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ABSTRACT

A new method for estimating winds and radio acoustic sounding system temperatures from radar Doppler
measurements for the new NOAA wind profilers is described. This method emphasizes the quality of 6-min
measurements prior to the computation of hourly averages. Compared with the older method currently being
used, this new method provides measurements exhibiting better consistency and more complete coverage over
height and time. Furthermore, it corrects aliased measurements.

1. Introduction

Profiling radars are capable of measuring wind data
(Weber and Wuertz 1990) and radio acoustic sounding
system (RASS) virtual temperature data (May et al.
1990) comparable with those provided by rawinsondes
but automatically and continuously in time. The ac-
curacy of profiler measurements is limited by meteo-
rological variability and radar measurement errors
(Thomson and Williams 1991). Sometimes, however,
the algorithms used to process the radar data can also
degrade accuracy (Weber et al. 1992).

We present a new method, called the continuity
method, for estimating hourly averaged winds and
RASS temperatures that exhibit improved consistency
over height and over time. This method is based upon
an algorithm that eliminates spurious 6-min measure-
ments before they can contaminate hourly averaged
estimates (Weber and Wuertz 1991 ). We demonstrate
this method using data from two UHF radars in the
NOAA Wind Profiler Demonstration Network. Wind
measurements used are from the profiler located at
Platteville, Colorado, and RASS temperature mea-
surements used are from the profiler located at Purcell,
Oklahoma.

Radial velocities are measured on three different an-
tenna beams (one vertical and two tilted 16.3° from
vertical) at 36 fixed heights in two different height
modes. In the low mode, measurements are made si-
multaneously at regular intervals of 250 m from about
0.5 t0 9.25 km above ground level (AGL) with a radar
range resolution of 375 m. In the high mode, mea-
surements are made simultaneously at regular intervals
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of 250 m from about 7.5 to 16.25 km AGL with a
radar range resolution of 1000 m. However, the mea-
surements are not made simultaneously in both modes
and on all three antenna beams. Rather, the radar
switches sequentially between height modes and an-
tenna beams in this order: east/high, east/low, north/
high, north/low, vertical/high, and vertical/low.
Measurements take about 1 min for each antenna beam
in each height mode, so that a cycle is completed in 6
min and ten cycles are completed every hour. This
provides ten radial velocity measurements every hour
at each height on each antenna beam.

The radars have a maximum unambiguous radial

_velocity on the vertical antenna beam equal to +12.6

m s”! in the low mode and +12.5 m s™! in the high
mode. On the north and east beams, itis +15.6 m s~
in the low mode and +23.2 m s™! in the high mode.
These translate to maximum unambiguous horizontal
velocities of +55.6 m s™! in the low mode and +82.3
m s~} in the high mode. Doppler aliasing of radial ve-
locities, leading to grossly erroneous wind estimates,
has been observed frequently in high winds during the
first winter of operations.

The Purcell radar was specially configured during
the spring of 1991 to measure both the vertical velocity
component and the RASS temperature on the vertical
antenna beam. Temperatures were measured each half-
hour using two out of the ten time samples on the
vertical beam in the low mode. The other eight times,
vertical velocities were measured. The RASS measure-
ments were made by introducing a frequency offset in
the Doppler spectral processing (Strauch et al. 1988).
A frequency offset of 884,7 Hz was used before 29 May
1991, giving temperature measurements ranging from
—25.8° to +15.4°C. A frequency offset of 952.78 Hz
was used after 29 May 1991, giving temperature mea-
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surements ranging from +15.4° to +59.7°C. No tem-
perature averaging was done other than the 1-min ob-
servation for each RASS profile.

This special configuration of the radar caused ex-
tensive Doppler aliasing of radial velocities, leading to
grossly erroneous temperature estimates. However,
with new RASS data processing, aliasing is not a prob-
lem. Furthermore, with new RASS data processing,
vertical velocities and RASS temperatures are mea-
sured simultaneously. (Simultaneous measurements
were not made during this experiment at Purcell.) This
is important sometimes when the vertical wind mea-
surement is used to remove the effects of vertical mo-
tion from the temperature estimate (Weber et al. 1992).
RASS temperatures are derived from measurements
of the vertical component of the acoustic velocity,
which is Doppler shifted by the vertical wind. A 1 ms™"
vertical wind causes a 1.6°C error in temperature if its
effect is not included.

The vertical velocity measurement is also used to
remove the effects of vertical motion from the hori-
zontal wind component estimates derived from the ra-
dial velocity measurements on the two oblique antenna
beams. Strauch et al. (1987) found larger variances for
horizontal wind components when they were not cor-
rected for vertical motion in clear air. Wuertz et al.
(1988) found dramatically larger variances for hori-
zontal wind components when they were not corrected
for vertical motion in precipitation. We also expect
larger variances when the wrong vertical velocity is used
to correct the horizontal winds for vertical motion
(Weber et al. 1992). That can happen when the vertical
velocity measured by the vertical antenna beam directly
above the profiler is not the same as the vertical velocity
affecting the radial velocity measurements on the
oblique antenna beams, which are displaced horizon-
tally by several kilometers at the upper heights.

Hourly averaged winds are routinely produced by
the profilers using a consensus algorithm (Fischler and
Bolles 1981). That algorithm is applied separately each
hour to select a consensus subset from the ten 6-min
radial velocity measurements on each antenna beam.
The consensus subset, which may include all ten points,
must meet certain restrictive criteria. First, no two
measurements in the consensus subset can differ by
more than a certain amount (one-eighth of the maxi-
mum measureable velocity). Second, the consensus
subset must number at least four out of the possible
maximum of ten. If both of these criteria are met, then
all 6-min measurements in the consensus subset are
averaged and the average is reported as the hourly av-
eraged radial velocity for the particular antenna beam.
Points not included in this consensus subset are ex-
cluded from the average. If the largest consensus subset
has fewer than four points, then no hourly average is
computed or reported. At the end of each hour, the
hourly averaged radial velocities from all three antenna
beams are used to compute the horizontal wind com-
ponents u, v and the vertical wind w.
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Clearly, the hourly averages do not always include
all measurements, particularly at higher altitudes where
the signal-to-noise ratio is typically lower, yet they are
still representative if the winds did not change signifi-
cantly over an hour. On the other hand, if the winds
are highly variable over an hour, only a few of the
estimates might be used in computing the averaged
winds. Then the averages would not be representative
of the actual winds during an hour.

We call the method presently being used to produce
hourly averaged winds the consensus method. Most of
the time, it gives winds that are consistent both over
height and over time (Weber et al. 1990). Sometimes,
however, there are obvious errors with the consensus
method due to spurious measurements or Doppler ve-
locity aliasing. Other errors due to meteorological vari-
ability and radar measurement noise are not so obvious.
Errors caused by small-scale spatial variations across
the antenna beams are not detectable with a three-beam
radar (a five-beam radar is required ). However, errors
caused by small-scale temporal variations can be de-
tected (Weber et al. 1992).

The new continuity method addresses some of the
problems associated with the consensus method. It
identifies and removes spurious measurements. It
identifies and corrects aliased measurements. It also
provides more complete coverage over time and over
height, with fewer missing wind reports. Finally, it at-
tempts to provide more representative hourly averaged
winds that have better consistency over time and over
height.

2. Continuity method

The continuity method relies heavily upon the con-
tinuity or consistency of data over time and over height.
Consistency is the most powerful check upon the qual-
ity of wind profiler measurements presently being used
on the wind profiling radars in the NOAA demonstra-
tion network (Brewster and Schlatter 1988; Brewster
1989). We believe that this principle also applies to
other data such as RASS temperature measurements.

Below, we outline the major features of the conti-
nuity method.

a. Winds

1) Aliased data are corrected by unfolding. Large
radial velocities (e.g., those exceeding half the maxi-
mum unambiguous value) are unfolded and these are
included with the original data from a complete hour.
Unfolding is accomplished by adding twice the maxi-
mum value to negative velocities and subtracting twice
the maximum value from the positive velocities. At
the end of the process, we find that the aliased data are
rejected and the unfolded data are retained when the
latter are found to be consistent with the majority of
measurements. Bargen and Brown (1980) state that
velocity unfolding is better accomplished with larger
datasets because larger datasets are less sensitive to cer-
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tain kinds of noise that may dominate smaller datasets.
Thus, this method uses all data during each hour (ten
profiles) for both the low and high modes (72 heights).
Bergen and Albers (1988) warn that certain noise must
be removed prior to dealiasing because it can adversely
affect pattern recognition. The pattern recognition in
the new continuity algorithm effectively isolates this
noise. We note in passing that this dealiasing step is
not unique to the application of the present continuity
method. .

2) The 6-min radial velocities on each antenna
beam are checked for continuity over time and height
during each hour using the algorithm developed by
Weber and Wuertz (1991). (See the Appendix for a
brief description of this continuity algorithm.) Data
for the low and high modes are usually considered to-
gether, although they can be treated separately. Radial
velocity measurements that fail this continuity test are
flagged and removed from further consideration in the
computation of winds. This is the step that allows the
original aliased data to be replaced with the unfolded
data when the latter passes the continuity test and when
the former fails that test.

3) The 6-min radial velocities on all antenna beams
are linearly interpolated to the same times. This is done
over 6-min intervals unless data are flagged earlier in
step 2. Then the interpolation time interval is extended
to 12 min, but never greater. After time interpolation,
any missing data are replaced with data at the same
time interpolated from adjacent heights above and be-
low. If the height interval between existing data exceeds
500 m, then missing data are not replaced with inter-
polated data. We note that the interpolation becomes
an extrapolation if the point in question is on a bound-
ary, for example, at the end of an hour. Data are never
extrapolated beyond 6 min in time or over 250 m in
height.

4) The 6-min winds are computed, but only at those
heights and times for which all three antenna beams
reported a radial velocity. The vertical velocity mea-
surements are used to remove the effects of vertical
motion on the other two radial velocity measurements.
This vertical correction can also be done after per-
forming the hourly averaging in the next step, and
identical results would be obtained.

5) Hourly averaged winds are computed at each
height using a simple average of all available 6-min
winds, which could be all ten samples or only one.
This is to be contrasted with the consensus method
which requires at least four of ten samples to be in-
cluded in the average at each height. The continuity
method can use fewer points at each height because it
looks for consistency over both height and time. Al-
though there may be only one time sample at a given
height, its confidence can be assured by data at adjacent
heights. This is an advantage over the consensus
method that looks for consistency only over time by
using the consensus algorithm at each height separately.
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If no 6-min winds are computed at a given height dur-
ing an hour, then no hourly winds are reported there.

b. Temperatures

Temperature data are usually treated similarly to
the wind data.

1) Unfolded values are computed for all data that
are possibly aliased and are included along with the
original data just as with the wind data. However, be-
cause of the temporary experimental configuration of
the Purcell profiler, uncontaminated RASS tempera-
ture data were frequently in the minority. We discov-
ered that aliasing was more common than not during
the spring of 1991 because the Purcell profiler was not
optimized for RASS temperature measurements.
Therefore, we found it necessary to apply meteorolog-
ical controls as follows. We used a crude model, with
temperature decreasing linearly with height, to exclude
all measurements that differed by 10°C from this
model. The model assumed that temperatures nearest
the ground were correct. This assumption was sup-
ported by other independent measurements made dur-
ing the experiment. The slope of the linear model was
not critical because the 10° tolerance was so large. The
model was only used to unfold aliased data.

2) The temperatures are checked for continuity over
time and height during each day using the algorithm
developed by Weber and Wuertz (1991). In future real-
time applications, the RASS temperatures will be
quality controlled separately during each hour when
temperatures and vertical velocities will be measured
simultaneously, enabling correction of the tempera-
tures for the effects of vertical motion. Temperatures
that fail the continuity test are flagged. Again, this is
the step that allows the original aliased data to be re-
placed with unfolded data.

3. Comparisons of hourly winds

We compared hourly averaged winds produced by
the consensus method with those produced by the con-
tinuity method. The examples given here serve to il-
lustrate four potential problems: (a) aliasing in strong
winds, (b) false winds from spurious measurements,
(¢) missing winds due to signal processing failures, and
(d) errors introduced by signal processing.

a. Aliased winds

Figure 1a illustrates aliasing in the hourly averaged
winds generated by the consensus method. The aliasing
occurred at heights between 8 and 12 km above mean
sea level (MSL), where a strong jet produced velocities
that exceeded the maximum unambiguous velocity
measurable by the radar. Figure 1b shows unfolded
hourly averaged winds generated by the continuity
method using the same 6-min data that was used to
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FiG. 1. (a) Hourly averaged winds (consensus method) from the NOAA UHF wind profiler located at Platteville, Colorado, from 0100
to 0600 UTC 6 March 1991. This is an example of strong jet-stream winds between 8 and 12 km MSL causing velocity aliasing. Winds are
shown at 1-km intervals, although winds were reported at 250-m intervals. Units are the standard knots (0.5144 m s™'), where a flag equals
50 kt. a full barb equals 10 kt, and a half-barb equals 5 kt. (b) Same as Fig. la except that the winds were estimated using the continuity
method. Winds are shown closer together where the low and high modes overlap, that is, between 9 and 11 km. [Units are the same as in
(a)].

generate the winds in Fig. 1a. Although aliased winds 17 km MSL at 0500 UTC. This could be an airplane.
are a nuisance, unfolding them is not particularly chal-  The radar will occasionally mistake some spurious sig-

lenging for the continuity method. nal such as an airplane echo for the atmospheric signal,
which is generally weaker at the upper heights. There
b. False winds are also many missing winds near and above 17 km

MSL and around 14 km MSL during the first 3 h. The
Figure 2a shows winds generated by the consensus consensus method failed to find a minimum of four
method. There is one obviously false wind just under out of ten measurements on at least one of the east
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FIG. 2. (a) Hourly averaged winds (consensus method) from the NOAA UHF wind profiler at Platteville, Colorado, from 0100 to 0600
UTC 11 December 1990. This illustrates one spurious wind measurement, perhaps caused by an aircraft, and many failures to report any
measurement, probably caused by low signal-to-noise ratio. (Units are the same as in Fig. 1a.) (b) Same as (a) except that the winds were
estimated using the continuity method.
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and north antenna beams due to weak signals in the
radar Doppler spectra. Both antenna beams must pass
the consensus test in order to report a wind. Figure 2b
shows the hourly averaged winds generated by the con-
tinuity method using the same 6-min data. The erro-
neous 6-min data responsible for the false wind are
removed and replaced with values interpolated from
the surrounding 6-min data. The many missing winds
in Fig. 2a appear in Fig. 2b because the continuity
method does not require as many 6-min measurements
at a given height. The continuity method looks for
consistency over both height and time, not just over
time like the consensus method. In addition, interpo-
lation will replace some missing 6-min data due to out-
liers.
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¢. Missing winds

Figure 3a gives the percentage of wind reports by
the consensus method as a function of height from
mid-December 1990 to mid-January 1991. There are
four curves, two for the low mode and two for the high
mode. The upper curve in each case gives the number
of 3-h reports, whereby a report is counted if the profiler
reported a wind for at least one of every three consec-
utive hours. The lower curve in each case gives the
simple hourly reports. A consensus of at least four was
required in every case. Note the decline in the per-
centage of reports at the upper gates for both the low
and high modes, no doubt due to decreasing signal-to-
noise ratio. The percentage does not approach 100%
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F1G. 3. (a) Percentage of wind reports ( consensus method ) for the
NOAA UHF wind profiler at Platteville, Colorado, from 1200 UTC
11 December 1990 to 1200 UTC 11 January 1991. The two curves
to the left are for the low mode and the two curves to the right are
for the high mode. The upper curve in each case is for reports during
three consecutive hours and the lower curve is for hourly reports.
{b) Same as (a) except that the winds were estimated using the con-
tinuity method. (¢) Same as (a) except that the winds were estimated
using the continuity method without time-height interpolation.
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at the lowest gates because the profiler was off-line for
about 5% of this test period.

Figure 3b shows the wind reports by the continuity
method for the same time period. There are also four
curves in this figure, but the data are so complete that
coverage is nearly constant as a function of height. The
continuity method provides fewer missing points,
largely due to the time-height interpolation used with
the continuity method at the 6-min level. Figure 3c
shows that, without interpolation, the continuity
method provides only slightly better coverage than the
consensus method. This is not surprising since we are
not replacing the missing data.

d. Processing errors

Finally, we consider errors introduced by signal pro-
cessing. Figures 4a and 4b compare the # and v com-
ponents of winds, respectively, reported at the same
times and at the same heights from mid-December
1990 through mid-January 1991 by the consensus and
continuity methods. Although a few outliers are evident
in these figures, most points cluster around the diagonal
going from lower left to upper right, indicating that
both methods produced similar wind data.

Table 1 gives the statistics for these first comparisons
shown in Figs. 4a and 4b (the first line for each wind
component) along with three other related compari-
sons. The second comparisons (second line) were done
with outliers removed from the consensus-method
winds since they can bias statistics. There were no such
outliers in the continuity-method winds. Outliers were
identified by their large inconsistencies with winds at
neighboring times and heights. They numbered 474
out of 37 939 points, that is, about 1%, which seems
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to be far larger than the number of obvious outliers in
Figs. 4a and 4b. This apparent inconsistency is resolved
once we realize that the differences between the two
methods, as represented by the scatter in points about
the diagonals in Figs. 4a and 4b, are not insignificant.

The third comparisons (third line in Table 1) were
made between consensus-method winds and winds de-
rived by the continuity method without time-height
interpolation. The fourth comparisons (fourth line in
Table 1) were made between winds derived by the con-
tinuity method with and without interpolation. The
results of these comparisons show significant disagree-
ments between the consensus and continuity methods.
They also show significant, although smallest, differ-
ences due to the interpolation (fourth line in Table 1).

The differences between the u and v components
produced by the two methods (with outliers removed)
have standard deviations of 1.49 and 1.29 m s/, re-
spectively (second line in Table 1). Those standard
deviations are about half of those found in comparisons
between this same wind profiler and the NWS rawin-
sonde at Denver (Weber et al. 1990). Those differences
were attributed mainly to meteorological variability
over the large distances (at least 60 km) separating the
two instruments. Furthermore, these standard devia-
tions are not much smaller than the 2.5 m s™! found
in nearly two years of profiler-rawinsonde comparisons
(Weber and Wuertz 1990).

These differences between the methods are troubling
because the comparisons were done using hourly av-
eraged winds generated by different processing methods
that started with the same 6-min measurements made
by the same instrument. We attribute these differences
to the ways in which the different methods respond to
temporal changes over an hour in the 6-min radial ve-

(b)
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F1G. 4. (a) Comparisons of hourly averaged ¥ component wind measurements for the NOAA UHF wind profiler at Platteville, Colorado,
from 1200 UTC 11 December 1990 to 1200 UTC 11 January 1991. The horizontal axis gives the ¥ component estimated with the consensus
method, while the vertical axis gives the ¥ component estimated with the continuity method. (b) Comparisons of hourly averaged v
component wind measurements for the NOAA UHF wind profiler at Platteville, Colorado, from 1200 UTC 11 December 1990 to 1200
UTC 11 January 1991. The horizontal axis gives the v component estimated with the consensus method, while the vertical axis gives the v
component estimated with the continuity method. Units are meters per second.
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TABLE 1. Comparison of methods during the period from 1200
UTC 11 December 1990 to 1200 UTC 11 January 1991.

Std Std Std

Pairs  Correlation  dev® dev®  Mean®  dev®

u 37939 0.99 12.94¢ 12.83¢ 0.04 2.02
37 465 0.99 12.92fF 12.86¢ 0.02 1.49

36 741 0.99 12.80F  12.75¢ 0.01 1.49

58 272 0.99 12.65¢ 12.678 -0.02 . 1.38

v 37939 0.99 " 13.30¢  13.26¢° 0.16 1.50
37 465 1.00 13.32f 13.29¢ 0.16 1.29

36 741 1.00 13.291 13.27¢ 0.16 1.32

58 272 1.00 12.19¢ 12.208 0.00 1.05

2 Standard deviation (m s™!) of wind components used in com-
parisons.

® Average of differences (m s™') between wind components pro-
duced by different methods.

¢ Standard deviation of differences (m s™') between wind compo-
nents produced by different methods.

9 Wind components estimated with old consensus method.

¢ Wind components estimated with new continuity method using
time-height interpolation.

fWind components estimated with old consensus method and with
outliers removed.

& Wind components estimated with new continuity method not
using time-height interpolation.

locity measurements. Those temporal changes may be
due to meteorological variations and radar measure-
ment errors, which are expected to be larger in the 6-
min measurements than in the hourly averaged mea-
surements. Both components of the hourly averaged
winds exhibited considerable variability throughout the
troposphere over the month of comparisons. Their
standard deviations were about 12-13 ms™'. The
standard deviations for the 6-min winds were larger
than this.

These comparisons (Table 1) alone cannot assess
the absolute accuracy of either method. Nor can they
be used to argue for or against time-height interpola-
tion in the continuity method. We saw that time-height
interpolation dramatically improves coverage, partic-
ularly at the upper heights in the low mode (Figs. 3a

and 3b). That is the strongest argument for time-height -

interpolation. Consensus-method winds are reported
only if radial velocity measurements are made on both
oblique antenna beams (in some cases also on the ver-
tical beam) at each height. Continuity-method winds
are reported only if radial velocity measurements are
made on all three antenna beams at each height. These
restrictions will ‘prevent some 6-min measurements
from being included in the hourly averaging unless
time-height interpolation is employed.

In general, therefore, there are more 6-min mea-
surements than hourly averaged winds. With fewer
missing data at the 6-min level, the time and height
intervals used for interpolation are smaller. By not in-
terpolating the 6-min measurements, the present con-
sensus method forces the user of hourly averaged winds
to interpolate under less favorable conditions.
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However, there is another argument for interpolation
even when coverage is complete without it. Figures 5a,
5b, and 5c show hourly averaged winds produced, re-
spectively, by the consensus method, by the continuity
method with interpolation, and by the continuity
method without interpolation. The consensus method
failed to report 19 winds at and around 1900 UTC
because it could not find a minimum consensus of at
least four out of ten measurements on all antenna
beams. The continuity method reported winds at all
heights every hour whether interpolation was done or
not.

More troubling than the missing winds are the dif-
ferences in the winds reported by the two methods. For
example, the wind reported by the consensus method
above 7 km MSL at 1900 UTC is about 15 kt larger
than the winds reported by the continuity method with
time-height interpolation (Fig. 5b) and about 10 kt

- larger than the winds reported by the continuity

method without time-height interpolation (Fig. 5¢).
Since both the consensus method and the continuity
method began with the same 6-min radial velocity data,
each method must have used a different subset of those
data.

When comparing all winds at the same times and
at the same heights, we find that the consensus-method
winds in Fig. 5a differ most from the continuity-method
winds in Figs. 5b and 5c (Table 2). The continuity-
method winds in Figs. 5b and 5c¢ show the closest
agreement. The differences in their wind components
have standard deviations that are less than half the
standard deviations of the differences between those
wind components and the consensus-method wind
components. That is not surprising since the two con-
tinuity methods use the same subsets of 6-min radial
velocities. These comparisons ( Table 2) are consistent
with the earlier comparisons (Table 1), even though
the standard deviations of the wind components in the
present case are less than half those in the earlier case.

Although we could not assess the absolute accuracy
of either method using these comparisons, we can de-
termine the self-consistency of each method by com-
paring all wind pairs reported by each method that fell
within 1 h and within 250 m of one another (Table
3). The continuity method with interpolation gave the
most uniform winds. The continuity method without
interpolation gave the next most uniform winds and
the consensus method gave the least uniform winds.
Remember that interpolation was not required in this
case in order to replace missing hourly data. There
were only a few outliers in the 6-min data, but the
main effect of interpolation was to correct for the sam-
ple time differences on the various antenna beams. That
correction was necessary because the winds, in this case,
were affected by large vertical velocities due to strong
wave motion that caused large variations in the radial
velocity measurements over an hour (Weber et al.
1992).



AUGUST 1993

(a)

8l
bt e duwwn W
FNYTITIY Ny 117y W N N STV I SR VAL TR VI TR R

JATIGTITIR TTIQPTTICTEIVG G T N VY ARV T T T W VRN g

P TR TR WIS TR LS W ST e
A A gy e Gl e
PR ST TS S TR TR TR UL TR TR 7R VS AN
e e L A 0 e g A Wb et M K
6 1 1 S L s s (L 0 e g e L LR 7R

e L W i i g g W g Sl KL LKL

1
[*J
3
Pressure (mb)

e A M g g g e et LA K

WALl &
W L LK
TR L AL
TR NN

Height (km)

L 0 L AL W B e e e e e e
5 | W Bl e e g W g e e e e
L el g e L
U i U ey Wy g B o e e g
Ll e e 0 g e g TR T NN
4_u_u_u,\,/‘/“,“/yvv\vu._m,m,\y“,,m,u_u_u‘_kn_u._ﬂ‘“L
| ENSPIE I (T S NI NS SH NI S SR S S |
12 10 8 6 4 2 0 22 20 18 16 14 12

120000 05—-JUN~90 Time UTC 120000 04-JUN-90

po—

(©

[N G N N Y VRO W VR WU TR TR T VAT T A W S A TR T
[N TTTI Wy W 7 N N W VO NPT VI TN I TR TR
[PTTATTTIRTEAYTETAL T NS TPV W LT L Wl N TR L PR
7k luth\uLulhth\_Uu.m\_\_memLkmh"th_\._’lk‘lLWJ.WJ.“&W..'UL
WAL L At A A e g R I g g e
Tt 00 A A e L A i g e e B A Lt e e
e 0 O A A e e g N e B L G e Y
6 o w0 g g g At L L LK

U O e gy g i G LK

|
w
8
Pressure (mb)

e B g g g W gt Lt L LKL K

Height (km)

U e e e g W i B L LK
oy I T T T BN U T TR TRUSL TS TIC N NL NG <
L RUSRUSIROT OB TS T BN RS S TIL R «
Lm—m—m—vu-—m—v\y\yvu.\u,uum,“,,uwu_mun_m_k‘k
“—th—u—\,/m_“,vvvvm_m,m_m_\yumum&_u_mlk @«
4 “—u-n—v\,/“/\yv\y\yym—m—m»v\yu_un—u,m_LLu_L"k

| SIS VY SSUPUNS SIS TN (I E U NI BRI IS S B 3
12 10 8 6 4 2 0 22 20 18 16 t4 12

120000 05-JUN—90 Time UTC 120000 04—JUN—90

<——

4. RASS temperatures

Figure 6a shows RASS temperature measurements,
with extensive aliasing, during one 24-h period. (With
new RASS data processors aliasing is not a problem.)
Figure 6b shows those measurements after application
of the continuity method without using the crude linear
temperature model. It had no trouble unfolding the
aliased data even though the correct temperatures were
greatly limited in the original data and there was ex-
tensive noise above 3 km due to low signal power.

Figures 7a and 7b illustrate a case in which the crude
temperature model was necessary. The correct data
were in the minority, even after dealiasing. They are
obvious in Fig. 7b, but they are not so obvious in Fig.
7a. The temperatures are clearly aliased at the lower
heights (Fig. 7a). Yet, note the temperatures of about
—10°C that are widely distributed during the first half
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FiG. 5. (a) Hourly averaged winds (consensus method) for the
NOAA UHF wind profiler at Platteville, Colorado, from 1200 UTC
4 June 1990 to 1200 UTC 5 June 1990. (Units are the same as in
Fig. 1a.) (b) Same as (a) except that the winds were estimated using
the continuity method. (¢) Same as (a) except that the winds were
estimated using the continuity method without time-height inter-
polation.

of the day and that blend with temperatures in the
upper gates during the second half of the day. Based
purely upon their continuity and large numbers alone,
it is not obvious that any of those temperatures are
bad. We eliminated them only by using the crude tem-
perature model. Did we do the right thing? This ex-
ample illustrates the importance of meteorological
models and independent checks on the quality of pro-
filer measurements of winds and temperature.

5. Sampling errors

Radar sampling errors can limit the accuracy of pro-
filer measurements of winds and temperatures. Under
1deal conditions, when the winds are uniform across
the antenna beams and when the winds and temper-
atures are constant over an hour, consensus averaging
will produce accurate measurements. However, when
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TABLE 2. Comparison of methods during the 24-h period starting
at 1200 UTC 4 June 1990 for heights between 4 and 8 km MSL.

Std Std Std

Pairs Correlation dev? dev? Mean® dev®

u 381 0.95 5.74¢  5.35¢ 0.26 1.83
381 0.96 5.74¢  539f 0.13 1.67

400 0.99 5.40°¢  5.50f -0.09 0.80

v 381 0.94 4.35¢  4.05° 0.12 1.48
381 0.94 4359  4.12f 0.12 1.54

400 0.98 4.05°  4.12f 0.02 0.74

a Standard deviation (m s™') of wind components used in com-
parisons.

b Average of differences (m s™') between wind components pro-
duced by different methods.

¢ Standard deviation of differences (m s™*) between wind compo-
nents produced by different methods.

9 Wind components estimated with old consensus method.

¢ Wind components estimated with new continuity method using
time-height interpolation.

fWind components estimated with new continuity method not
using time-height interpolation.

small-scale motion is present, this method of comput-
ing hourly averaged winds can be inaccurate (Weber
et al. 1992). i

Three-beam profiling radars are incapable by them-
selves of detecting or compensating for spatial non-
uniformities in the winds. The presence of large vertical
velocities may indicate the existence of nonuniform
winds, although three-beam radars aré unable to de-
termine the errors caused by those nonuniformities.
Yet, even if the winds are spatially uniform across the
antenna beams, temporal variations during an hour
can cause errors in hourly averaged winds. These errors
are caused by time offsets in the measurements made

on the different antenna beams. Some time offsets are -

caused by the fact that the measurements are generally
not made simultaneously on all antenna beams. But
these time offsets are typically only about a minute or
so for hourly averages. A more important source of
time offsets is subsampling due to data editing that
removes spurious measurements. The consensus
method presently being used makes no attempt to
compensate for these time offsets, whereas the conti-
nuity method does by interpolating the measurements
on the different antenna beams to the same time. -

The radial velocity (positive directed away from the
radar) observed on any given antenna beam is repre-
sented by

v,(t) = up(t) sing sind + vo(t) cos¢ sind

+ wo(t) cosf + v,, (1)

where the antenna beam has a zenith angle 6 from
vertical and an azimuth angle ¢ clockwise from north.
The subscript r is replaced with e, n, and z to denote
the east, north, and zenith antenna beams, respectively.
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The east, north, and vertical wind components are
represented by ug, vy, and wy, respectively. In the case
of RASS, wy, represents the acoustic velocity Doppler
shifted by the vertical wind component. These are as-
sumed to be functions only of the time ¢ and therefore
are the same at all three antenna beam locations for a
given height. The term v, includes both radar mea-
surement errors and meteorological noise.

The wind profiler measures a reflectivity-weighted
average of radial velocity in each resolution cell, where
reflectivity is weighted by the spatial distribution of
refractivity fluctuations with spatial scale of half the
radar wavelength. It is the strength of these refractivity
fluctuations, along with the size of the radar antenna
and the transmitted power that limit the profiler sen-
sitivity or its ability to detect weak atmospheric signals
in noise. Sometimes the atmospheric signal is so weak
(or missing altogether) that the profiler spectral pro-
cessing mistakes ground clutter, an airplane echo, or
some noise spike for the atmospheric signal. Then, the
radar measurement has no relation to reality. Fortu-
nately, the consensus method or the continuity algo-
rithm eliminates those measurements from further
consideration when they exhibit no consistency with
neighboring measurements.

When a real atmospheric signal is detected though,
accuracy is usually limited by meteorological noise.
Meteorological noise is caused by turbulent fluctuations
within the scattering volume of both the radial velocity
and the refractivity. The meteorological noise is re-
vealed as a broadening of the atmospheric signal, which
usually extends over several Doppler bins in the radar
Doppler spectrum. It is this broadening that limits the
accuracy of the spectral moment estimates and, thus,
the radial velocity estimates. The Doppler bin size is
determined by the radar pulse repetition frequency,

TABLE 3. Consistency of methods during the 24-h period starting
“at 1200 UTC 4 June 1990 for heights between 4 and 8 km MSL.2

Pairs Correlation Std dev® Std dev®
u 3077 0.73 5.66¢ 4.13
3358 0.82 5.31¢ 3.19
3358 0.77 5.41°F 3.64
v 3077 0.83 4.32¢ 2.54
3358 0.85 401° 2.19
3358 0.84 4.09f 2.31

2 Comparisons were made for each method using wind components
reported within 1 h and 250 m of one another.

b Standard deviation (m s™') of wind components used in com-
parisons.

¢ Standard deviation of differences (m s™') between wind compo-
nents.

4 Wind components estimated with old consensus method.

¢ Wind components estimated with new continuity method using
time-height interpolation.

fWind components estimated with new continuity method rot
using time-~height interpolation.
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FIG. 6. (a) Original RASS virtual temperatures (°C) from 0000 to 2400 UTC 26 April 1991 for the NOAA wind profiler
at Purcell, Oklahoma. (b) Same as (a) after continuity method.

the number of coherent time averages, and the size of
the fast Fourier transform (FFT), which were selected
to give the best overall compromise within the con-
straints of operaiion (Hassel and Hudson 1989).

A three-beam profiler is designed based upon the
assumption that the winds are uniform across the spa-
tially separated antenna beams. Therefore, any non-
uniformity in the winds must be included in the noise
term v;. For the purposes of the present analysis, we
shall assume meteorological noise and radar measure-
ment errors are statistically the same on all antenna
beams. We also assume that the noise components v’
are random with zero mean value and with no corre-
lation between antenna beams. Such noise produces
unbiased, random errors in the wind estimates. It
should be recognized that in some cases actual noise
may violate certain of these conditions.

Time sampling differences on the different antenna
beams can, however, cause biased errors when the
winds change with time. This is indicated by the errors

u' = up(t.) — up(t)

+ [wo(t:) — wo(2.)] cotd + v}, cscd — v, cotd,

(km—AGL)

he:gh‘

v = vo(2,) — vo(2)
+ [wo(t,) — wo(t.)] cotf + v, cscd — v, cotd,

w' = wo(1:) — wo(1) + VL. (2)
These errors were computed by taking the differences
between the 6-min winds (1) and the true winds. The
time ¢ is some arbitrary time during an hour at which
the winds are reported. The actual times at which sam-
ples are taken on the east, north, and zenith antenna
beams are ¢, ¢,, and ¢,, respectively. Kristensen and
Gaynor (1986) give a thorough examination of the
errors in second moment estimates caused by temporal
and spatial variations across separated beams. Here we
are interested only in errors caused by temporal vari-
ations.

We compute hourly averages of the errors (2) while
including some number of the samples n < 10. Then,
we compute the rms values for those hourly averaged
errors using a statistical ensemble in which the wind
components are random and uncorrelated. As a result,
the rms errors are found to be

Height (km—AGL)

.Zéi_ 20 18 16 14 12

FI1G. 7. (a) Original RASS virtual temperatures (°C) from 0000 to 2400 UTC 12 May 1991 for the NOAA wind profiler
at Purcell, Oklahoma. (b) Same as (a) after continuity method.



462

' = yc(te, t) + woc(te, t;) cotd
+ n= Y% (cscd + coth),

v = 0oC(t,, t) + WocC(ty, t,) cotd
+ n 1% (csch + coth),
(3)

where the different error contributions are additive be-
cause they are assumed to be uncorrelated. The con-
tributions from the rms wind components i, ¥, and
w, are reduced by hourly averaging through the coef-
ficients ¢ (5). Note that the rms error U, due to me-
teorological noise and radar measurement errors ( this
is-the same on all antenna beams) is reduced by the
factor n~'/2, which is 0.32 if all ten samples over an
hour are included in the average (it is larger if fewer
than ten samples are included ). Hence, averaging over
an hour does not significantly reduce this source of
errors.

We assume that the wind components vary peri-
odically with time according to

W= Wollls, 1) + n %0,

exp[—i(wt)], (4)

where w is the wave frequency. The amplitudes and
the phases of the wind components are taken to be
randomly varying in the ensemble average. We use
complex notation here, but of course the measurements
are real. Therefore, we take the real part of our results
to represent physical quantities.

Then the coeflicients for hourly averaging are defined
by

e, ")

exp[—i(wt')] — exp[—i(wt")]
{exp[—i(wAt')] — exp[—i(wAt")]}

x L5 expl-iwr)]. (5)
ny
The times ¢' and ¢” are the times ¢, t,, {,, and ¢, in (2).
The time at which measurements are made on a given
antenna beam is ¢, = #; + At,. The sample times ¢;
= jr, where 7 equals the 6-min sample interval and j
=1 -+« 10. The antenna beam offset At, equals 0, 2,
and 4 min for the east, north, and zenith antenna
beams, respectively. In the summation, only a subset
n < 10 of the measurements is included. Those not
included have been eliminated by quality controls in
the old or the new method.
When all samples are included, (5) simplifies to

(1, 1"y = {exp[—i(wAt")]
sin(nwt/2)

~ exp[—i(wa)]} nsin(wr/2)’

(6)
where n = 10 in the present case.

Figure 8 shows that the time coeflicient (6) increases
dramatically when the time offset increases from 2 to
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F1G. 8. The residual, given by the time-averaging coefficient [ Eq.
(6)], as a function of frequency (fraction of Nyquist), for time offsets
of 2, 4, and 6 min.

4 to 6 min. This coefficient has the highest values for
frequencies approaching the Nyquist frequency (27) "
(v = 12 min). This result in Fig. 8 shows that there
can be biases up to 20% of the magnitude of the wind
components, and this is the best case. When fewer than
all ten samples are included in the average, the residuals
are larger. If there is no time offset, then this coefficient
vanishes at all frequencies. It also vanishes when the
frequency w is zero, that is, for stationary winds. In
those cases, errors are entirely due to meteorological
noise and radar measurement errors U .

Weber et al. (1992) showed that large errors can
occur in both wind and temperature measurements
due to wind variations during the hour. Wuertz et al.
(1988) showed that large errors can result from vertical
velocity variations during the hour due to precipitation.
In both cases, the errors were caused by offsets in the
sample times for the measurements on the different
antenna beams. It is important to remove the effects
of vertical motion from the horizontal wind compo-
nents and the RASS temperatures by using the correct
vertical velocities measured at the same times. The
continuity method interpolates 6-min radial velocity
measurements in order to minimize the negative effects
of temporal vanations during an hour.

6. Conclusions

Under certain conditions, the consensus method
(currently being used on the profiling radars in the
NOAA demonstration network ) may report inaccurate
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or nonrepresentative hourly averaged winds and RASS
temperatures. We have identified four types of con-
ditions that degrade profiler performance. 1) Mea-
surements are aliased when radar Doppler velocities
are too large. 2) No measurements are reported (usually
at the upper range gates of the low and high modes)
when a consensus is not found. 3) Spurious measure-
ments are reported when the Doppler spectral pro-
cessing mistakes ground clutter or other false targets
for the atmospheric signal. And 4) erroneous mea-
surements are reported when winds are nonstationary
over an hour. The new continuity method described
here attempts to solve these problems. We have dem-
onstrated that it more reliably produces hourly aver-
aged measurements with better consistency over time
and over height than does the consensus method.

Acknowledgments. The authors are grateful to Mi-
chael Barth and Russell Chadwick of the Demonstra-
tion Division in NOAA/FSL who made the 6-min data
available before official channels were established.

APPENDIX
The Continuity Algorithm

The continuity algorithm (Weber and Wuertz 1991)
checks the consistency of profiler measurements of
winds and RASS temperatures over height and over
time. The algorithm does this by looking for large
changes in the measurements over the radar sample
intervals (250 m in height and 6 min in time). For
example, consider a case for Colorado just east of the
Rocky Mountains. Profiler measurements over a 24-h
period reveal strong winds out of the west with a jet
near the 10-km altitude and a peak velocity around 55
m s~'. There is one measurement in the middle of the
jet giving a velocity of about 55 m s™! out of the east.
This solitary measurement is aliased because the wind
velocity exceeded the maximum unambiguous velocity
measureable by the radar. It is clearly inconsistent or
discontinuous with the rest of the wind field.

The continuity or discontinuity of an individual data
point like the one in the preceding example is estab-
lished by comparing its data value with the value in-
terpolated from neighboring data points. If the differ-
ence between the data value and the interpolated value
exceeds some control, then we say that the point is
discontinuous with its neighbors. We typically use a
control value equal to one-sixteenth of the maximum
measureable Doppler radial velocity (about 24 m s™'),
but this is not critical. We also typically use two neigh-
boring heights above and below and two neighboring
times before and after to do a linear least-squares in-
terpolation.

This linear interpolation scheme does not discrim-
inate against large slopes in the data. Therefore, large
shears and large accelerations in the wind field are tol-
erated by the continuity algorithm so long as they are
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supported by the data themselves. However, points of
inflection with excessively large curvature are identified
as points of discontinuity. The algorithm has adjustable
control parameters that define what is excessive cur-
vature based upon realistic meteorological models. We
note in passing that the consensus method currently
being used on the NOAA network profilers assumes a
meteorological model in which the winds are assumed
to be constant during any given hour. The method also
has a window or tolerance parameter that is adjusted
to allow some variation with time.

The identification of discontinuities using this in-
terpolation scheme is straightforward and general. The
identification of good data and bad data is, however,
not always so obvious. The problem would be simpler
if we could assume that all bad points are isolated like
the one in the preceding example. Frequently that is
the case, but sometimes bad points come in clusters,
for example, due to Doppler velocity aliasing (Fig. 1)
or due to ground clutter. Therefore, the continuity al-
gorithm uses pattern recognition when deciding which
points are good and which points are bad.

Neighboring points with nearly the same data values
are placed in the same branch of some pattern. Neigh-
boring points with large differences in their data values
are placed in different branches that may be part of the
same pattern or that may belong to completely different
patterns. In the foregoing example with one outlier,
the background wind field is composed of a single con-
tinuous pattern with possibly several branches all in-
terconnected. The outlier is alone in its own pattern,
disconnected from the much larger background pat-
tern. The continuity algorithm assigns greater confi-
dence to the larger number of points in the background
wind field based upon overall pattern size. Therefore,
the smaller pattern (of one in this case) involved in
any discontinuity is assigned the lesser confidence.

This algorithm has been successfully tested on many
months of wind data, including some containing frontal
discontinuities. The algorithm will tolerate a discon-
tinuity as long as the winds on either side of that dis-
continuity are adequately supported by significant pat-
terns of winds because confidence is assigned based
upon the number of points in a pattern.
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