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1. INTRODUCTION

Recent work has suggested that it may be possible
to extract much higher quality wind information from
wind profiing radars than we have traditionally
expected. In particular, Gossard et al. (1998) suggested
that selection of Doppler spectral peaks by a “human
expert” combined with suitable data processing could
yield accurate estimates of wind profiles over periods as
short as a few minutes. This is in marked contrast to the
traditional consensus averaging approach to wind
profiler data that yields wind profiles for periods usually
no shorter than 30 min. Nearly coincident with that work,
the National Center for Atmospheric Research (NCAR)
has developed the NCAR Improved Moment Algorithm
(NIMA: Cornman et al. 1998; Cohn et al. 2001; Morse et
al. 2002; Goodrich et al. 2002), which uses a
combination of fuzzy logic and pattern recognition
algorithms to emulate peak selection by a human
expert. In this paper, we compare profiler winds derived
from NIMA processing with those from a Doppler lidar
system operated by the National Oceanic and
Atmospheric Administration (NOAA).

An opportunity for comparison of these systems
occurred in October 2000, when the U.S. Department of
Energy supported a month-long field study in the Salt
Lake Valley. The purpose of the campaign was to
investigate the physical processes associated with the
dispersion of pollutants in stably stratified urban basins.
The Vertical Transport and Mixing (VTMX) field work is
described in Doran et al. (2002). As part of this study
Pacific Northwest National Laboratory (PNNL) operated
a 915 MHz wind profiling radar in the central Salt Lake
Valley. During the same period NOAA’s Environmental
Technology Laboratory (ETL) operated a Doppler lidar
system in a variety of scanning modes. One of these
modes was intended to provide a direct comparison with
short-term winds from the profiler.

2. INSTRUMENTATION

Figure 1 shows the relative locations of PNNL’'s
wind profiler and NOAA/ETL'’s lidar system in the Salt
Lake Valley. This valley has relatively gentle slopes for
a radius of roughly 10 km from its center. It opens in the
north-northwest to the Great Salt Lake. The Wasatch
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Figure 1. Salt Lake Valley, Utah, showing the relative
locations of the Doppler lidar and wind profiling radar.

Range rises sharply on the east side of the valley, and
the Oquirrh Mountains form a prominent barrier to the
west. In the south, the Traverse Mountains form a
southern boundary between the Salt Lake Valley and
Utah Valley. The profiler was located very near the
center of the Salt Lake Valley at an elevation of
1310 m MSL. The lidar was sited 7.25km from the
profiler at Municipal Airport No. 2 at an elevation of
1410 m MSL. The bearing from the lidar to the profiler
was 96.6°.

2.1 PNNL Wind Profiler

The wind profiling radar is a 915 MHz phased array
system manufactured by Radian Corp. (now Vaisala).
During the campaign, it was set to alternate between a
five-beam low-mode, with 60 m range-gate resolution,
and a five-beam high mode, with 200 m range gates.
For 5min each half-hour, the system measured
temperature using its Radio Acoustic Sounding System
(RASS) mode. The beams consist of one vertical and
two orthogonal pairs of opposing off-zenith beams at a
zenith angle of 23.6°. We found that, despite the
additional power of the high mode, the low mode
performed as well within the boundary layer, and both
modes provided little information above it. Because of
the higher vertical resolution of the low mode, we've
confined our attention to it. The velocity precision of this



instrument using normal consensus processing has
been determined to be 1 m's™ (Martner et al. 1993).

The profiler completed one cycle through the
beams of each mode roughly every 3.5 min. Thus,
NIMA is able to construct a low-mode profile of the
horizontal wind vector once every 7 min. In addition to
the winds, NIMA also provides a confidence estimate
[0...1] for each component, where 0 represents no
confidence and 1 is perfect confidence. We have used
these estimates as described below to filter a priori the
profiler winds included in the comparison.

NIMA also produces consensus winds in which
moments that are not judged to be outliers are averaged
over a specified interval. The vector winds at each
range gate are then calculated from the averaged
moments. For comparison with the velocity-azimuth
display (VAD) vector wind profiles derived from the lidar,
we have used 30-min consensus winds from the profiler.

2.2 NOAA Doppler Lidar

The NOAA/ETL lidar deployed at VTMX, TEACO.,
is a pulsed Doppler system that emits a narrow beam of
eye-safe light, ~1 m across at 11 km range, at a
wavelength of 10.59 um. From the lidar’s location at the
Salt Lake City Municipal Airport #2, measurements of
radial velocity and backscattered signal intensity
spanning the basin were acquired during nine intensive
operating periods (IOPs) of the VTMX field campaign. A
Doppler lidar is a clear-air remote sensor. With a normal
distribution of atmospheric aerosols, most of the
backscattering occurs by particles 1-3 um in diameter.
The clear air returns, combined with the fact that there is
no ground-clutter, make Doppler lidar an excellent
instrument for measuring winds in complex terrain (for
example, see Banta et al. 1995, Darby et al. 1999, and
Flamant et al. 2002). In order to minimize blockage of
the lidar beam by terrain, it was necessary to site the
lidar at an elevation higher than that of the profiler,
hence the elevation difference between the PNNL
profiler and the Doppler lidar.

During VTMX, the NOAA/ETL lidar operated with a
pulse repetition frequency of 10 Hz, and every 3 pulses,
or beams, were averaged together. The technical
aspects of TEACO, were described by Post and Cupp
(1990), including an estimate of the velocity precision,
which was 60 cms™. The along-beam data were binned
into 300 m range gates. The minimum range is 1.2 km,
and during VTMX the maximum range varied between
10 and 20 km depending on how much aerosol was in
the basin. The maximum range was often several
kilometers greater in the lowest 500 to 1000 m of the
scan volume. The scanning rate varied between 1° and
s depending on the spatial resolution desired for a
given scan.

The data acquisition routine included a sequence of
scans that alternated between constant-elevation angle
scans, called Plan-Position Indicator (PPI) scans, and
constant-azimuth angle scans, called Range-Height
Indicator (RHI) scans. Sets of these scans lasted just
under an hour. Scans could be added in real time to
document wind features of interest as they occurred.

Minimum Beam | Maximum Beam | Elevation Change
Elevation Elevation between Sweeps
-0.5 3.0 0.5
5 15 5
30 45 15

Table 1. PPl scan volumes for NOAA Doppler lidar.

The RHI scans used for the lidar-profiler
comparisons were taken along the the 96° radial
(relative to the lidar) from -1° to 30° in elevation, at a
scanning rate of 1° s, thus taking 31 s to complete. RHI
scans were used to detect layers of wind shear, both
directional and speed.

The radial velocity data from the 96° RHI scans
used for the lidar-profiler comparisons were transformed
from polar to Cartesian coordinates. The grid spacing of
the Cartesian grid was 0.15 km along X and 0.015 km
along Z, with X defined as the horizontal distance from
the lidar, and Z defined as the distance above the lidar.
A radius of influence of 0.5° in elevation and 0.45 km
along the beam was used; thus, some smoothing was
included in the gridding process. After gridding, the
horizontal component of the wind parallel to the plane of
the RHI was computed by dividing radial velocities by
the cosine of the elevation angle of the lidar beam. The
lowest 5 rows (0.075 km) of the grid were flagged as
bad due to hard-target contamination. The horizontal
component of the wind was then filtered using a uniform
filter, in which all data are weighted equally, and the
filter is performed over regions that are 3 X 3 grid points
in size.

The PPI scan volumes for VTMX are shown in
Table 1. The PPI scans below 3° elevation did not have
full 360° azimuthal coverage due to blockage of the
beam by terrain, buildings, etc. PPl scans were used to
measure the across-basin variability in the winds,
including the horizontal structure of the canyon outflows
and the along-basin jet.

For PPI scans with an elevation angle >2.5° and

<30° , the Velocity-Azimuth Display (VAD) method
(Browning and Wexler, 1968) was used to produce
vertical profiles of the horizontal wind. For a full 360°
scan, each range gate (300 m in length) produces a ring
of data. Calculations were performed for each ring, or
the n" range gate of each beam. In this case, we used n
=4 to 83 (or 1.2 km to 25 km range along the beam).
The velocity data for each ring are fit to a sine curve,
with outliers eliminated, and a wind speed and direction
are calculated by the amplitude and phase, respectively,
of the sine curve. The elevation angle is used to
calculate the height above the lidar of the wind speed
and direction, as well as the horizontal component of the
wind. The combination of the narrow lidar beam, the
three-beam averaging, and the scanning rate make it
very unlikely that the motion of birds or insects in flight
would contaminate the Doppler lidar measurements.

3. APPROACH FOR COMPARISON

The lidar can measure only radial velocity in an RHI
scan. Therefore, to achieve a comparison, we projected




the horizontal wind vectors from the profiler onto the 96°
bearing of the lidar beam:

v, =usin B +vcos f (1)

where g is the bearing angle of the lidar beam and u
and v are east and north components of the profiler
winds respectively. We used a weighted geometric
average of the NIMA wind component confidence
estimates to eliminate profiler winds from the
comparison. The weighting was determined by the
magnitude of the projection of each component onto the
lidar radial direction:

C:exppsin,ﬁ’“nCu +|cosﬂ||nCvj 2

lsin 3| + |cos |

where C is the weighted confidence, and C, and C, are
the confidence estimates for each component. We did
not include winds for values of C<0.4.

Because the lidar and radar sampling was
performed over different space and time intervals, it was
necessary to average data to provide comparison
points. The lidar completed an RHI scan from which its
radial velocities were derived in about 30s.
Occasionally two of these scans would be done in an
interval of a few minutes, but in general these were
single scans separated by many minutes or hours. If two
scans occurred in rapid succession, we averaged them
for comparison with the temporally nearest 3.5-min
radar profile. The vertical resolution of the gridded lidar
data was 15 m while the vertical resolution for the
profiler winds was 55 m. (This is slightly less than the
range-gate spacing because of the projection of the off-
zenith beams onto the vertical.). Therefore we also
averaged the lidar data in the vertical to obtain values
corresponding to each profiler range gate. We
subtracted 110 m from the profiler range gate values to
account for the elevation difference between the two
Sensors.

For comparisons of VAD wind vector profiles
derived from the lidar's PPl scans, we employed a
similar procedure. In this case, it was common for the
lidar to execute several scans at different elevation
angles separated by only a few minutes. These clusters
of scans were then separated from other clusters by the
order of an hour during the I0Ps. Unlike the gridded
radial velocity data, which were essentially profiles at a
point, the VAD winds represented averages over a
considerable area. As a result, it seemed more
appropriated to compare VAD scans to profiler wind
from the NIMA consensus algorithm for periods of
30 min rather than 3.5min. To obtain data for
comparison, we vertically averaged all VAD profiles that
fell within a profiler consensus interval so that VAD
winds matched the profiler range gates. The separate
VAD profiles were then averaged to create a single
profile corresponding to the radar’s data. Data from the
profiler were included in this case only if the NIMA

confidence estimates for both components exceeded
0.4.

4. RESULTS

4.1 Short-term Radial Velocities

The RHI lidar scans in the direction of the PNNL
profiler yielded 30 profiles for comparison during VTMX.
The comparisons ranged from remarkably good to very
different. Figure 2a shows one of the excellent
comparisons of radial velocity. The profiles from the two
instruments in this case are nearly indistinguishable.
Figure 2b, on the other hand, shows pronounced
disagreement between the two systems, especially in
the upper part of the profile.

It is somewhat perplexing that the two systems
could show such excellent agreement in some cases
and such poor agreement in others. We are currently
pursuing the causes of this behavior. One obvious
possibility is that NIMA is successful in recognizing the
pattern of spectral moments in some cases but settles
on the wrong pattern in others. This possibility ought to
be minimized by our use of the confidence criterion, but
we will need to examine a number of individual spectra
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Figure 2. (a) Example of an excellent radial velocity

comparison between the lidar and the profiler.

(b) Example of a poorer comparison.



VTN Comparisan, st Companent of Wisd Velosty o 165 m AGL Relstive 10 the Lidar

MOAA Lider im ™"

FHNL Whedl Erotier im &'y

VTMX Comparisan, st Companent of Wisd Velosty 8 330 m AGL Relative 10 the Lidar

. (c)

MOAA Lider im ™"

FHNL Whedl Erotier im &'y

VTN Comparivan, st Companent of Wisd Velosty i £55. m AGL Relative 10 the Lidar

MOAA Lider im ™"

FHNL Whedl Erotier im &'y

VT Compasiven, Hiorth Cempenent of Wina Vislosity ot 165 m AGL Relstve bs e Liser

(b)

HOAA Lidar im 8™

e 5 ] 3 0 &
FHNL Whedl Erotier im &'y

VT Compasiven, Horth Cempenent of Wina Vislocity a1 330 m AGL Relstve bs e Lier

(d)

HOAA Lidar im 8™

e 5 ] 3 0 &
FHNL Whedl Erotier im &'y

VT Compasiven, Hiorth Cempenent of Wing Vislocity ol 495 m AGL Relstve bs e Lider

()

HOAA Lidar im 8™

e 5 ] 3 0 &
FHNL Whedl Erotier im &'y

Figure 3. Comparison between u- and v-components from 30-minute profiler consensus values and corresponding
VAD winds from the Doppler lidar. (a) and (b) are from 165 m above the lidar, (c) and (d) are from 330 m, and (e) and

(f) are from 495 m.

to be sure. It is also possible that differences arose
because of factors other than faulty instrument
performance. One candidate culprit is birds. All of the
profilers in VTMX exhibited spurious north winds and
anomalously high signal-to-noise ratios at night,
especially above 1000 m. That we were measuring in
October suggests that the fall migration may be
responsible. The lidar is not affected by migrating birds.

At times the disagreement is due to strong, small-
scale horizontal variations in the wind field. PPl scans
from the lidar (not shown) indicate that thin flow layers
were often present, and slope and canyon outflow from
the Wasatch Range to the east, which were sampled
differently by each instrument, can cause differences in
the wind profiles. The 0.6° difference between the lidar
beam direction and the actual direction from the lidar to



the profiler yields a spatial separation of 75 m between
the profile locations at 7.25 km. With sharply varying
wind fields, this was often significant. Spatial and
temporal variations in the wind field in complex terrain
as a source for discrepancies between two
measurement systems (Doppler lidar and airborne
measurements) were discussed by Durran et al. (2003).

4.2 VAD-Consensus Comparison

There were many more VAD scans during VTMX
than RHI scans directed toward the PNNL profiler. We
have therefore used scatterplots rather than individual
profiles to compare these data. Figure 3 compares wind
components from the profiler and the lidar at three
separate altitudes below 1 km. Data are included from
all times during VTMX. Because of the pronounced
diurnal cycle of up- and down-valley flow, the v-
component is frequently of much larger magnitude than
the u-component.

Figure 3a shows the u-component at a height of
165 m AGL relative to the lidar. The profiler tends to
have a negative bias of about 1m s'. The v-
component, on the other hand shows excellent
agreement for negative values (up-valley flow) but a
distinct negative bias in the radar for positive values
(Fig. 3b). At 330 m, the behavior of both components is
similar to the lower altitude (Figs. 3c and 3d). However,
the correlation between the u-component estimates is a
little better and the negative bias in the radar for positive
v-components is not quite so pronounced. At 495 m
(Figs. 3e and 3f) the comparison for u continues to show
scatter, but the negative bias in the radar is much less.

The above behavior is intriguing and may reveal
more about the local meteorology than instrument
behavior. Because the sampling volume for the two
systems was very different in this case, we were not
surprised that there was some scatter in the
comparison. The negative bias in the positive v-
component from the radar may be indicative of a
characteristic nocturnal flow in the Salt Lake Valley. The
Traverse Mountains in the south end of the valley have
a gap, known as the Jordan Narrows, through which the
Jordan River flows. It is common for strong south winds
to develop in this gap at night, and these winds flow into
the Salt Lake Valley as a jet several hundred meters
deep. Given the 7.25 km separation between the profiler
and the lidar, it is quite possible that the jet exerts more
influence at the lidar site. The existence of a near-
surface jet is also consistent with the fact that the radar
negative bias diminishes with height.

5. SUMMARY

We have compared short-term radial velocities from
a Doppler lidar and a 915 MHz wind profiling radar in
the Salt Lake Valley, Utah. Short-term (3.5-min) velocity
profiles from the radar were computed using the NCAR
Improved Moment Algorithm. While comparisons
showed substantial disagreement in cases that we
continue to explore, some of the profiles agreed
spectacularly well, suggesting that with careful

processing wind accuracies on the order of a few 10’s of
cms” are possible over very short periods from these
systems.

We have also compared half-hour consensus
values with VAD winds from the lidar. There was broad
agreement between the two systems, but within
considerable scatter. This scatter is not too surprising,
given the terrain-induced spatial variability of the wind
field in the Salt Lake Valley. An interesting result is that
the data suggest that the lidar was more directly
affected by a southerly jet that frequently developed
through the Jordan Narrows at night.

6. CONCLUSIONS

For periods of time the wind component profiles
derived from lidar vertical-slice scans and the profiler
seemed to agree to better than the published accuracy
of either instrument. Such agreement is the more
remarkable, because the scattering targets in each case
are different—aerosol for the lidar and temperature and
humidity fluctuations for the profiler. These periods
occurred when each instrument was sampling at high
SNR and when the wind field in the vicinity of the profiler
was relatively uniform.

Periods when the agreement was not so good
occurred when the wind field was spatially variable near
the profile or when various instrumental problems
occurred. In several instances azimuth scans from the
Doppler lidar documented slope flows or even stronger
canyon outflows from the east penetrating to the
location of the profiler, resulting in strong horizontal
variability and vertical layering of the flow. The
horizontal variability was sampled differently by the two
instruments, producing discrepancies in the measured
profiles. Vertical layers of easterly canyon outflow of
less than 300-m depth were sampled by lidar RHI scans
but not by the profiler, also causing disagreement. This
clear documentation of spatial heterogeneity as a cause
of discrepancy between the two instruments is a
significant result of this study. Although it is often
asserted that spatial variability is a cause of
measurement uncertainty, measurements showing this
effect unequivocally are rare.

Instrumental issues producing uncertainty include
low SNR for either instrument, migrating birds for the
profiler, and the velocity estimation algorithm choosing
the wrong peak in the Doppler spectrum during
processing.
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