when the SNR is low. After those bad data have been removed, the
performance statistics of the wind speed and direction data have been computed and analyzed asa
function of atmospheric conditions and stability. Finally, the same methodology is applied to the
virtual air temperature data acquired by the RASS.

5.1 DataAvailability

Many regulatory monitoring programs usually have a criteriarequiring a minimum amount
of data to be collected over a particular time frame (e.g., U. S. EPA, 1987b). If a sensor can not
meet that criteria, then its use may be problematic. The amount of wind velocity data collected by
Doppler sodars or radar wind profilers over a particular vertical range can vary from hour-to-hour,
day-to-day. This can be attributed to attenuation of transmitted acoustic or electromagnetic (EM)
signals of the previously mentioned sensors by various atmospheric conditions.

Plots of data availability as afunction with height are shown in Appendix A. These plots
includedataacquired by the AeroVironment sodar, both Radian sodars, theradar wind profiler (both
the high resolution/low range mode and low resolution/high range mode), and the RASS. Unlike
most sodars, the Metek sodar reported data at all range gates. The first set of the graphs show the
percentage of “valid” datareported by each remote sensor for the entire experiment. The parabolic
decrease of wind vel ocity datawith height reported by the sodarsisconsistent withthefindingsfrom
other studies (Santovasi, 1986; Piringer, 1994). Data availability profiles reported by the radar
profiler compare with those found by other investigators (Ecklund et a., 1990; Martner et al., 1993;
Whiteman and Bian, 1996). The dataavailability profile of RASS temperature data also conforms
to findings from previous studies (Bonino et a., 1986; Schroeder, 1990; Martner et al., 1993).

More than 90% of the data reported by the AeroVironment sodar was available to a height
of 75 m and 50% were available to a height of about 150 m. The Radian 600 sodar reported a data
capture of 90 and 50% to heights of 200 and 450 m, respectively, while the Radian 600PA reported
data availability of 90 and 50% to heights of 125 and 325 m, respectively. As expected, data
availability at higher altitudes for the sodar is limited by the molecular attenuation of the acoustic
signal (Neff, 1975; Crescenti, 1998).

It should be noted that the data availability profiles for the radar and RASS are shifted to
lower percentages because of several power outages. In most circumstances, the data availability
isusually highinthefirst 1 km of the atmosphere. For example, a915-MHz radar wind profiler and
RASS located at the Idaho National Engineering and Environmental Laboratory (INEEL) reliably
acquired wind and temperature profiles for more than three years. A data capture for the radar of
more than 90% was found from the lowest range gate to a height of 1.3 km while 50% of the data
were availableto aheight of 2.7 km. Similarly, more than 90% of temperature datawere available
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to aheight of 600 m and 50% to aheight of 1.2 km. It should be noted that out of apossible 17,520
profilesfor 1998 (48 profiles per day times 365 days), atotal of 100 (0.57%) wind profilesand 102
(0.58%) temperature profiles were lost due to a loss of electricity or disruption in remote
communications with the radar and RASS.

Data availability shows a significant decrease in sodar-reported wind values when the
relative humidity is less than 20%. As originally shown by Neff (1975) and later by Crescenti
(1998), molecular attenuation for acoustic frequencies significantly increases as relative humidity
decreases. Thus, it isreasonable to expect a substantial decrease in the total amount of available
datain very arid environments. Ordinarily, the range for radar wind profilersis greater for higher
humidities due to a greater humidity refractive index. However, no apparent relationship exists
between surface relative humidity and data availability of the radar and RASS for this study.

Using PG classes, it can be seen in Appendix A that more dataisreported to greater heights
by the sodars during generally convective conditions (class A, B, C) whileless dataisreported for
more neutral to stable conditions (class D, E, F). The data availability profiles are quite dramatic
for the AeroVironment and Radian 600PA sodars. To some extent, the sameisalso truefor the data
availability profilesof theradar. 1nboth cases, theturbul ent nature of the convective boundary layer
provides the necessary scattering mechanismsto return a portion of the transmitted acoustic or EM
signals back towards the surface. Stable boundary layers tend to be more stratified and less
turbulent and thus are not as conducive to scattering the transmitted signal back towards its point
of origin. The RASSis somewhat unique. More datais returned under stable conditions at lower
altitudes (< 500 m) while more datais returned for convective conditions at higher altitudes (> 500
m). Bonino et al. (1986) show data availability for RASS data based on PG classes. Intheir study,
data availability profiles show similar decreases with height.

When the data are separated in accordance with the time of day, the AeroVironment sodar
shows amuch greater data capture for day time conditionsthan any other category. This, of course,
can be attributed to generally convective conditions. Thetwo Radian sodars, however, do not show
any significant distinction between the various time of day categories. The radar and RASS data
availability profiles suggestslessdataduring night and dawn, i.e., those timeswhen the atmosphere
ismost stable.

In general, the stronger the scalar wind speed, the less data reported by the sodars. Wind at
and near the ground normally produces most of the ambient noise sensed by asodar except in urban,
industrial, and other populated areas where artificial noise often exceeds the natural ambient noise
(Simmonset al., 1971). Severa investigators (Parry et al., 1975; Hardesty et al., 1977; Finkelstein
et al., 1986; Eversand Neisser, 1990; Dahlquist, 1993) have noted theloss or corruption of datadue
to wind-generated noise when horizontal wind velocitieswere greater than 10 ms*. Thisisbecause
high surface winds generate |ocalized dynamic and acoustic noise against the surfaces of the sodar
antenna shields. Wind noise can be appreciable at exposed locations such as mountain tops and
other terrain features with sharp relief (Asimakopoulos et a., 1980). In general, increased wind
speeds cause a reduction in sounding range (Bonino et al., 1986). Similar dataavailability profiles
are also seen for theradar and RASS. Stronger windslead to less available data. In the case of the
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RASS, strong winds “push” the acoustic signals away from the transmitted radar EM beam, thus
reducing theeffective Bragg scattering necessary to acquiretemperature profiles (Petersand Kirtzel,
1994; May et a., 1996). Strong winds also usually typical of neutral conditions, thereby further
decreasing the backscattered intensity.

All of the sodars exhibit high data capture when F, islarge. In generdl, large values of F,
are associated with generally light winds and unstabl e conditions (e.g., Lumley and Panofsky, 1964;
Mitchell, 1982; U. S. EPA, 1987a). The sameis also seen for the radar data availability profiles.
However, the RASS profiles show just the opposite behavior. 1t isnot clear why this happens since
small values of F, are associated with strong winds which consequently lead to a degradation in
RASS data.

Both Radian sodars, the radar and the RASS exhibit a clear relationship with wind shear.
In general, strong wind shear (i.e., strong winds) will create substantial wind-generated noise, and
thus will reduce the effective range of a sodar (Crescenti, 1998). The same istrue for the RASS
since strong winds will generally displace the acoustic signal away from the radar’s EM beam.
Thus, the best data capture is observed when wind shear is small (i.e., light winds and convective
conditions).

The square Brunt-V aisalafrequency suggeststhe best dataavailability for all sensors under
convective conditions is when N?;, < 0. These profiles also suggest for large values of N, (i.e.,
very stable conditions), data capture is worse.

Finally, the best data avail ability profilesfor al of these sensors are found when R; < 0.25
(i.e., convective conditions). For stable conditions when Ry > 0.25, the data availability was
diminished.

Whileall of these stability parametersare not mutually exclusive, they suggest that Doppler
sodars, radar wind profilers, and RASS are more effective in acquiring more datato higher altitudes
under light windsand convective conditions. Their performanceisdegraded under strong windsand
stable conditions.

5.2  Signal-to-Noise Ratio Screening

The previous section focused on the amount of data acquired by a ground-based remote
sensor without any regard to the quality of thedata. Itisimportant to avoid the“ more datais better
syndrome” commonly encountered in various monitoring programs. Just because a sensor reports
avalueasvalid doesnot necessarily mean itiscorrect. There are many ways data can be corrupted,
both for tower-based in situ sensors and for ground-based remote sensors. A perfect example of this
actually happened during this study. On one particular weekend, strong winds pushed the 10-m
retractable boom on the BAO tower by 60 degrees counterclockwise. The dataloggers continued
to record signals transmitted from the wind monitor and sonic anemometers. The boom was
reoriented to its proper alignment on the following Monday morning. To make matters worse (or
at least more confusing), the 50-m boom was pushed in by 60 degrees on the following weekend as
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the result of another strong wind episode. Once again, the boom was realigned to its proper
configuration on the following Monday morning.

These problems were accidently overlooked in the early stages of dataanalysis. There was
fairly good agreement between tower and sodar wind speeds. However, wind direction datashowed
substantial variation. Thisproblem with the tower datawasflagged only after reexamination of the
experiment log books. Without human intervention, a misaligned boom would go unchecked for
along period of timeif such amonitoring station waslocated in aremote area. Thus, other checks
are needed for QA.

Fortunately, these ground-based remote sensors do have some meansto assure that bad data,
or at least questionable data, are flagged and removed from good data. For example, the
AeroVironment sodar records not only wind speed and direction at various heights, but also records
information such as SNR, amplitude of the backscattered acoustic signal, and the number of valid
signal returns for each sampling interval. The other sodars as well as the radar wind profiler and
RASS have similar recorded data. This information is essential for the acquisition of sound and
scientifically defensible database.

Asanillustration of the importance of using the SNR as a QC check, six scatter plots are
shown of the AeroVironment wind speed compared against the tower wind speed at 50 m (Fig. 8).
The first scatter plot contains all data reported by the sodar with a SNR > O (note that the
AeroVironment SNR value differs from other SNR reported by other sodars which scale those
numbersdifferently). Because of thelow SNR tolerance, bad datawere reported by the sodar when
high wind conditions (> 10 m s*) existed. Wind-generated noise biased many of the sodar wind
speed datatowards low values. Five data points were eliminated by increasing the SNR tolerance
level to 20. No improvement was observed in the statistics. However, by increasing the tolerance
to include datawith a SNR > 25, significant improvement can be seen. The elimination of 17 data
points resulted in an improvement from 1.97 to 1.57 m s* in the precision. Each succeeding scatter
plot shows marked improvement by eliminating data points with low SNR values. Thelast in the
series of plots showsthe best overall statisticswith aprecision of 0.65ms*. Only about 10% of the
reported datawere discarded by selecting asufficiently high SNR tolerancelevel. Whilethere may
havebeen*“gooddata’ eliminated using thisscreening technique, most of the* bad” wereeliminated.
Of course, each siteisunique. As stated earlier, the BAO isrelatively quiet (in terms of acoustic
noise). However, noise was generated when winds speeds were greater than 10 m s* as the air
flowed through and around the tower, as well asits guy wires. Other locations may have greater
potential of acousticinterferencefor Doppler sodars. Careful screening of dataacquired by ground-
based remote systems should be done with regard to the SNR, amplitude, and number of valid
returnsin agiven timeinterval.
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Many investigatorshave devel oped various obj ectivetechniquesfor the automatic screening
of wind and temperature profiles acquired by radar wind profilers and radio acoustic sounding
systems, respectively (Weber et al., 1993; Miller et al., 1994a, 1994b; Wilczak et a., 1995;
Argentini et a., 1996; Jordan et al., 1997). Employment of these algorithms can dramatically
improvethequality of an upper-air dataset withrelatively littleeffort. Inaddition, similar screening
based onthe SNR can a so eliminate potentially erroneousdata. Usersof these ground-based remote
sensors should consult with manufacturers on the availability of QC screening routines.

5.3  Wind Speed and Direction Statistics

The statistics discussed in Section 4 were computed for the winds of each sodar and radar
wind profiler for their respective datasets. Scatter plots of sodar or radar wind speed against tower
wind speed with statistics can be seen in Appendix B. In addition, similar plotsfor wind direction
are also included for wind direction in Appendix B. The bias, comparability, precision, and
correlation for the wind speed and wind direction are shown in Figures 9 and 10, respectively. The
sensorsarerepresented by following symbols. AeroVironment (circle); Metek (square); Radian 600
(triangle); Radian 600PA (inverted triangle); and radar wind profiler (diamond). The biasfor wind
speed and wind direction reported by the sodars and radar at all levels was between -0.5t0 1.0 m
stand-5to+10deg, respectively. Thescatter inthedata, i.e., the comparability and precision, were
quite good. In general, the precision for the sodar wind speeds ranged between 0.5 and 1.0 m s™.
More scatter was observed in the radar values of Swhich ranged from 2.0 to 2.5 ms*. Values of
Sfor wind direction for the sodars ranged between 10 and 30 deg while the radar values of Swere
between 35 and 45 deg. The correlation coefficients are also quite good for the sodar wind speed
and directions with values of r in excess of 0.90, but not quite so good for the radar with values
ranging between 0.75 and 0.85. These sodar statistics are comparabl e to the numerous comparison
studiesreported by Crescenti (1997). Ground clutter contamination is probably the main reason for
the large scatter observed intheradar wind data. Birds, swaying trees, nearby vehicular traffic, and
overflying aircraft can all contributeto anincreased varianceinthedata. However, thesevaluesare
still comparable to numerous comparison studies between radar wind profilers and other
measurement platforms (Gage et a., 1988; Weber and Wuertz, 1990; May, 1993, Angevine and
MacPherson, 1995; Dobos et al., 1995).
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Figure 10. Wind direction st%tilsticsfor all cases and sensors.
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The vector correlation coefficient r, for the sodars and the radar for al conditions at each
level arelistedin Table 10. Vauesof r, areexceptionally good for the sodarswith valuesexceeding
1.8 for all measurement levels. In general, r, decreases with height. This may be due, in part, to
gpatial variability between the tower and the measurement volume of each respective sodar and
radar. Recall that the oblique angle beams of each system were oriented away fromthe BAO tower.
The distance between the tower and measurement volumeincreasesasztan'' where " isthe oblique
angle from the zenith of the sodar or radar beam.

Table 10
V ector correlation coefficients for all cases.

r

\

AeroVironment 4000

10 m 1.83
50m 1.95
100 m 1.93
Metek MODOS
50m 1.90
100 m 1.89
200 m 1.84
300 m 1.49
Radian 600
50m 1.93
100 m 1.95
200 m 1.93
300 m 1.83
Radian 600PA
50m 1.86
100 m 1.93
200 m 1.92
300 m 1.79
LAP-3000
200 m 1.69
300m 1.50
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It was shown that sodar range waslimited under very dry conditions. However, no apparent
relationship exists between the statistics as a function of the relative humidity. All sodars show
similar values of Sfor each RH classification. Valuesof r,asafunction RH arelisted in Table 11.
Some values of r, for very dry conditions (RH < 20%) tend to suggest that there is more
disagreement between tower wind vectors and sodar wind vectors. However, those are not
statistically significant.

Table 11
Vector correlation coefficients as a function of relative humidity.
0- 20 - 40 - 60 - 80 -

20% 40% 60% 80%  100%

AeroVironment 4000

10 m 1.96 1.94 1.87 1.82 1.72
50m 1.90 1.95 1.94 1.97 197
100 m 1.89 1.92 1.92 1.93 1.94
Metek MODOS
50m 1.49 1.96 1.52 1.94 1.95
100 m 151 1.94 1.72 1.92 1.94
200 m 1.34 191 1.66 1.90 1.96
300 m 1.03 1.10 1.49 1.79 191
Radian 600
50m 1.85 1.94 1.88 1.93 1.96
100 m 1.82 1.95 1.92 1.94 1.97
200 m 1.90 1.95 1.88 1.92 1.96
300 m 1.90 191 1.84 1.87 1.72
Radian 600PA
50m 1.85 1.93 181 1.88 1.76
100 m 1.86 1.94 1.89 1.93 1.96
200 m 1.90 1.95 1.85 1.89 1.95
300 m 1.93 1.80 1.86 1.70
LAP-3000
200 m 1.52 177 1.27 1.67 1.56
300m 1.33 1.43 1.19 1.65 1.43
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Significant scatter isobserved in the sodar and radar data under very convective conditions
(PG class A, B). Values of Srange from 0.6 to 0.9 m s* for wind speed and 30 to 60 deg for wind
direction. The amount of scatter significantly decreases with increasing stability. In general, the
least amount of scatter is seen for classes E and F. Vauesof Srangefrom0.3t00.4 ms* and 5to
15 degfor classE and F. Valuesof r, (Table 12) are quite good for classes C and D (1.85 to 1.95)
and exceptionally high (~ 1.95) under the most stable atmospheric conditions (class E and F).

Table 12
Vector correlation coefficients as a function of Pasquill-Gifford stability.
A B C D E F
AeroVironment 4000
10m 1.55 1.88 1.92 1.87 1.17 0.91
50 m 1.59 1.88 1.95 1.97 1.94 1.88
100 m 1.37 1.79 1.88 1.95 1.94 1.97
Metek MODOS
50m 1.13 1.52 1.75 1.95 1.96 1.62
100 m 0.82 1.31 1.82 1.95 1.95
200 m 0.68 1.13 1.76 1.89 1.93 1.93
300 m 0.64 1.01 1.68 1.50 1.58
Radian 600
50m 114 1.70 1.92 1.95 1.84 1.82
100 m 0.96 1.67 1.91 1.96 1.94 1.87
200 m 0.88 1.55 1.91 1.97 1.96 1.94
300 m 0.81 151 1.88 1.89 1.96 1.91
Radian 600PA
50 m 0.80 1.65 1.83 1.88 1.57 1.53
100 m 1.14 1.58 1.90 1.96 1.94 1.91
200 m 0.92 1.64 1.87 1.96 1.93 1.96
300 m 1.08 1.65 1.80 1.85 177
LAP-3000
200 m 0.86 1.37 1.29 1.74 1.22 1.21
300 m 0.88 1.39 1.44 1.56 0.86
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Similar behavior isreflected in these statistics as afunction of time of day. In general, the
best agreement between tower and remote sensors occurs during dawn, dusk and night. Day time
conditions usually show the most variability. Again, this is due to the convective nature of the
boundary layer, especialy under light wind conditions. While scatter in wind speed and wind
direction isgreater for day time conditions, overall agreement isstill quitegood. Vauesof r, listed
in Table 13 reflect these agreements between sets of wind vectors.

Table 13
Vector correlation coefficients as a function of time of day.

Dawn Day Dusk  Night

AeroVironment 4000

10 m 1.71 1.93 1.70 1.76
50m 1.98 1.92 1.97 1.98
100 m 1.93 1.89 1.97 1.96
Metek MODOS
50m 1.93 1.74 1.95 1.95
100 m 1.96 1.80 1.94 1.96
200m 1.92 1.73 1.83 1.87
300 m 1.90 1.52 1.75 1.07
Radian 600
50m 1.92 1.90 1.96 1.94
100 m 1.96 191 1.97 1.96
200m 1.96 1.86 1.98 1.96
300m 1.59 1.82 1.95 1.90
Radian 600PA
50 m 1.87 1.84 1.80 1.87
100 m 1.95 1.88 1.97 1.96
200m 1.94 1.84 1.95 1.97
300 m 1.44 1.78 1.92 1.94
LAP-3000
200m 1.69 1.67 1.69 1.67
300m 1.52 1.54 1.45 1.41
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Not surprisingly, alot of varianceis observed between the tower and remote sensorsfor near
calmwind conditions (SS<2ms™). Under such conditions, large variations can be expected in the
wind field and substantial disagreement can occur, even over relatively short distances of a few
hundred meters. As expected, less scatter is found when the winds are light to moderate. Values
of Sfor wind direction are quite good for moderate wind speeds. Unfortunately, very little datawas
acquired by the sodars under strong winds (> 10 ms*). Thisisdue to wind-generated noise which
interferes with the operation of the sodar. This has been a recurring theme found by many other
investigators (Parry et al., 1975; Hardesty et al., 1977; Finkelstein et al., 1986; Evers and Neisser,
1990; Dahlquist, 1993). The radar, on the other hand, is not susceptible to acoustic noise
interference like the sodar and does much better during strong wind episodes. Valuesforr, asa
function of SSarelisted in Table 14.

Table 14
Vector correlation coefficients as afunction of scalar wind speed.

<? 2-5 5-10 >10
m st m st m st ms?

AeroVironment 4000

10 m 117 1.77 1.89 1.98
50m 1.80 1.96 1.96
100 m 1.78 1.94 191
Metek MODOS
50m 1.68 1.86 191
100 m 1.44 1.88 1.93
200m 1.35 1.83 1.88
300m 1.33 1.56 1.13
Radian 600
50m 161 191 1.96
100 m 1.65 1.93 1.96
200 m 1.70 1.94 1.97
300m 1.69 1.87 1.65
Radian 600PA
50 m 1.47 1.83 1.88
100 m 1.66 1.92 1.96
200m 1.69 1.92 1.95
300 m 1.67 1.82 1.63
LAP-3000
200m 1.20 1.54 1.66 1.90
300m 1.04 1.36 1.42
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The most dramatic statistics are seen as a function of F,. The correlation and vector
correlation coefficients (Table 15) degrade substantially as F, increases to larger values.
Conversely, the best agreement is found when F, < 10 deg. Values of Srange from 5 to 10 deg
when F, < 10 deg and ~ 50 deg when F,, > 30 deg. While Sisgenerally larger for the radar than the
sodars, data acquired by the radar shows similar behavior with F,. Of course these results should
not be surprising since small F,, are associated with large wind speedswhilelarge F,, are often found
with light winds. Large values of F, are associated with a nonhomogeneous boundary layer
(Lumley and Panofsky, 1964; Mitchell, 1982; U. S. EPA, 19874d). Spatial separations between the
tower and sampling volumes of the remote sensors can lead to significant disagreement.

Table 15

Vector correlation coefficients as afunction of F,.
<10 10-20 20-30 >30
deg deg deg  deg

AeroVironment 4000

10 m 1.83 1.84 1.69 1.59
50m 1.97 1.95 1.88 1.72
100 m 1.95 1.92 1.84 1.65
Metek MODOS
50m 1.96 1.83 1.52 1.08
100 m 1.96 1.86 1.30 0.94
200 m 1.95 1.65 1.14 0.64
300m 1.56 1.54 0.86 0.68
Radian 600
50 m 1.96 1.92 1.68 1.40
100 m 1.97 1.93 1.74 1.39
200 m 1.97 1.93 1.59 1.43
300m 1.82 1.89 1.59 1.38
Radian 600PA
50 m 1.87 1.86 1.73 1.38
100 m 1.97 1.92 1.70 1.40
200m 1.96 1.92 1.71 1.40
300 m 1.76 1.86 1.64 1.45
LAP-3000
200m 1.79 1.54 1.26 0.76
300m 1.56 1.50 0.85 0.81
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The statistics are also very dramatic as a function of wind shear S,. Values of Sgeneraly
improvewith larger wind shear for wind speed. However, theimprovement isvery dramatic for the
wind direction comparisons. With little or no wind shear (< 0.02 s*), Sranges from 30 to 40 deg.
However, for strong wind shear (> 0.06 s, the precisionis~ 5 deg. Whenthewind speed andwind
directionsare combined and analyzed asvectors, valuesof r, (Table 16) arevery good to exceptional
(> 1.9) when wind shear exists (> 0.02 s%). A stronger wind shear regime provides stronger scatter
given equal background potential temperature gradients(Gaynor, 1979). Theturbulencecontinually
creates and destroys microscale (0.01 - 10 m) temperature gradients, thereby enhancing acoustic
backscatter.

Table 16
Vector correlation coefficients as a function of wind shear.
< 0.02- 0.04- >

0.02s* 0.04s' 0.06s" 0.06s*

AeroVironment 4000

10 m 1.64 1.73 1.86 1.95
50m 1.88 1.95 1.96 1.98
100 m 1.82 1.92 1.94 1.95
Metek MODOS
50m 1.67 1.89 1.94 1.98
100 m 151 1.94 1.93 1.96
200m 1.37 1.83 1.87 1.97
300 m 1.24 1.74 1.55 1.10
Radian 600
50m 1.77 1.93 1.94 1.96
100 m 1.76 1.93 1.94 1.97
200m 1.65 1.94 1.97 1.98
300m 1.60 1.95 1.94 1.96
Radian 600PA
50 m 1.66 1.80 1.85 1.96
100 m 1.71 1.92 1.95 1.96
200m 1.66 1.93 1.96 1.98
300 m 1.57 1.90 1.93 1.96
LAP-3000
200m 1.19 141 1.70 1.75
300m 1.15 1.49 1.63 1.37
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Once again, the variance between tower and remote sensor measurements is largest for
unstable conditions (N%,, < 0) and smallest during stable conditions (N%, > 0). The most dramatic
statistics are seen for the wind direction where values of Sare ~ 5 deg for moderately to strongly
stable conditions. Vector correlation coefficientsare also good for athermally stratified atmosphere
(Table 17).

Table 17
Vector correlation coefficients as a function of Brunt-Vaisala frequency squared.
< 0.000-  0.001- >

0.000s®* 0.001s? 0.002s? 0.002s?

AeroVironment 4000

10m 1.84 1.75 1.79 1.96
50 m 1.93 1.95 1.97 1.98
100 m 1.90 1.95 1.96 1.98
Metek MODOS
50m 1.77 1.92 1.85 1.96
100 m 1.82 1.92 1.89 1.96
200m 1.79 1.84 1.70 1.95
300m 1.65 1.66 1.44 0.97
Radian 600
50 m 1.90 1.95 191 1.89
100 m 1.92 1.95 1.93 1.96
200m 1.88 1.96 1.97 1.96
300 m 1.83 1.94 1.95 191
Radian 600PA
s50m 1.77 1.83 1.89 1.93
100 m 1.89 1.94 1.93 1.97
200 m 1.87 1.96 1.96 1.93
300 m 181 1.92 1.95 1.88
LAP-3000
200m 1.68 1.63 1.54 1.46
300m 1.51 1.48 1.28 0.83
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Finally, the bulk Richardson number combines both mechanical the thermal mixing. Using
these stability criteria, the best agreement was found for the moderately unstable (-0.5 to 0.25) and
moderately stable (0.25 - 1) conditions. These are reflected by values of r, listed in Table 18. For
strongly stable conditions (R; > 1), variance increases for both wind speed and wind direction
measurements. For strongly unstable conditions (R; < -0.5), the variance is largest.

Table 18
Vector correlation coefficients as afunction of bulk Richardson number.

-0.50- 0.25-
<-050 025 1.00 >1.00

AeroVironment 4000

10 m 1.75 1.82 1.84 1.75
50m 1.89 1.95 1.98 1.97
100 m 1.83 1.93 1.97 1.95
Metek MODOS
50m 1.69 1.94 1.92 1.89
100 m 1.56 1.93 1.92 1.86
200m 1.47 1.93 1.79 1.38
300 m 1.27 1.67 0.93 1.28
Radian 600
50m 1.76 1.95 1.92 1.88
100 m 1.75 1.96 1.94 1.92
200m 1.66 1.96 1.96 1.88
300m 1.60 1.95 1.93 1.90
Radian 600PA
50 m 1.69 1.83 1.90 181
100 m 1.71 1.95 1.95 1.92
200m 1.68 1.95 1.96 1.84
300 m 1.64 1.92 1.88 1.83
LAP-3000
200m 1.08 1.60 1.63 1.27
300m 0.98 1.48 1.07 0.85
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54  Virtual Air Temperature Statistics

The same statistics were computed for virtual air temperature. Scatter plots with statistics
of RASS versustower T, can be seen in Appendix C. The agreement between tower and RASST,
is exceptionally good with r = 0.99 at all three comparison levels. The biasrangesfrom-0.3 °C at
100 mincreasing in alinear fashionto 0.6 °C at 300 m. The precision rangesfrom 0.85t0 1.04 °C.
These values are comparabl e to those found in other comparison studies (May et al., 1989; Martner
et a., 1993; Angevine and Ecklund, 1994; Angevine et a., 1994; Moran and Strauch, 1994).

There does not appear to be any dependence of the statistics asafunction of RH. However,
values of Sare much greater than 1 °C for PG classes of A and B and decrease with increasing
stability. The smallest value of Soccursfor classesD and E (~0.4t0 0.7 °C). When examining T,
as afunction of time of day, the categories of day, dusk and night produces the least amount of
variability (S~ 0.5t0 0.6 °C), increasing to S~ 0.7 °C during dawn with a maximum of scatter (S
~1.0to 1.3 °C) during the day. When considering scalar wind speed, the greatest variance (S~ 1
to 1.5 °C) occursfor near calm conditions while the smallest variance is generally associated with
moderateto strongwinds. Likethewind speed and wind direction acquired by the sodarsand radar,
the precision shows a strong dependence on F,. For F, <10 deg, S~ 0.6°C. However, when F, >
20, Srangesfrom 1.2to0 1.7 °C. The horizontal inhomogeneity of the boundary layer isresponsible
for large variations over short distances. The precision also shows a strong dependence on §, with
values of 1 to 1.4°C for little or no shear to aminimum of 0.5t0 0.6 °C when S, > 0.06 s*. When
considering thethermal mixing (i.e., Brunt-Vaisalafrequency), thelargest variancein Tv isobserved
for unstable conditions (N%,, < 0) and smallest for large positive values of N%,. Similarly, R; shows
the same behavior. Vauesof S~ 1to 1.5when Ry <-0.5. For moderately unstable (-0.5 < R; <
0.25) to moderately stable (0.25 - 1) conditions, values of Srangefrom 0.5t0 0.7°C. The precision
worsens for strongly stable (R; > 1) conditions with values ranging from 0.7 to 1.1 °C.
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6 Conclusions

A ground-based remote sensor characterization study was conducted for threeweeksin April
1995 at the Boulder Atmospheric Observatory in Erie, Colorado. Anextensivedataset wasacquired
from a suite of in situ sensors mounted at 10, 50, 100, 200, and 300 m on the BAO tower, four
commercialy available Doppler sodars (AeroVironment 4000, Metek MODOS, Radian 600, and
Radian 600PA), a 915-MHz radar wind profiler (Radian LAP-3000), and a RASS (also Radian).
The overall goa of the study was not to compare one ground-based remote sensor against another,
but rather to document the performance of these sensors as a function of various atmospheric
conditions. A secondary objective wasto document QA and QC procedures that would |lead to the
acquisition of wind and temperature profiles of known quality.

Prior to the start of the study, performance audits were conducted in accordance with the
most current guidance available from the U. S. Environmental Protection Agency. The evaluation
included analysis of the site characteristics which identified noise sources and types, background
noise levels, a“listen only” test, and the construction of vistatablesidentifying obstacles that may
be potential reflectors of acoustic and EM signals. A review of the operational configuration of the
instruments included checks on equipment alignment and the verification of proper operation of
these sensors. Simulated wind tests were also conducted which tested the response of the sodars
using an Acoustic Pulse Transponder (APT) developed by Baxter (1995). Other audit procedures
(not used in this study) are summarized as additional and/or alternate methods of verification.

Simple statistical parameterswere used asameasure of the agreement between tower-based
measurements and remote sensor data. These included linear |least-squares regression fits which
yielded the slope m, y-intercept b, and standard error SE about the fit. The linear correlation
coefficient r and vector correlation coefficient r, were also used as statistical measures. Other
statistics of comparison that were used include the bias (accuracy) B, comparability (root-mean-
square difference) C, and precision (standard deviation) S,

Eight different measures of atmospheric conditions and stability were used in this study to
measurethe statistical characteristicsof these ground-based remote sensors. They include: relative
humidity (RH), Pasquill-Gifford (PG) stability class, timeof day (dawn, day, dusk, and night), scalar
wind speed (SS), standard deviation of the horizontal wind direction (F,), wind shear (S,), thesquare
of theBrunt-V aisalafrequency (N?,), and the bulk Richardson number (R;). Theseparameterswere
chosen since they are easily derived from tower-based measurements.

Data availability from these ground-based remote sensors were examined as a function of
the eight stability categories. This was done without regard to the accuracy of the remote sensor
data. In general, convective (unstable) conditions were conducive to more data capture at higher
altitudes than for laminar (stable) conditions. Very low relative humidity also limits the range of
sodars since the molecular attenuation dramatically increases under these conditions.

Itisimportant to avoid the* moredataisbetter syndrome” commonly encountered in various
monitoring programs. Just because a sensor reports avalue as valid does not necessarily meanitis
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correct. There are many ways data can be corrupted, both for tower-based in situ sensors and for
ground-based remote sensors. Thus, an example was shown that included all “valid” data. By
increasing the SNR tolerance (i.e., eliminating data with low SNR values), corrupted data due to
noise interference for the AeroVironment sodar were eliminated. Thiswas also done for the other
ground-based sensors.

Performance statistics of the wind speed, wind direction, and virtual air temperature data
were computed for each entire data set and as afunction of the eight categories. Overall, excellent
agreement wasfound between tower-based and remote sensor data. Biasesfor wind speed andwind
direction reported by the sodars and radar at all levels under all conditions ranged from-0.5to 1.0
ms* and -5 to +10 deg, respectively. The precision for the sodar wind speeds ranged between 0.5
and 1.0 ms™. More scatter was observed in the radar val ues of precision which ranged between 2.0
to 2.5 ms?'. Vauesof Sfor wind direction for the sodars ranged between 10 and 30 deg while the
radar values of Swere between 35 and 45 deg. The correlation coefficients are also quite good for
the sodar wind speed and directions with values of r in excess of 0.90, but not quite so good for the
radar with valuesranging between 0.75 and 0.85. These sodar statisticsare comparabl eto numerous
comparison studies. Ground clutter contamination is probably the main reason for the large scatter
observed in the radar wind data. Birds, swaying trees, nearby vehicular traffic, and overflying
aircraft can all contribute to an increased variance in the data. However, these values are still
comparable to numerous comparison studies between radar wind profilers and other measurement
platforms.

In general, more variance was observed in the statistics (i.e., larger values S, SE) during
convective conditions. Conversely, the scatter was quite small for stable conditions. In many
instances, values of S were less than 0.5 m s* and 10 deg for wind speed and wind direction,
respectively, during stable episodes. Considerable scatter was observed for very light wind
conditions (SS<2ms*, F, > 30 deg). Thisisnot to say that the sodars, radar and RASS acquired
incorrect data. Rather, inhomogeneity of the boundary layer can produce conflicting numbersfrom
sensors separated on the order of several hundred meters.

It should be pointed out that thisis alimited datain the sense it was collected at a specific
location during a specific time of year. Thus, afull cross section of possible conditions was not
encountered. Nevertheless, a sufficient number of data points were collected to demonstrate the
behavior of these sensors under various conditions. This information can be extremely useful to
individuals conducting audits of sodars or radars. Under convective, light-wind conditions, large
discrepancies may be found even though the remote sensor is working properly.

Finally, thetimefor comparison studiesisover. Therearea substantial number of research
papers (see Crescenti, 1997) that have compared these remote sensors against a “reference’
measurement system. It is quite evident from these previous studies and from this study, that the
technology is mature and should be (and often are) used for routine monitoring applications. The
greatest challengeisfinding asuitable site to locate aremote sensor. Outside interferences such as
noise or birds can corrupt wind or temperature profiles. With an aggressive QA/QC plan, reliable
data can be collected with a high amount of confidence. The only time a comparison study should
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be needed in the future is when the technology undergoes a significant change. This can be with
new hardware (e.g., new antenna design) or with new software (e.g., new algorithmsto determine
spectral peak of backscattered signal).

Doppler sodars, radar wind profilers, and RASS have led to significant advances in our
understanding of the atmospheric boundary layer. While the data availability of a remote sensor
may be limited by specific atmospheric conditions, they are till effective and reliable tools for
acquiring detailed information on atmospheric wind and temperature structure.
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Appendix C: Virtual Air Temperature Scatter Plotswith Statistics

The next 18 pages are scatter plots of virtual air temperature of the Radian RASS plotted
against tower-based virtual air temperature. The scatter plots are organized in groups of six pages
each. Each group consistsof avariable (e.g., wind speed) for aparticular measurement height (e.g.,
100 m) for the following atmospheric conditions or stabilities: all cases, relative humidity (RH),
Pasquill-Gifford stability class (A, B, C, D, E, and F), time of day (dawn, day, dusk, and night),
scalar wind speed (SS), standard deviation of the horizontal wind direction (F,), wind shear (S),
Brunt-Vaisala frequency squared (N%,), and the bulk Richardson number (Ry).

Each individual scatter plot contains the following statistical information:
number of reported data points

slope of linear regression

y-intercept of linear regression

standard error (rms difference) about the linear regression
bias

comparability

precision

correlation coefficient

TwowmQRo3Z

268



112-m RASS T (°C)

112-m RASS T (°C)

112-m RASS T (°C)

All Cases

30
N =701
m = 0.99
b=-0.31°C
20 | SE=0.85°C
10
0 B=-0.39°C
C=0.94°C
S=0.85°C
r=0.99
-10 | |
-10 0 10 20 30
30 20% < RH < 40%
N =88
m =1.00
b=-046°C
20 SE=0.80°C
10 -
0 B=-0.40°C
C=0.90°C
S=0.80°C
r=0.98
-10 | |
-10 0 10 20 30
30 60% < RH < 80%
N =137
m=1.09
b=-063°C
10
0 B=-0.39°C
C=1.06°C
S$S=098°C
r=0.97
-10 I
-10 0 10 20 30

100-m Tower T (°C)

269

30

20

10

20

30

20

10

-10

RH < 20%

N =109

m=0.79

b=3.23°C
| SE=0.83°C

B=-0.54°C

c=111°C
S=0.97°C
r=0.91
| | |
-10 0 10 20 30
40% < RH < 60%

N =117

m=1.06

b=-0.98°C

| _SE=1.04°C

B=-0.54°C
C=1.19°C
S=1.06°C
r=0.97
|
-10 0 10 20 30
RH > 80%
N =231
m=0.97
b=-0.20°C
| SE=0.48°C
L B=-0.20°C
F% C=053°C
S=049°C
: r=0.99
| | |
-10 0 10 20 30

100-m Tower T (°C)



112-m RASS T (°C)

112-m RASS T (°C)

112-m RASS T (°C)

Class A

30
N=18
m=1.11
b=-1.84°C
20 | SE=0.99°C
10
0 B=-1.06C
C=155°C
S=1.13°C
r=0.98
-10 : :
-10 0 10 20 30
30 Class C
N=61
m =0.98
b=-0.88°C
20 |-SE=0.90°C
10
0 B=-0.99°C
C=1.35°C
S=091°C
r=0.99
-10 : :
-10 0 10 20 30
30 Class E
N =60
m=1.01
b=-0.09°C
20 | SE=0.48°C
10
0+ B =-0.05°C
C=049°C
S=0.49°C
r=1.00
-10 | | |
-10 0 10 20 30

100-m Tower T (°C)

270

30 Class B
N =61
m =0.99
b=-0.88°C
20 _SE =1.07 DC
10
0 B=-0.99°C
C=1.46°C
S=1.07°C
r=0.99
-10 | |
-10 0 10 20 30
30 Class D
N =354
m = 0.99
b=-0.14°C
20 |- SE=0.73°C
B=-0.23°C
C=0.77°C
S=0.74°C
r=1.00
|
-10 0 10 20 30
30 Class F
N=17
m=1.02
b=0.08°C
20 | SE=0.71 uC
10 —
0+ B=0.22°C
C=0.75"C
S=0.72°C
r=1.00
-10 | | |
-10 0 10 20 30

100-m Tower T (°C)



112-m RASS T (°C) 112-m RASS T (°C)

112-m RASS T (°C)

Vv

Vv

A

30 Dawn
N =67
m=1.01
b=-0.04°C
20 | SE=0.72°C
10
= B=-0.02°C
C=0.73°C
S=0.73°C
r=1.00
-10 | | |
-10 0 10 20 30
30 Dusk
N =88
m=1.01
b=-0.40°C
20 SE=0.51°C
10 |-
= B=-0.30°C
C=059°C
S=051°C
r=1.00
-10 | | |
-10 0 10 20 30
30 SS<2ms’
N =122
m=1.01
b=-0.36°C
10 |-
= B=-0.33°C
C=1.04°C
S=099°C
r=0.99
-10 | | |
-10 0 10 20 30

100-m Tower T (°C)

271

30

20

10

20

10

-10

30

20

10

-10

Day

N = 296
m = 0.99
b=-0.66°C
| SE=0.96°C
L B=-0.78°C
C=1.24°C
$=097°C
r=0.99
| |
-10 0 10 20 30
Night
N = 250
m = 1.00
b=-0.04°C
| SE=0.61°C '
L W B =-0.06 °C
F% C=061°C
2 S=0.61°C
- r=1.00
| | |
-10 0 10 20 30
2ms'<SS<5ms”
N =317
m=0.99
b=-0.39°C
| SE=0.86°C

B=-0.44°C
C=097°C
S=0.86°C
r=0.99

I I I

-10 0 10 20
100-m Tower T (°C)

30



112-m RASS T (°C)

112-m RASS T (°C)

112-m RASS T (°C)

30

N
o

v

10

N
o

\

10

-10

30

N
o

A

10

-10

5ms'<SS<10ms”

N =135

m = 0.97

b=-0.12°C
| SE=0.64°C

B=-0.32°C

C=0.77°C
S=0.69°C
r=1.00
l l
-10 0 10 20 30
Og <10 deg
N =321
m =1.00
b=-0.21°C
| SE=0.57°C
L B=-022°C
C=0.61°C
S=057°C
r=1.00
l l
-10 0 10 20 30
20 deg < Og <30 deg
N =62
m=1.01
b=-0.94°C
| SE=1.28°C
— B=-0.83°C
C=153°C
S=129°C
r=0.98
l l l
-10 0 10 20 30

100-m Tower T (°C)

272

30

20

10

20

10

-10

30

20

10

-10

SS>10ms"”

N=16
m =0.94
b=0.46°C
| SE=0.69°C
B=0.04C
C=093°C
S$=093°C
r=1.00
l l l
-10 0 10 20 30
10 deg < Og <20 deg
N =158
m =0.98
b=-0.28°C
| SE=0.84°C
L B=-0.45°C
C=097°C
S=0.86°C
r=1.00
l l l
-10 0 10 20 30
GOg >30deg
N =49
m = 0.96
b=-0.24°C
| SE=1.34°C
l l l
-10 0 10 20 30

100-m Tower T (°C)



30

03 20

l_>

7

< 10

o

£

N o

—
-10
30

03 20

|_>

7

< 10

o

=

N o

—
-10
30

03 20

l_>

a

< 10

o

£

S

—

-10

S,<0.02s”

N =149
m =0.97
b=-0.69°C
| SE=0.96°C

- i B=-0.84°C
e C=130°C
$=0.99°C
r=0.99
| |
-10 0 10 20 30
0.04s'<S<0.06s"
N =110
m=0.99
b=-0.19°C
| SE=0.76°C

B=-0.24°C
C=0.80°C
S$=0.76°C
r=1.00
l
-10 0 10 20 30
N,,’ < 0.000 s”
N =291
m = 0.97
b=-0.50°C
| SE=0.85°C
- B=-0.64°C
C=1.09°C
$=0.88°C
r=0.99
l l
-10 0 10 20 30

100-m Tower T (°C)

273

30

20

10

20

30

20

10

-10

0.02s'<S<0.045s"

N = 148
m =0.98
b=-0.21°C
SE =0.86 °C
| B=-0.33°C
C=0.94°C
$=0.88°C
r=0.99
| | |
-10 0 10 20 30
S>0.06s"
N=73
m=0.98
b=0.17°C
| SE=0.64°C
B=-0.10°C
C=0.66"C
S=0.65°C
r=0.99
|
-10 0 10 20 30
0.000s*< N, <0.001s®
N = 186
m=0.98
b=-0.14°C
SE =0.64°C
L aa B=-0.29°C
% C=0.73°C
S=067°C
r=1.00
| | |
-10 0 10 20 30

100-m Tower T (°C)



30

g 20

|_>

7

< 10

o

£

N o

—
-10
30

N
o

\

112-m RASS T (°C)
o S

-10
30
08 20
I_>
7
< 10
o
£
N o
—
-10

0.001s*< N, <0.002s®

N, >0.002s”

30
N =91 N =47
m = 1.00 m=0.87
b=-0.11°C
| SE=061°C 20
L B=-0.10°C 0 B=023°C
C=062°C C=116°C
S=061°C S=114°C
r=1.00 r=0.97
| | | 10 | | |
-10 0 10 20 30 -10 0 10 20 30
R, <-0.50 -0.50 <R, < 0.25
30
N = 168
m=0.98
b=-0.35°C
L 20 L SE=0.62°C
L 0 B=-048°C

Cc=0.81°C
S=0.65°C
r=1.00
| | | -10 | |
-10 0 10 20 30 -10 0 10 20 30
0.25<R, <1.00 R, > 1.00
30
N =129 N =50
m = 0.99 m =0.99
b =0.00°C b=0.31°C
| SE=0.70°C e 20 | SE=1.11°C
- B=-0.08°C = ® B=0.22°C
C=0.70°C c=114°C
S=0.70°C S=1.12°C
r=1.00 r=0.98
| | | -10 | | |
-10 0 10 20 30 -10 0 10 20 30

100-m Tower T (°C)

274

100-m Tower T (°C)



218-m RASS T (°C) 218-m RASS T (°C)

218-m RASS T (°'C)

30

N
o

Vv

10

N
o

\

10

-10

30

N
o

\

10

-10

All Cases

N =735

m =0.98
b=0.19°C
SE=1.03°C

B=0.10°C

C=1.05°C
S=1.04°C
r=0.99
| | |
-10 0 10 20 30
20% < RH < 40%
N =88
m=1.00
b=0.11°C
| SE=0.83°C
L B=0.09°C
C=0.83°C
S$S=0.83°C
r=0.98
| |
-10 0 10 20 30
60% < RH < 80%
N =151
m=0.96
b=-0.05°C
| SE=1.46°C
— B=-0.15"C
C=148°C
S=147°C
r=0.93
| | |
-10 0 10 20 30

200-m Tower T (°C)

275

30

20

10

20

30

20

10

RH < 20%

N =109

B=0.11°C
C=1.04°C
S$=1.04°C
r=0.90
l l l
-10 0 10 20 30
40% < RH < 60%

N =120

m = 1.02

b=-0.21°C

| _SE=117°C

B=-0.10°C
C=118°C
S=118°C
r=0.96
I
-10 0 10 20 30
RH > 100%
N = 248
m=0.98
b=0.35°C
SE=0.53°C

B=0.38°C
C=0.66°C
S=0.54°C
r=0.99

I I I

10 20
200-m Tower T (°C)

30



218-m RASS T (°C) 218-m RASS T (°C)

218-m RASS T (°'C)

30

N
o

Vv

10

N
o

\

10

-10

30

N
o

\

10

-10

Class A

N=18
m=1.23
b=-3.91°C
| SE=1.79°C
| B=-2.08°C
C=293°C
S=206°C
r=0.95
| |
-10 0 10 20 30
Class C
N =62
m =0.98
b=-041°C
| SE=0.99°C
L B=-053°C
Cc=1.14°C
S=101°C
r=0.99
| |
-10 0 10 20 30
Class E
N =60
m =1.00
b=0.41°C
| SE=0.44°C

B=041°C
C=061°C
S=044°C
r=1.00

I I I

-10 0 10 20
200-m Tower T (°C)

30

276

30

20

10

20

20

10

-10

Class B
N =60
m =1.03
b=-135°C
| SE=1.49°C
| B=-1.13°C
c=1.88°C
S=150°C
r=0.98
| | |
-10 0 10 20 30
Class D
N =385
m =0.98
b=0.46°C
| SE=0.64°C
B=0.37°C
C=0.75°C
S=0.66°C
r=1.00
|
-10 0 10 20 30
Class F
N =18
m=0.99
b=0.50°C
| SE=0.84°C
- B=0.44°C
C=0.95"C
S=0.84°C
r=0.99
| | |
-10 0 10 20 30

200-m Tower T (°C)



218-m RASS T (°C) 218-m RASS T (°C)

218-m RASS T (°C)

30

N
o

Vv

10

N
o

Vv

10

-10

30

N
o

A

10

Dawn
N=73
m = 0.99
b=0.47°C
| SE=0.72°C
B=0.43°C
C=0.85°C
S=0.73°C
r=0.99
l
20 30
Dusk

N=91
m=1.00
b=0.38°C
SE=0.56°C

L B=0.40°C
C=0.69°C
S=0.56"°C
r=1.00
| | |
-10 0 10 20 30
SS<2ms”
N =123
m = 0.98
b=-0.35°C
| SE=152°C
- . B=-0.44°C
7. C=1.59°C
i S=153°C
r=0.98
| | |
-10 0 10 20 30

200-m Tower T (°C)

277

Day

30
N =317
m=0.98
b=-0.25°C
20 _SE =131 OC
10 —
0 B=-0.36"C
C=136°C
S=132°C
r=0.99
10 | |
-10 0 10 20 30
30 Night
N =254
m = 0.99
b=0.49°C
20 | SE=050°C
10 +—
0 B=0.47°C
C=0.68°C
S=0.50°C
r=1.00
10 | | |
-10 0 10 20 30
30 2ms'<SS<5ms”
N = 326
m=0.99
b=0.18°C
20 |- SE=0.92°C
10 +—
= B=0.10°C
C=0.93°C
S$S=0.92°C
r=0.99
10 | | |
-10 0 10 20 30

200-m Tower T (°C)



218-m RASS T (°C) 218-m RASS T (°C)

218-m RASS T (°C)

30

N
o

v

10

N
o

\

10

N
o

A

10

-10

-10 0

5ms'<SS<10ms”

N =159

m = 0.97
b=0.57°C
| SE=0.61°C

B=0.40°C
C=0.78°C
S=0.67°C
r=1.00

I I I

20 30
Op <10 deg

N =349
m=1.00
b=0.42°C

B=0.41°C
C=0.75°C
S=0.63°C
r=1.00

| | |

10 20 30
20 deg < Og < 30 deg

N =63
m=1.04
b=-1.24°C
| SE=1.73°C

- S B=-0.93°C
S C=1.98°C
S=175°C
r=0.97
| | |

10 20
200-m Tower T (°C)

30

278

30

20

10

20

10

-10

30

20

10

-10

SS>10ms"”

N=16
m =0.93
b=1.14°C
| SE=0.85°C
L B=0.73°C
C=132°C
S=110°C
r=1.00
l l l
-10 0 10 20 30
10 deg < Og <20 deg
N =162
m =0.98
b=0.21°C
| SE=0.85°C
L B=0.07°C
C=0.87°C
S=0.86°C
r=0.99
l l l
-10 0 10 20 30
GOg >30deg
N =50
m=1.01
b=-097°C
| SE=153°C
- ) 2 B=-0.82°C
o C=174°C
S=153°C
r=0.98
l l l
-10 0 10 20 30

200-m Tower T (°C)



30

03 20

l_>

7

< 10

o

£

T o

(9\]
-10
30

03 20

|_>

7

< 10

o

£

T o

AN
-10
30

03 20

l_>

a

< 10

o

£

T o

N

S,<0.02s”

N =151
m=0.95
b=-0.60"°C
| SE=142°C ,
L B=-0.81°C
C=168°C
. S=147°C
7 r=0.98
| | |
-10 0 10 20 30
0.04s'<S<0.06s"

-10 0 10 20 30
N,,’ < 0.000 s”
N =313
m = 0.96
b=-0.05°C
| SE=1.28°C
L B=-020°C
C=134°C
$=1.32°C
r=0.98
| | |
-10 0 10 20 30

200-m Tower T (°C)

279

30

20

10

20

10

-10

30

20

10

-10

0.02s'<S<0.045s"

N =156

m = 0.98
b=0.33°C
SE=0.77°C

B=0.22°C

C=0.83°C
S$=0.80°C
r=1.00
l l l
-10 0 10 20 30
S>0.06s"

N =74

m = 0.99

b=0.55°C

| SE=0.56°C

r=1.00
|

B=042°C
C=0.70°C
S=0.56"°C

-10 0

10

20

30

0.000s*< N, <0.001s®

N =186
m =0.98
b=0.38°C
SE=0.63°C

r=1.00
|

B=0.24°C
C=0.70°C
S=0.65°C

-10 0

10

20

200-m Tower T (°C)

30



218-m RASS T (°C)

218-m RASS T (°C)

218-m RASS T (°C)

30

N
o

"

10

N
o

\

[iny
o

o

-10

30

N
o

"

10

-10

0.001s*< N, <0.002s®

N =095
m =0.99
b=053°C
| SE=0.54°C
- B=0.47°C
C=0.72°C
S=0.54°C
r=1.00
| | |
-10 0 10 20 30
R, <-0.50
| | |
-10 0 10 20 30
0.25<R,<1.00
N =130
m = 0.99
b=0.53°C
| SE=0.56C
— B=0.43°C
C=0.72°C
S=0.57°C
r=1.00
| | |
-10 0 10 20 30

200-m Tower T (°C)

280

30

20

10

20

N, >0.002s”

N =47
m = 0.96
b=1.08°C
SE=0.72°C

B=0.49°C
C=0.89°C
S=0.74°C
r=0.98
I I I
-10 0 10 20 30
-0.50 <R, <0.25

N =188

m =0.98

b=0.27°C

| SE=0.66"°C

B=0.18°C
C=0.70°C
S=0.68°C
r=1.00

30
R, >1.00

20 —

10

-10

N =52

m = 0.96
b=0.72°C
SE=0.77°C

B=042°C
C=091°C
S=0.81°C
r=0.99

I I I

-10

0 10 20
200-m Tower T (°C)

30



322-m RASS T (°C) 322-m RASS T (°C)

322-m RASS T (°'C)

All Cases

30
N =734
m =1.00
b=0.61°C
20 | SE=0.86°C -
> '
10

0 B=0.62°C
C=1.06°C
S=0.86°C
r=0.99

-10 '
20 30
30 20% < RH < 40%
N =88
m =0.99
b=0.66°C
o0 L SE=085°C
>
10 —

0 B=0.59°C
C=1.04°C
$=0.85°C
r=0.98

10 | | |

-10 0 10 20 30

30 60% < RH < 80%
N =153
m =1.00
b=0.50°C

20 | SE=0.94C

>

10

0 B=0.50"°C
C=1.07°C
S=0.94°C
r=0.98

-10 '
-10 0 10 20 30

300-m Tower T (°C)

281

30

20

10

20

30

20

10

RH < 20%

N =108

B=0.81°C
C=133°C
S=105°C
r=0.89
I I I
-10 0 10 20 30
40% < RH < 60%

N =119

m=1.01

b=0.48°C

| SE=0.99°C

B=0.52°C
C=112°C
S=0.99°C
r=0.98
I
20 30
RH > 100%
N = 247
m=1.01
b=0.69°C
SE=0.59°C

B=0.68°C
C=0.90°C
S=0.59°C
r=0.99

I I I

10 20
300-m Tower T (°C)

30



322-m RASS T (°C) 322-m RASS T (°C)

322-m RASS T (°'C)

30

N
o

Vv

10

-10

30

N
o

\

10

-10

30

N
o

\

10

-10

Class A

N=18
m =1.07
b=-0.16 °C
| SE=1.22°C
| B=0.22°C
C=129°C
S=128°C
r=0.98
| | |
-10 0 10 20 30
Class C
N =62
m =0.99
b=0.05°C
| SE=0.93°C
L B=0.01°C
C=0.93°C
S=0.93°C
r=0.99
| |
-10 0 10 20 30
Class E
N =61
m=1.01
b=053°C
| SE=0.41°C

B=0.55°C
C=0.69°C
S=042°C
r=1.00

I I I

-10 0 10 20
300-m Tower T (°C)

30

282

30

20

10

20

20

10

-10

Class B

N =60

m=1.01

b=0.03°C
| SE=1.14°C

B=0.09°C

Cc=115°C
S=1.14°C
r=0.99
| |
-10 0 10 20 30
Class D

N =384

m =1.00

b=0.81°C

| SE=0.70°C

B=0.80°C
C=1.06°C
S=0.70°C
r=1.00

|

20

30
Class F

N=18

m =1.00

b=0.67°C
| SE=0.80°C

B=0.64°C
C=1.03°C
S=0.80°C
r=0.99

I I I

-10 0 10 20
300-m Tower T (°C)

30



322-m RASS T (°C) 322-m RASS T (°C)

322-m RASS T (°C)

30

N
o

Vv

10

N
o

Vv

10

N
o

A

10

-10

Dawn
N=74
m = 0.99
b=0.69°C
| SE=0.70°C
B=0.65"C
C=0.96°C
S=0.71°C
r=1.00
|
20 30
Dusk
N=91
m=1.01
b=0.75°C
| SE=0.54°C
B=0.80°C
C=097°C
S=0.54°C
r=1.00
|
20 30
SS<2ms”
N =123
m =1.00
b=0.28°C
| SE=0.79°C

B=0.28°C
C=0.84°C
S=0.79°C
r=0.99

l l l

10 20
300-m Tower T (°C)

-10 30

283

30

20

10

20

20

Day

N =314

m =1.00

b=0.43°C
| SE=1.11°C

B=045°C

C=120°C
S=1.11°C
r=0.99
| | |
-10 0 10 20 30
Night

N =255

m=1.01

b=0.74°C

| _SE=0.54°C

B=0.76C
C=093°C
S=054°C
r=1.00

I

20 30

2ms'<SS<5ms”

N =328

m =1.00

b=0.56°C
| SE=0.80°C

B=0.59°C
C=0.99°C
S=0.80°C
r=0.99

I

0 10 20
300-m Tower T (°C)

-10

30



322-m RASS T (°C) 322-m RASS T (°C)

322-m RASS T (°C)

30

N
o

v

10

N
o

\

10

N
o

A

10

-10

5ms'<SS<10ms”

N =157

m = 0.99

b=0.96°C
| SE=0.81°C

B=0.90°C
Cc=122°C
S=0.81°C
r=1.00

I

20 30
Op <10 deg

N =348

m=1.01

b=0.76°C
| SE=0.63°C

B=0.79°C
C=1.02°C
S=0.64°C
r=1.00

| | |

10 20 30
20 deg < Og < 30 deg

N =64
m =1.03
b=-011°C
| SE=1.16°C

B=0.08°C
C=118°C
S=1.18°C
r=0.99

I I I

0 10 20
300-m Tower T (°C)

-10 30

284

30

20

10

20

10

20

10

-10

SS>10ms’
N=16
m=0.94
b=1.29°C
| SE=0.85°C
| B=1.00°C
C=143°C
S=1.02°C
r=1.00
| | |
-10 0 10 20 30
10 deg < Og <20 deg
N =162
m =1.00
b=062°C
| SE=0.78°C
L B=0.60°C
C=0.99°C
S=0.78°C
r=1.00
| | |
-10 0 10 20 30
GOg >30deg
N =50
m = 0.98
b=0.32°C
| SE=1.15°C
L B=0.12°C
c=117°C
S=1.16°C
r=0.99
| | |
-10 0 10 20 30

300-m Tower T (°C)



S,<0.02s”

N =152

m =0.98

b=0.09°C
| SE=0.94°C

B=0.04°C
C=0.95°C
S=0.95°C
r=0.99
| |
-10 0 10 20 3
0.04s'<S<0.06s"
N=124
m=0.99
b=0.93°C
| SE=0.68°C

30
O 20
\_/>
|_
%
< 10
o
&
N0
™
-10
30
O 20
\_/>
|_
%
< 10
o
&
N B=087°C
™ Cc=111°C
S$=0.68°C
r=1.00
-10 l
-10 0 10 20 30
N,,’ < 0.000 s”
30
N =311
m =1.00
- b=0.54"C
U 20 _SE =1.08 OC
C>\-/>
|_
3
< 10
o
&
N 0 B=0.53°C
™

-10 0 10 20 30

C=120°C
S=1.08°C
r=0.99

300-m Tower T (°C)

285

30

20

10

0.02s'<S<0.045s"

N =155

m = 1.00
b=0.70°C
SE=0.76°C

B=0.69°C

C=1.03°C
$=0.77°C
r=1.00
l l l
-10 0 10 20 3
S>0.06s"
N =74
m = 0.99
b=1.02°C
| SE=0.54°C

20

10

-10

B=0.91°C
C=1.05°C
S=0.54°C
r=1.00

|

-10 0 10 20 30

30

20

10

-10

0.000s*< N, <0.001s®

N =186

m = 1.00
b=0.65°C
SE=0.64°C

B=0.63°C
C=0.89°C
S=0.64°C
r=1.00

| | |

-10 0 10 20 30

300-m Tower T (°C)



322-m RASS T (°C)

322-m RASS T (°C)

322-m RASS T (°C)

30

N
o

"

10

N
o

\

[iny
o

o

-10

30

N
o

"

10

-10

-10 0 10 20 30
0.25<R,<1.00
N=131
m=1.01
b =0.66"°C
| SE=0.49°C
- B=0.75°C
C=090°C
S=0.49°C
r=1.00
| | |
-10 0 10 20 30

0.001s*< N, <0.002s®

N =96

m=1.01

b=0.72°C
| SE=0.51°C

B=0.83°C
C=0.98°C
S=0.52°C
r=1.00

I

20 3
R, <-0.50

300-m Tower T (°C)

286

30

N

o >0.002s”

20 —

N =48

m = 1.05
b=-0.13°C
SE=0.53°C

B=0.62°C
C=0.83°C
S=0.55°C
r=0.99

-0.5

20 30
0<R,<0.25

20 L SE=0.77°C

N =187
m=1.00
b=0.76°C

B=0.76 °C
CcC=1.09°C
S=0.77°C
r=1.00

20 30
R, >1.00

30
N =53
m =0.98
b=0.77°C
20 SE=0.61°C
10
0 B=0.57"C
C=0.85°C
S=0.63C
r=1.00
-10 | | |
-10 0 10 20 30

300-m Tower T (°C)



Acknowledgments

There areanumber of people who | wish to express my most sincere thanksfor successfully
executing this field study. First and foremost, | wish to thank William Mitchell for funding this
study. He has understood the importance of establishing quality assurance and quality control
guidancesothat reliableand accurate meteorol ogical datacan beacquired for regulatory monitoring.
Without his foresight and leadership, this study would not have been possible. Next, but no less
important, are the significant contributions by Brian Templeman for his extraordinary effort in
preparing the BAO (usually during less than favorable conditions) and overseeing the data
acquisition phase of the study. Specia thanks are also extended to Catherine Russell for her help
with countless logistical problems encountered before the study, during the study, and after the
study. | would also like to express my appreciation to William Neff and John Gaynor for their
patience each has extended to me with my many questions. | also wish to thank Julie Neal for
assisting me in the early stages of data screening. Thanks are also extended to the commercial
vendors for their cooperation and sharing their insights on the challenges of collecting upper-air
data. They include Kenneth Underwood and Jeff Bradley of AeroVironment; Gerhard Peters of
Metek; Paul Reveley and Scott McLoughlin (formerly) of Radian. | wishto extend my most sincere
thanks Robert Baxter of Parsons-Engineering Sciencefor conducting the auditson the ground-based
remote sensors. His knowledge and experience with the many aspects on QA/QC issues are a
critical component of this study. My gratitude is expressed to Kirk Clawson, John Gaynor, and
Doug Soule for providing acritical review of this document.

46



References

Angevine, W. M., and W. L. Ecklund, 1994: Errorsin radio acoustic sounding of temperature. J.
Atmos. Oceanic Technol., 11, 837-842.

Angevine, W. M., and J. I. MacPherson, 1995: Comparison of wind profiler and aircraft wind
measurements at Chebogue Point, Nova Scotia. J. Atmos. Oceanic Technol., 12, 421-426.

Angevine, W. M., W. L. Ecklund, D. A. Carter, K. S. Gage, and K. P. Moran, 1994: Improved radio
acoustic sounding techniques. J. Atmos. Oceanic Technol., 11, 42-49.

Argentini, S., G. Mastrantonio, A. Viola, P. Pettre, and G. Dargaud, 1996: Sodar performance and
preliminary results after one year of measurements at Adelie Land Coast, East Antarctica.
Bound.-Layer Meteor., 81, 75-103.

Asimakopoulos, D. N., D. G. Déligiorgi,. and D. P. Lalas, 1980: Acoustic sounder observations of
the atmospheric boundary layer from the top of asteep mountain. J. Appl. Meteor ., 19, 109-
112.

Baxter, R. A., 1994a. Development of a universal acoustic pulse transponding system for
performance auditing of sodars. Proc., 7th International Symposium on Acoustic Remote
Sensing, Boulder, CO, International Society for Acoustic Remote Sensing, 3.35-3.40.

Baxter, R. A., 1994b: Performance of sodar audits under the new USEPA guidance. Proc., 7th
International Symposium on Acoustic Remote Sensing, Boulder, CO, International Society
for Acoustic Remote Sensing, 8.13-8.18.

Baxter, R. A., 1995: Performance auditing of sodars under the new USEPA guidance - applications
of anew instrument to quantitatively assess sodar performance. Preprint, Ninth Symposium
on Meteorological Observations and Instrumentation, Charlotte, NC, Amer. Meteor. Soc.,
442-446.

Baxter, R. A., 1996: Quality assurance of remote wind profilers during the 1995 EPA Sodar
Characterization Study. Preprint, Ninth Joint Conference on the Applications of Air
Pollution Meteorology with the AWMA, Atlanta, GA, Amer. Meteor. Soc., 556-560.

Bonino, G., G. Elisai, A. Marzorati, and P. Trivero, 1986: Results on planetary boundary layer
sounding by automatic RASS. Atmos. Res., 20, 309-316.

Chintawongvanich, P., R. Olsen, and C. A. Biltoft, 1989: Intercomparison of wind measurements
from two acoustic Doppler sodars, a laser Doppler lidar, and in situ sensors. J. Atmos.
Oceanic Technoal., 6, 785-797.

Clifford, S. F., J. C. Kaimal, R. J. Lataitis, and R. G. Strauch, 1994: Ground-based remote profiling

47



in atmospheric studies: an overview. Proc. |[EEE, 82, 313-355.

Coulter, C. T., 1994: An evaluation of a solar radiation/delta-T method for estimating Pasquill-
Gifford (P-G) stability categories. Preprint, Eighth Joint Conference on the Applications of
Air Pollution Meteorology with the AWMA, Nashville, TN, Amer. Meteor. Soc., 40-47.

Coulter, R. L., 1998: A study of the effects of an additional sound source on RASS performance.
Preprint, Tenth Symposium on Meteor ol ogical Observationsand Instrumentation, Phoenix,
AZ, Amer. Meteor. Soc., 223-227.

Crescenti, G. H., 1994: Overview of PAMS meteorological monitoring requirements. Proc.,
International Symposium on Measurement of Toxic and Related Air Pollutants, Durham,
NC, Air & Waste Management Association, 245-253.

Crescenti, G. H., 1997: A look back on two decades of Doppler sodar comparison studies. Bull.
Amer. Meteor. Soc., 78, 651-673.

Crescenti, G. H., 1998: The degradation of Doppler sodar performance due to noise: areview.
Atmos. Environ., 32, 1499-1509.

Crescenti, G. H., and R. A. Baxter, 1998: Some examples of noise interference on Doppler sodar
performance.  Preprint, Tenth Symposium on Meteorological Observations and
Instrumentation, Phoenix, AZ, Amer. Meteor. Soc., 228-232.

Crosby, D. S., L. C. Breaker,and W. H. Gemmill, 1993: A proposed definition for vector correlation
in geophysics: theory and application. J. Atmos. Oceanic Technal., 10, 355-367.

Dahlquist, H., 1993: A one dimensional wind profile model with stability and eddy viscosity
estimations from sodar data. Bound.-Layer Meteor., 62, 329-351.

Dobos, P. H., R. J. Lind, and R. L. Elsberry, 1995: Surface wind comparisons with radar wind
profiler observations near tropical cyclones. Wea. Forecasting, 10, 564-575.

Ecklund, W.L.,D. A. Carter,and B. B. Balsley, 1988: A UHF wind profiler for theboundary layer:
Brief description and initial results. J. Atmos. Oceanic Technol., 5, 432-441.

Ecklund, W.L.,D.A. Carter, B. B. Baldey, P. E. Currier, J. L. Green, B. L. Weber, andK. S. Gage,
1990: Field tests of alower tropospheric wind profiler. Radio Sci., 25, 899-906.

EversK., and J. Neaisser, 1990: Vertical sodar measurements at different sitesin summer. Atmos.
Environ., 24A, 2541-2545.

Finkelstein, P. L., J. C. Kaimal, J. E. Gaynor, M. E. Graves, and T. J. Lockhart, 1986: Comparison
of wind monitoring systems. Part I1: Doppler sodars. J. Atmos. Oceanic Technol., 3, 594-

48



604.

Gage, K. S, J. R. McAfee, W. G. Coallins, D. Soderman, H. Bottger, A. Radford, and B. Balsley,
1988: A comparison of windsobserved at Christmas Island using awind-profiling Doppler
radar with NMC and ECMWF analyses. Bull. Amer. Meteor. Soc., 69, 1041-1046.

Gardiner, B. A., and M. K. Hill, 1986: Acoustic sounder observations from an elevated location.
Bound.-Layer Meteor ., 36, 307-316.

Gaynor, J. E., 1977: Acoustic Doppler measurement of atmospheric boundary layer velocity
structure functions and energy dissipation rates. J. Appl. Meteor., 16, 148-155.

Gaynor, J. E., 1979: Theimportance of moisturefluctuationsand wind shear in acoustic backscatter
in GATE. J. Appl. Meteor., 18, 1472-1480.

Gaynor, J. E., and J. A. Korrell, 1981: Instrument intercomparisons at the Boulder Atmospheric
Observatory during 1980. NOAA Tech. Memo. ERL WPL-69, 38 pp.

Gaynor, J. E., C. B. Baker, and J. C. Kaimal, 1990: The International Sodar Intercomparison
Experiment. Proceedings, Fifth International Symposiumon Acoustic Remote Sensing of the
Atmosphereand Oceans, S. P. Singal, ed., TataMcGraw-Hill Publishing, New Delhi, India,
67-74.

Hahn, C. J,, 1981: A study of the diurna behavior of boundary-layer winds at the Boulder
Atmospheric Observatory. Bound.-Layer Meteor ., 21, 231-245.

Hardesty R. M., P. A. Mandics, D. W. Beran, and R. G. Strauch, 1977: TheDullesAirport acoustic-
microwave radar wind and wind shear measuring system. Bull. Amer. Meteor. Soc., 58, 910-
918.

Hoehne, W. E., 1971: Standardized functional tests. NOAA tech. memo. NWST&EL-12, U. S.
Department of Commerce, 23 pp.

Jordan, J. R., R. J. Lataitis, and D. A. Carter, 1997: Removing ground and intermittent clutter
contamination from wind profiler signals using wavelet transforms. J. Atmos. Oceanic
Technol., 14, 1280-1297.

Kaimal, J. C., 1986: Flux and profile measurements from towers in the boundary layer. Probing
the Atmospheric Boundary Layer, D. H. Lenschow, Ed., Amer. Meteor. Soc., 19-28.

Kaimal, J. C., and J. E. Gaynor, 1983: The Boulder Atmospheric Observatory. J. Climate Appl.
Meteor ., 22, 863-880.

Kamal, J. C.,, H. N. Baynton, and J. E. Gaynor (eds.), 1980: The Boulder Low-Level

49



I ntercomparison Experiment. BAO Rep. No. 2, Wave Propagation Laboratory, NOAA/ERL,
Boulder, CO, 189 p.

Lumley, J. L., and H. A. Panofsky, 1964: The Structure of Atmospheric Turbulence. Interscience,
New York, 239 p.

Martner, B. E., D. B. Wuertz, B. B. Stankov, R. G. Strauch, E. R. Westwater, K. S. Gage, W. L.
Ecklund, C. L. Martin, and W. F. Dabberdt, 1993: An evaluation of wind profiler, RASS,
and microwave radiometer performance. Bull. Amer. Meteor. Soc., 74, 599-613.

Mastrantonio, G., and G. Fiocco, 1982: Accuracy of wind velocity determinations with Doppler
sodars. J. Appl. Meteor., 21, 823-830.

May, P. T., 1993. Comparison of wind-profiler and radiosonde measurements in the tropics. J.
Atmos. Oceanic Technal., 10, 122-127.

May, P. T., K. P. Moran, and R. G. Strauch, 1989: The accuracy of RASS temperature
measurements. J. Appl. Meteor., 28, 1329-1335.

May, P. T., T. Adachi, T. Tsuda, and R. J. Lataitis, 1996: The spatial structure of RASS echoes. J.
Atmos. Oceanic Technal., 13, 1275-1284.

Melling, H.,and R. List, 1978: Doppler velocity extraction from atmospheric acoustic echoesusing
azero-crossing technique. J. Appl. Meteor ., 17, 1274-1285.

Militana, L., P. E. Virag, and S. C. Mauch, 1991: Case studies of wind profiler performance
auditing procedures. Proc., 84th Annual Meeting & Exhibition, Vancouver, BC, Air &
Waste Management Assoc., Paper 91-54.10.

Miller, P. A., T. W. Schlatter, D. W. van de Kamp, M. F. Barth, and B. L. Weber, 1994a: An
unfolding algorithm for profiler winds. J. Atmos. Oceanic Technol., 11, 32-41.

Miller, P. A., M. F. Barth, D. W. van de Kamp, T. W. Schlatter, B. L. Weber, D. B. Wuertz, and K.
A. Brewster, 1994b: An evaluation of two automated quality control methods designed for
use with hourly wind profiler data. Annales Geophysicae, 12, 711-724.

Mitchell, A. E., Jr., 1982: Comparison of short-term dispersion estimates resulting from various
atmospheric stability classification methods. Atmos. Environ., 16, 765-773.

Moran, K. P.,and R. G. Strauch, 1994: Theaccuracy of RA SStemperature measurements corrected
for vertical air motion. J. Atmos. Oceanic Technol., 11, 995-1001.

Neff, W. D., 1975: Quantitative evaluation of acoustic echoes from the planetary boundary layer.
NOAA Tech. Memo. ERL-322 WPL-38, Boulder, CO, 34 p.

50



Neff, W.D., 1998: Advancesinmeteorologica measurement methodsfor applicationtoair quality
research and monitoring. Atmos. Environ., submitted.

Neff, W.D.,andR. L. Coulter, 1986: Acoustic remotesensing. Probingthe Atmospheric Boundary
Layer, D. H. Lenschow, Ed., Amer. Meteor. Soc., 201-239.

Panofsky, H. A., 1984. Vertical variation of roughness length at the Boulder Atmospheric
Observatory. Bound.-Layer Meteor ., 28, 305-308.

Parry H. D., M. J. Sanders, and H. P. Jensen, 1975: Operational applications of a pure acoustic
sounding system. J. Appl. Meteor., 14, 67-77.

Peters, G., and H. J. Kirtzel, 1994: Measurements of momentum flux in the boundary layer by
RASS. J. Atmos. Oceanic Technol., 11, 63-75.

Pinkel, R.,and J. A. Smith, 1992: Repeat-sequence coding for improved precision of Doppler sonar
and sodar. J. Atmos. Oceanic Technol., 9, 149-163.

Piringer, M., 1994: Selected resultsof asodar intercomparison experiment. Meteor. Z., 3, 132-137.

Santovasi, J. A., 1986. Meteorological monitoring using sodar for electric utility air quality
applications. J. Air Pollut. Control Assoc., 36, 1130-1137.

Schotz, S., and H. A. Panofsky, 1980: Wind characteristics at the Boulder Atmospheric
Observatory. Bound.-Layer Meteor., 19, 155-164.

Schroeder, J. A., 1990: A comparison of temperature soundings obtained from simultaneous
radiometric, radio-acoustic, and rawinsonde measurements. J. Atmos. Oceanic Technal., 7,
495-503.

SimmonsW. R., J. W. Wescott, and F. F. Hall, Jr., 1971: Acoustic echo sounding asrelated to air
pollution in urban environments. NOAA Tech. Rep. ERL 216-WPL 17, Boulder, CO, 77

p.

Soucy, R., R. Woodward, and H. A. Panofsky, 1982: Vertical cross-spectra of horizontal velocity
components at the Boulder Atmospheric Observatory. Bound.-Layer Meteor., 24, 57-66.

Stull, R. B., 1988: An Introductionto Boundary Layer Meteorology. Kluwer Academic Publishers,
Dordrecht, 666 p.

U. S. Environmental Protection Agency, 1987a. On-Site Program Guidance for Regulatory

Modeling Applications. EPA-450/4-87-013, Officeof Air Quality Planning and Standards,
Research Triangle Park, NC.

51



U. S. Environmental Protection Agency, 1987b: Ambient Monitoring Guidelinesfor Prevention of
Significant Deterioration. EPA-450/4-87-007, Officeof Air Quality Planning and Standards,
Research Triangle Park, NC, 95 p.

U. S. Environmental Protection Agency, 1995: Quality Assurance Handbook for Air Pollution
Measurement Systems, VolumeV: Meteorological Measurements. EPA-600/R-94/038d,
Office of Research and Development, Research Triangle Park, NC.

Virag, P. E., S. C. Mauch, and L. M. Militana, 1992: A review of sodar audit procedures using a
tethersonde measurement system. Proc., 85th Annual Meeting & Exhibition, Kansas City,
MO, Air & Waste Management Assoc., Paper 92-101.03.

Weber, B. L., and D. B. Wuertz, 1990: Comparison of rawinsonde and wind profiler radar
measurements. J. Atmos. Oceanic Technol., 7, 157-174.

Weber, B. L., D. B. Wuertz, D. C. Welsh, and R. McPeek, 1993: Quality controls for profiler
measurements of winds and RASS temperatures. J. Atmos. Oceanic Technol., 10, 452-464.

West, J. L., and A. F. Ferullo, 1990: Doppler acoustic sounder performance audit tower versus
sounder. Proc., 83rd Annual Meeting & Exhibition, Pittsburgh, PA, Air & Waste
Management Assoc., Paper 90-86.2

Whiteman, C. D., and X. Bian, 1996: Solar semidiurnal tidesin thetroposphere: detection by radar
profilers. Bull. Amer. Meteor. Soc., 77, 529-542.

Wilczak, J. M., R. G. Strauch, F. M. Ralph, B. L. Weber, D. A. Merritt, J. R. Jordan, D. E. Wolfe,
L. K. Lewis, D. B. Wuertz, J. E. Gaynor, S. A. McLaughlin, R. R. Rogers, A. C. Riddle, and
T. S. Dye, 1995: Contamination of wind profiler databy migrating birds. characteristics of
corrupted data and potential solutions. J. Atmos. Oceanic Technol., 12, 449-467.

Wilkerson, G.W., P. A. Catizone,and T. D. Coble, 1994: Use of atethersonde measurement system
to conduct a Doppler sodar performance audit. Preprint, Eighth Joint Conference of the
Applications of Air Pollution Meteorology with the AWMA, Nashville, TN, Amer. Meteor.
Soc., 61-67.

52



Appendix A: Data Availability Graphs

The next nine pages are graphs of data availability for the AeroVironment 4000 sodar,
Radian 600 sodar, Radian 600PA sodar, Radian LAP-3000 radar wind profiler (high and low
resolution modes, respectively), and the Radian RASS. The first two pages show data availability
of each sensor for all conditions for the entire experiment. Thus, a 100% data capture for a
particular range gate of a sodar would constitute 2052 valid data points (winds determined 4 times
per hour over atime period of 21 days and 9 hours). In the case of the radar wind profiler and
RASS, a complete set of data for a particular range gate would total 1026 points (winds and
temperatures determined twice an hour).

The graphs that follow are the data availabilities as a function of varying atmospheric
conditions or stability. For these cases, each data availability profile is determined by the number
of reported data values for a particular stability classification (e.g., when relative humidity was
between 20 and 40%) divided by the total number of cases that occurred during the study for that
particular stability classification which islisted in Table 19.

Table 19
Total number cases for a particular stability classification.
RH (%) N PG Class N TimeofDay N SS(ms?) N
0-20 216 A 62 Dawn 226 <2 409
20-40 200 B 183 Day 901 2-5 955
40 - 60 358 C 211 Dusk 246 5-10 435
60- 80 388 D 1100 Night 679 >10 30
80 - 100 687 E 174
F 56
F, (deg) N S (s) N Ny (S?) N Re N
<10 1032 <0.02 519 < 0.000 941 <-0.5 442

10-20 489 0.02-0.04 516 0.000-0.001 558 -05-025 612
20-30 162 0.04-0.06 345 0.001-0.002 238 025-1 355
> 30 146 > 0.06 211 > 0.002 126 > 1 182
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Appendix B: Wind Speed and Direction Scatter Plotswith Statistics

The next 204 pages are scatter plotsof wind speed and wind direction of the AeroVironment
4000 sodar, Metek MODOS sodar, Radian 600 sodar, Radian 600PA sodar, and Radian LAP-3000
radar wind profiler (high resolution mode) plotted against tower-based wind speed and direction,
respectively. The scatter plots are organized in groups of six pages each. Each group consists of
avariable (e.g., wind speed) for a particular measurement height (e.g., 100 m) for the following
atmospheric conditions or stabilities: all cases, relative humidity (RH), Pasquill-Gifford stability
class (A, B, C, D, E, and F), time of day (dawn, day, dusk, and night), scalar wind speed (SS),
standard deviation of the horizontal wind direction (F,), wind shear (S)), Brunt-Vaisala frequency
squared (N%,), and the bulk Richardson number (Rg).

Each individual scatter plot contains the following statistical information:
number of reported data points

slope of linear regression

y-intercept of linear regression

standard error (rms difference) about the linear regression
bias

comparability

precision

correlation coefficient

Snowm@Ro3zZ

In the case where N was less than 10, no statistics are given for that particular case. Also
notethat straight linesrepresenting thelinear regressionsare not shown for thewind direction cases.
Thisisbecause of alimitation in the graphics program of the “wrap around” effect of reported wind
direction values. For example, the graphics programinterpretsthe difference between atower wind
direction value of 40 degrees and a sodar wind direction of 350 degrees as 310. In actuality, the
difference is really only 50. However, this “wrap around” effect was eliminated for the above
statistical parameters.
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