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ABSTRACT

The accuracy and availability of data from a network of 915-MHz boundary layer wind profilers operated by
the U.S. Air Force on the Eastern Range are assessed using an automated quality control (QC) al gorithm developed
by the authors. The accuracy and reliability of the automated algorithm is assessed using the results of an
extensive manual examination of the same data used for the assessment of the instruments. The details of the
automated algorithm and the manual screening process are provided.

Data were collected over a 647-day period from five profilers configured to produce one profile every 15 min,
resulting in about 200 000 measurements. The results indicate that the instruments provide reliable, accurate
data except when maintenance problems or heavy precipitation are present. Precipitation affected as much as
25% of the measurements in the dataset. The automated QC algorithm proved extremely effective in identifying
unacceptable data. Only 0.03% of the data passing automated QC were identified as bad by manual review.
While some valid datawere identified as bad, the automated al gorithm appearsto provide exceptional performance
for use in automated operational assimilation of boundary profiler data for model initialization and data visu-

aization.

1. Introduction

The U.S. Air Force operates a network of five Radian
LAP-3000 915-MHz Doppler radar wind profilers
(DRWPs) with radio acoustic sounding systems (RASS)
in the Kennedy Space Center/Cape Canavera Air Force
Station (KSC/CCAFS) area (hereafter referred to as the
Eastern Range or ER) (Heckman et al. 1996). These
profilers provide high-resolution wind estimates be-
tween the top of the KSC/CCAFS wind tower network
at 150 m and the lowest gate of the NASA 50-MHz
DRWP at 2 km. The data are used in support of launch,
landing, and ground operations on the ER.

DRWP wind estimates can be affected by main or
sidelobe contamination due to reflections from nearby
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traffic, trees, ocean waves, sea spray, aircraft, birds, or
precipitation, and by velocity folding. Each of the ER
profilers is located in an area prone to these effects. In
addition, one is next to a small airport with both heavy
air and ground traffic. Another is next to a road with
heavy morning and afternoon automobile traffic. The
remaining three are near dense vegetation and trees.
Inaccurate data are not acceptable for operational use,
and real-time manual quality control (QC) of the data
is not practical. As a result, the Applied Meteorology
Unit was tasked to determine what quality control rou-
tines would be appropriate for the data collected by the
ER DRWP network. In al, five algorithms were de-
veloped or acquired and modified for use with this spe-
cific network: a consensus time check, a precipitation
contamination check, a median filter (Carr et al. 1995),
the Weber—Wuertz pattern recognition algorithm (Weber
and Wuertz 1991; Miller et al. 1994), and a signal-to-
noise ratio (SNR) threshold. These algorithms were
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compared separately and in combination by Lambert
and Taylor (1998, hereafter LT), who determined that
using a subset of them in combination produced more
accurate results than using them individually.

Recent work to study the statistical properties of
boundary layer wind changes using the ER 915-MHz
DRWP data prompted the use of the QC routines de-
scribed in LT. The data quality and sample size require-
ments were so stringent that automated QC was essential
to the feasibility of the project. The recommendations
of LT were adopted with minor modificationsto produce
the composite QC algorithm described herein. It was
much simpler to implement than Weber—Wuertz and was
expected to perform aswell or better based on theresults
in LT. Twenty-three months of data from the five pro-
filers were processed using the composite algorithm.
The processed data were examined manually to ensure
that no erroneous data remained before the statistical
analysis began.

This paper describes the algorithms and discussesthe
performance of both the instruments and the algorithms.
The DRWP network and dataset are described in section
2. Section 3 contains the details of the automated and
manual QC processes, section 4 discusses the perfor-
mance of the instruments, and section 5 discusses the
performance of the composite algorithm. A summary
and conclusions are provided in section 6.

2. 915-MHz profiler network data

The five profilers are arranged in a diamond-like pat-
tern over the KSC/CCAFS area with an average spacing
of 10-15 km, as shown in Fig. 1. They are operated in
a configuration with one vertical beam and two orthog-
onal oblique beams. The beam directions at each indi-
vidual site were chosen to minimize potential interfer-
ence from ground clutter. A 12-min wind consensus
period is followed by a 3-min RASS consensus period.
As a result, horizontal and vertical wind profile esti-
mates are generated every 15 min.

Each instrument was configured to make wind esti-
mates beginning at an altitude of 130 m with a gate
spacing of 101 m (Radian International 2001). The num-
ber of range gates varied among instruments and was
changed in some cases during the data collection period.
In all cases, the instruments were configured to reach
at least 4-km altitude and in some cases the configu-
ration could reach 6 km. Each wind profile usually con-
tained less than the maximum number of possible gates
since the instrument would not report an estimate at a
gate if the signal-to-noise ratio was too low, or the in-
ternal wind-finding algorithm failed to reach a consen-
sus.

Datawere provided by the ER Technical ServicesCon-
tractor, Computer Sciences Raytheon, for November
1999-August 2001, for atotal of 647 calendar days. Due
to avariety of reasons including downtime scheduled for
range modernization, maintenance problems, and admin-
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Fic. 1. Map of the KSC/CCAFS area. The 915-MHz DRWP lo-
cations are indicated by a solid circle, and the names of the locations
are printed next to the sites. A scale is provided in the upper-right
corner.

istrative issues, datawere not availablefor thefull period.
Data availability for each individual profiler ranged from
as many as 484 days to as few as 279 days. In each 24-
h period, the maximum number of profilesis 96 (1 profile
per 15 min). The profilers aso did not generate a full set
of profiles on every day of operation. This occurred if
an instrument failed or was taken out of service midday,
or placed in service midday. Even with these missing
profiles, more than 163 000 individual estimates were
available for the study.

3. Quality assessment routines

This section contains a description of the elements of
the automated QC process devel oped for the study, and
of the manual QC process used to verify it. The auto-
mated QC process has three classes of components:
DRWP criteria, single-gate atmospheric criteria, and
multiple-gate atmospheric criteria. Within each class
there are several tests. In the final dataset, each estimate
has a 15-bit QC flag associated with it. Each test was
assigned one bit in the flag. If an estimate failed a spe-
cific test, the flag bit assigned to that test was set to
one. These tests, with one exception described later, are
independent and a single data point may fail more than
one of them.

There was also a bit assigned to manual QC. That bit
was set when appropriate by the person performing the
manual QC.
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a. DRWP criteria

There are three criteria that are based strictly on the
design of the instrument and its signal processing al-
gorithms. They do not take the value of the wind es-
timate into consideration.

1) AVERAGING PERIOD

Thisalgorithm is required by a system check that will
reset a profiler if its computer time is more than 5 s of f
the time on the central computer located in the Range
Operations Control Center. Theradial velocitiesare con-
sensus-averaged over a12-min period to removeoutliers
at each range gate. The consensus average is calculated
by averaging the values of the largest subset of radial
velocity estimates that fall within 2 m s=* of each other.
When aradar is reset during a consensus period all data
collected up to the time of the reset is erased. However,
the profiler will continue to collect data through the end
of the alotted period and calculate a consensus wind.
If the reset occurs toward the end of the period, a hor-
izontal wind estimate is calculated from data collected
over avery short time as long as the consensus criteria
are met. Profiles calculated from these shortened time
periods are unreliable. This reset procedure rarely oc-
curs, but it must be checked. The algorithm flags data
if its consensus period is less than 6 min.

2) NUMBER OF PROFILES IN THE CONSENSUS

Each wind estimate is derived from the average radial
velocity components in the vertical beam and each of
the two oblique beams. The radial velocity component
in each beam at each range gate is measured up to 10
times during the 12-min period over which awind pro-
file is generated. At each gate in each beam, the con-
sensus average radial velocity is computed by taking
the arithmetic average of the values of the largest subset
of radial velocity measurementsthat fall within adefined
interval of each other during the 12-min period. If the
number of measurements in the consensus average is
less than six in the vertical beam, the vertical consensus
QC hit is set. Similarly, if the number of measurements
in either oblique consensus is less than six, the oblique
consensus bit is set.

3) SIGNAL-TO-NOISE RATIO

As with the profile number check, the SNR in the
oblique and vertical beams are tested separately. If the
values fall below —20 dB, the instrument is not re-
ceiving a signal strong enough to reliably measure the
Doppler shift and the radial velocity is considered not
trustworthy. A separate QC bit is set for violations of
the vertical and oblique SNR criterion.
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b. Single-gate atmospheric criteria

There are three criteria that use the value of an in-
dividual wind estimate to determine if it is erroneous.
No consideration is given to adjacent observations in
space or time.

1) WIND SPEED AND DIRECTION LIMITS

If the wind direction is less than O or greater than
360°, the data are clearly erroneous and a ‘‘ no data’’ bit
is set. If the wind speed is less than O or inconsistent
with the radar Nyquist velocity, the *“no data’’ bit is set.

2) VERTICAL SPEED THRESHOLD

The magnitude of the vertical wind in the boundary
layer does not exceed 10 m s—* except in extreme events
such as tornadoes and microbursts. In those events, the
homogeneity assumptions inherent in the beam geom-
etry of the profilers are violated. Thus vertical wind
magnitudes exceeding 10 m s—* were assumed to in-
dicate an erroneous measurement and a vertical speed
flag bit is set.

3) RAIN CONTAMINATION

The rain contamination algorithm developed by LT
proved extremely useful and reliable in the study. Since
this algorithm is currently described only in a project
report, some detail is provided here to make it available
to a wider audience. During heavy rain, wind profiling
radars may track the falling hydrometeors rather than
the air, resulting in large downward velocities in the
vertical beam and inward components along the oblique
beams. This can |lead to large errorsin the derived vector
winds, especially where the rainfall is inhomogeneous
over the sampling volume of the radar (Ralph 1995;
Williams et al. 1995; Ralph et a. 1996). Showers occur
frequently in central Florida and are a major concern
for 915-MHz DRWP quality sincethe KSC/CCAFSarea
receives ailmost 1300 mm (~50 in.) of rain annually.
Ralph (1995) concluded that precipitation produces a
relatively unambiguous signature in the vertical veloc-
ity. In addition, a stronger return signal can be used as
an additional signature to identify precipitation in the
profiles. High SNRs are regularly associated with these
events because the effective scattering cross section of
hydrometeors is larger than that for index of refraction
fluctuations in the atmosphere.

In order to determine appropriate data value thresh-
olds that would indicate rain in profiles, vertical beam
consensus radial velocities were plotted against vertical
beam consensus SNRsfor clear-air data and dataknown
to be contaminated by rain. Approximately 15 000
points from a previous dataset were used in the analysis.
These plots revealed two distinct populations separating
clear-air and rain contaminated data, as shown in Fig.
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FiGc. 2. Plot of consensus SNR (dB) vs consensus vertical velocity (kt) for known rain contaminated and clear-air data on
17 Jun 1997 at the False Cape profiler. This dataset was used in the development of the discriminant function, which is
represented by the thick line. The lines at SNR = 0 and VV = 0 are drawn for reference.

2. This alowed development of a discriminant function
(Panofsky and Brier 1958). The following equation was
developed by LT and used in the current study to dis-
tinguish between rain-contaminated data points and
clear-air data points:

L = —1.731 — 0.298(VV) + 0.014(SNR), (1)

where VV is the vertical velocity in knots and SNR is
in decibels (dB). If the result L is positive, the estimate
is considered rain contaminated and the rain bit is set
in the QC flag. Note the difference from the standard
profiler sign convention. The sign convention for the
ER 915-MHz DRWP network is positive for movement
toward the radar, negative for movement away from the
radar.

c. Multiple-gate atmospheric criteria

These tests compare individual wind estimates with
spatially and temporally adjacent estimates. The success
of these algorithms depends on the quality of the sur-
rounding data. The results from LT showed that the
algorithms must be used in a certain order. The DRWP
and single-gate atmospheric criteria algorithms must be
used first to eliminate erroneous data. This ensures that
the algorithms described below will not use bad datain
the temporal or spatial continuity checks.

1) VERTICAL SHEAR THRESHOLD

If the magnitude of the vector difference between
adjacent vertical gates exceeds 10 m s—*, then the shear
exceeds 0.1 s~*. Shears of that magnitude are usually
not encountered except in extreme weather events. Such
events violate the radar beam volume homogeneity as-
sumptions necessary for estimating the vertical wind
profile. In these cases, either the data are incorrect or
the environment is unacceptable and the vertical shear
QC hit is set.

2) SMALL MEDIAN TEST

The small median test uses equations adapted from
those developed by Carr et al. (1995) and used suc-
cessfully on an extensive 50-MHz profiler dataset by
Merceret (1997). It ensures the tempora and spatial
consistency of the u and v components of the calculated
horizontal wind. The test compares the u- and v-com-
ponent values of a horizontal wind estimate to the me-
dian value of the u and v components of the surrounding
estimates in space and time. If the difference between
the observed wind component (u;, v;) and the median
of the neighboring observations (u,,, v,,) exceeds a crit-
ical threshold (T,, T,), then the whole wind observation
(u, and v;) is flagged as erroneous. The values imme-
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Fic. 3. Manual quality control screen showing displays and controls. The left and right graphics
windows may be selected to display, respectively, u and v, WS and WD, or WS and w, where
u, v, and w are the standard components of vector wind velocity. The wind speed is WS and WD
is wind direction. Each window displays the value of the variable as a function of height and
time (UTC) using a color code that is displayed in the legend. The text boxes present quantitative
listings of certain quantities for a specific height and time selected by placing the mouse cursor
on the appropriate pixel in either graphics window and clicking.

diately above and below and immediately before and
after the target observation were examined. If at least
three unflagged values were available, then this set was
used for the test. If less than three valueswere available,
the range was expanded to two levels above and below
and two profiles before and after. If this did not yield
at least three unflagged points for comparison, the iso-
lated datum flag was set and the median test was not
run.

The critical threshold values T, and T, are computed

as follows:
T, = max(T,, T,) and 2
» = max(T,,, T), (©)
where
T = 0.2|u, + Uy, (4
T, =02, + v| and (5)
T, = a(Ahz + Bh + C). (6)

InT,, a= 0.67 ms, histhe observation height (m),
A= -6.127 X 10®* m~2, B = 0.0012 m~*, and C =
7.3834. The constant values in Eq. (6) were determined
by LT.

3) ISOLATED DATUM

If the small median test could not be run because
there were not enough unflagged surrounding points,
the median test flag was not set since the test did not
fail. On the other hand, the test was not satisfied either.
In this case, an “‘isolated datum’ bit is set to alert the
analyst that the median test was not conducted.

d. Manual QC

The data in each file, comprising up to 96 profiles
from a single instrument from 0000 to 2345 UTC for
a given day, are displayed simultaneously in two win-
dows as shown in Fig. 3. In both windows at the top
of the figure, time (UTC) increases from 0 to 24 h along
the horizontal axis and height increases from 0 to 6000
m along the vertical axis. The wind estimates at each
gate are presented as color-coded pixels, each color rep-
resenting arange of values. Thelegendsfor theseranges
are shown below the first window in Fig. 3. Data that
have any of the QC flag bits set are shown in black.
There are three choices for the contents of the windows:
horizontal wind speed and direction, u and v compo-
nents, or horizontal wind speed and w (vertical) com-
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ponent. Clicking on adatapoint in either of the windows
will bring up a text listing of the values at the target
point and spatially neighboring points in the same pro-
file. Scroll bars below and to the right of the data win-
dows allow a user to scan the text listing vertically in
space or horizontally in time. If any datum appears to
be invalid, the operator may click on a button to set the
manual QC hit for that measurement.

Before making a final decision whether to manually
flag a measurement, data from all of the functioning
profilers are examined. Consistency among the profilers
is an important element of data quality evaluation. Sig-
nal contaminants, except velocity folding and rain, are
unlikely to affect more than one profiler the same way
at the same time. If a specific wind estimate that appears
guestionableis consistent with the general wind patterns
evidenced by the entire set of data from all of the pro-
filers, it is not flagged.

Since the development of this QC software was
prompted by research to study the statistical properties
of temporal boundary layer wind changes, it was nec-
essary to create wind-change files containing the vector
wind changes between adjacent profiles. These change
files also proved to be extremely useful for manual QC
of the data. After examining a data file for erroneous
or suspect data, the change file can be made by clicking
the ““Make Change File” control (see Fig. 3). The
change file is then examined in the same manner as the
original datafile. If the change file data suggest that one
or more measurements are suspect, the original datafile
should be reexamined. If any additional estimates re-
quire that their QC bits be set, the change file is remade
and the process repeated.

The process of examining and manually quality con-
trolling the data in each file, intercomparing the data
between profilers for spatial continuity, and then ex-
amining the change file for temporal continuity proved
extremely robust and surprisingly objective. There was
far too much data to examine each file independently,
but several dozen files were examined independently by
two of the authors. There were no disagreements con-
cerning the quality of any of the data in those files.

4. The performance of the profilers

Oneraw datafile was generated for each profiler each
day (UTC) unless the instrument was not operating.
Each of these files was processed by the automated QC
software, and an entry was generated in alog indicating
how many times each QC bit was set in that file. The
maximum count for each bit is the number of profiles
(maximum 96 profiles per day) multiplied by the number
of gates per profile (maximum 44 or 60, depending on
profiler settings). The log entries were used to generate
cumulative statistics for each profiler for each year in
the database in order to determine if there were system-
atic differences among the instruments or identifiable
trends. These statistics are the basis for the assessment
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of the performance of the profilers. The results showed
neither a systematic difference between profilers nor any
long-term trends, so the results presented here aggregate
the statistics for all years and instruments.

The log file (not the data files) for profiler 3 for the
year 2000 was lost, so the aggregate statistics do not
contain these data except for the file count. Examination
of the data files for profiler 3 for 1999 and 2001 indi-
cated that this unit performed similarly to the others,
thus unavailability of thisinformation should affect only
the sample size, and not the conclusions.

a. Data availability

Data were supplied for 647 days in the period from
November 1999 to August 2001. The number of days
in this period on which each profiler was operating
ranged from 279 to 484 due to planned and unplanned
outages. Data files were obtained for 2032 of the 3235
(647 X 5) possible opportunities. Thus, the average
combined availability of the instruments was 63%. This
may seem low, but for reasons beyond the scope of this
paper, the profilers were not maintained to the level
normally applicable to ER systems. Under normal op-
eration and maintenance conditions, the availability of
the instruments should be much higher.

A file was generated for each profiler on each day on
which any data were taken, even if only a single profile
was recorded. There were 1818 data files recorded in
the logs (excluding the lost profiler 3 logs). These files
contained 162 990 of a possible 174 528 (1818 X 96)
profilesyielding an average 93% availability of profiles.
Nearly all of the missing profiles were due to profilers
being started up or shut down during the day resulting
in a partia file. Missing profiles in the midst of active
data collection were rare.

These 162 990 profiles contained 8 615 405 gates,
where agate is defined as a potential for awind estimate
at a specific time and height. Only 5083 744 of these
or about 59% of them produced wind data. This was
almost entirely dueto failure to reach consensus at high-
er atitudes where the SNR was often too low. Thiswas
weather dependent since higher humidities and stronger
turbulence usually found in the lower altitudes produce
higher SNR than the converse conditionstypically found
at the higher altitudes.

b. Data quality

Of the 5.08 million gates with a consensuswind, 3.79
million or about 75% passed the automated QC tests,
while 25% were flagged. The two major reasons con-
sensus data were flagged by the automated QC algorithm
were rain contamination and low SNR.

Thirty-five percent of the 8.6 million gates examined
failed the SNR test, but this includes the 3.6 million for
which no consensus was reached as well as those for
which consensus was reached. The way that the log
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entries were generated did not permit separating these
cases, and the vast majority of the SNR flags set by the
automated QC were probably redundant with the *‘no
data’ QC bit set for gates in which consensus was not
reached. This conclusion is supported by the agreement
between the fraction of completely unflagged data and
the fraction with no rain flag.

Therain flag is unique to the automated QC and was
only applied to data where a consensus wind estimate
was obtained. It was set in 1 265 358 (24.9%) of these
cases.

The remaining algorithms in the automated QC iden-
tified less than 0.5% of the consensus measurements as
bad. The shear and median tests each rejected 0.2% of
the data and these are correlated, generally identifying
the same outlier. These results suggest that when these
profilers produce a wind estimate, the estimate is gen-
erally correct except in the presence of significant rain.

5. The performance of the automated QC
algorithm

During the analysis, the datain every filewere quality
controlled and examined using the methods described
in section 3. The subjective impression of the automated
QC performance was very positive, but an objective
measure of its performance was also generated.

a. Objective measure

Only 0.03% of the 3.79 million gates that had passed
the automated QC were flagged manually excluding data
contaminated by radio frequency interference (RFI).
RFI contamination is discussed separately in the next
section.

b. Radio frequency interference

There are two characteristics of RFI that make it easy
to identify: the indicated radia velocity in each beam
and at each gate is the same and the magnitude usually
exceeds reasonable vertical speeds. During the period
from December 2000 through April 2001, the Merritt
Island profiler (see Fig. 1) was affected by RFI for a
few hours per day on 19 days. In some cases these data
were manually flagged. On days where the number of
affected data were too numerous for manual flagging of
each individual point in space and time because of the
labor involved, the entire day for that profiler was dis-
carded and listed as missing. At the time, RFI was not
recognized as the cause and the statistics in the log files
cannot differentiate these cases. They appear in the sta-
tistics as missing files or data with the manual QC bit
set. There were no other RFI eventsin the entire dataset.

A simple RFI test could be incorporated easily into
the automated algorithm. This test would first examine
the vertical speed. If it exceeded a specified threshold
(e.g., 2 m st), then the radial velocity (including sign)
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in each of the three beams would be compared. If all
three agreed within athreshold of error (e.g., 0.5ms™1),
then the RFI QC bit would be set.

c. Subjective impression

The automated QC al gorithm missed a miniscule per-
centage of defective data. Initialy, it appeared that the
rain-contamination algorithm did not flag some rain
events and set flags in some cases where there was no
rain. One-quarter of the data were identified asrain con-
taminated, which seemed too high. More careful ex-
amination showed that when the rain-contamination al-
gorithm did not flag data during a rain event, the rain
was light and uniform enough that the wind measure-
ments were actually valid. Examination of archived
weather radar and rain gauge data, and hourly weather
observations at the Shuttle Landing Facility near the
center of the profiler network confirmed that when the
algorithm set the rain QC bit, it was raining.

Examination of the data for outliers or unrealistic
values indicated that the median test and the checks on
vertical speed and shear were adequate to pick up errors
due to sidel obe contamination and fal setargetslike birds
and aircraft, except for RFI.

6. Summary and conclusions
There are two main conclusions from this work.

1) Based on a large sample of data that encompassed
both the warm and cool seasons, the ER boundary
layer profilers produce high quality estimates when
estimates are produced. Maintenance and SNR issues
limit data availability but do not compromise data
quality.

2) The automated QC algorithm described here flags
essentially all erroneous data from the profiler net-
work. Unflagged data contain less than 1 erroneous
estimate in 3000. The vast majority of flagged data
are due to rain, and an independent verification in-
dicated that rain was almost always present when
data were flagged by the algorithm.

These results suggest that boundary layer profiler net-
work data may be safely and confidently used for the
initialization of numerical weather prediction systems
and data visualization tools as long as automated QC
of the kind described here is applied first.
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