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ABSTRACT

Color displays of the velocities of precipitation particles detected with a C-band Doppler radar in wide-
spread cyclonic storms provide a variety of real-time information on the atmospheric wind field.

Vertical profiles of wind speed and direction indicated by the real-time color displays agree well with
rawinsonde measurements. Veering winds (or warm advection) produce a striking S-shaped pattern on
the color display and backing winds (or cold advection) produce a backward S. A maximum in the vertical
profile of wind speed is indicated by a pair of concentric colored rings, one upwind and one downwind of
the radar. Vertically sloping velocity maxima are indicated by asymmetries in the color displays, as are
confluent and difluent winds. Divergence and convergence computed from the real-time color displays are

of reasonable magnitude.

1. Introduction

A C-band Doppler radar developed by the Field Ob-
serving Facility of the National Center for Atmospheric
Research (NCAR) has been used to obtain measure-
ments in extratropical cyclonic storms in the Pacific
Northwest as part of the University of Washington’s
CYCLES (Cyclonic Extratropical Storms) Project. The
radar is equipped with a real-time Doppler processor
(Lhermitte, 1972) and a color display (Gray et al., 1975)
for showing velocities or range-normalized reflectivities.
As the antenna was rotated about a vertical axis at a
series of constant elevation angles, detailed displays
were obtained of the radial component of the target
velocity in coordinates of slant range and azimuth.
Each display was protrayed in 15 colors with a velocity
resolution of 2 m s

Lhermitte and Atlas (1961) first described how the
Velocity Azimuth Display (VAD) could be used to
measure the horizontal wind field in stratiform pre-
cipitation. Later work as exemplified by Browning and
Wexler (1968) extended the measurement of divergence
and deformation as well. The real-time color presenta-
tion described here provides essentially a multiplicity
of VAD’s which may be viewed simultaneously thus
permitting real-time estimates of the complete hori-
zontal wind profile within the precipitating region.

Techniques of pattern recognition are described for
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detecting veering and backing winds and wind velocity
maxima. Confluence and difluence are also detectable
and the presence of convergence is sometimes evident
from inspection of the display. Procedures for comput-
ing wind profiles and convergence are given and the
results of such computations are presented. Being pre-
sented with this operationally useful information, the
investigator is able to opitmize his deployment of air-
craft, radars, rawinsondes, etc., in real time and con-
centrate the rigorous analyses, after the fact, on the
more interesting situations.

2. Elements of the colored Doppler velocity
patterns

Pulsed Doppler radars are characterized by a maxi-
mum unambiguous velocity (Vmax) given by

Viwax= (PRF)(\/4), (1)

where PRF is the pulse repetition frequency (Hz), and
) the radar wavelength. For the NCAR C-band radar,
A=0.0545 m, and for the CYCLES Project the PRF
was set at 1071 Hz. Hence Viax=14.60 m s~
Velocities greater than the maximum unambiguous
velocity are “folded over” and then assigned values less
than the maximum unambiguous velocity. In practice,
with the color display, there is no difficulty in resolving
these ambiguities provided that the targets are spatially
continuous. Velocities ranging between == | Vx| are
assigned, unambiguously, one of 15 colors. In the
CYCLES Project, the width of each color band was
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thus simply 2 (14.60)/15=1.95 m s™%. Grey is used to
indicate targets with radial velcoities of 020.97 m s,
Ground clutter, as well as all targets viewed from a
direction normal to their velocity, have zero radial
velocity and therefore appear grey, no matter how fast
they may be moving.

The TV monitor or color display can be thought of
as a fine-mesh grid. Each square of the grid is assigned
one of the 15 colors corresponding to the observed radial
velocity of targets, or black if there are no targets. The
15 colors are also numbered sequentially, +7 through
0 to —7, where 47 and — 7 correspond to the maximum
unambiguous velocity away from and toward the radar.
If the velocity toward the radar rises above 14.60 m s
(in magnitude), the display will shift from color —7
(purple) to 47 (red). If further increases occur, the
colors will sequence through 46, 43, etc. The fifteenth
color in this kind of sequence is grey, which would
represent 29.2:4-0.97 m s~ in magnitude, the sign being
determined by the context. Clearly, if the target is a
spatially continuous one, extending all the way out
from the radar, there is no ambiguity. However, with
isolated targets, there is ambiguity, since the same
color might represent several different velocities.

Also contributing to the patterns on the TV monitor
is the increase in height of the radar beam with in-
creasing slant range. Using the 4-earth-radius conven-
tion (Battan, 1973) to allow for average refraction and
earth curvature, we have
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where z is the height (km) of the beam above the sur-
face at slant range R (km) and a is the elevation angle.
Finally, since strong thermal gradients characterize ex-
tratropical cyclones, winds change in both direction and
speed with changing height.

To illustrate how these elements are combined by
the color display into a colored picture, we consider a
typical winter wind profile for Seattle. Fig. 1 shows
the distribution of radial components, with slant range
and azimuth, for this profile. Concentric arcs on the
figure are drawn at increasing slant ranges to correspond
to beam heights of 1, 2, 3, 4, 5, 6 and 7 km. Radial
components are then plotted along each height contour.
The dashed lines show where the boundaries of the dark
green color (number, —1) would lie. When Fig. 1 is
expanded to the full circle and radial velocity contours
are drawn at the color boundaries, Fig. 2 is obtained.
Observing that winds veer with height for this profile,
we note that the zero velocity band (grey on the color
display) bisects the picture in the shape of an S. When
winds back with height, the grey traces a backward S.

3. Pattern recognition

Qualitative information about the wind field is avail-
able in real time based on pattern recognition. Some
examples are given below.

a. Patterns typical of warm advection and warm fronts

When there is warm air advection, winds veer with
height and, as we have already seen from our considera-
tion of the typical winter wind profile for Seattle, the

TYPICAL WINTER WINDS
IN SEATTLE
HEIGHT | DIR SPEED
200| 5.1 m/sec
220 7.7
250(103
260|124
270|144
280|165
290119.1

~N 3O A N -

F16. 1. Radial components of typical winter winds at Seattle. Coordinates are azimuth
(deg) and slant range corresponding to beam heights of 1-7 km. Dashed lines show boundaries
of the dark green region on the radar color display.
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F16. 2. Contours of radial components constructed from the
typical winter wind profile for Seattle for an elevation angle of
11°, Contours are drawn at intervals of 1.95 m s~ corresponding
to the width of each color band in the color display.

band of zero velocities then bisects the display in the
shape of an S. Color displays with this feature were
common in the CYCLES Project during the winters
of 197475 and 1975-76. Fig. 3, observed at 2205 PST
13 January 1976, is typical. Fig. 3 also illustrates a
feature of the color display whereby any of the fifteen
colors—here grey—can be replaced by white.

When the radar beam penetrates a warm front, an
S-shaped warm advection pattern is seen on the color
display in the baroclinic zone below the frontal surface,
with little evidence of wind shear appearing in the
relatively uniform air mass above the warm frontal
surface. An example of a warm frontal pattern was ob-
served at 2036 PST 26 January 1976 (Fig. 4). With the
echo extending to a height of 5 km, virtually all of the
wind shear occurred below 1.2 km, the apparent height
of the warm frontal surface.

b. Palitern typical of occlusions

Complex thermal gradients are typically associated
with occlusions (e.g., see Kreitzberg, 1964 ; Elliott and
Hovind, 1965; Kreitzberg and Brown, 1970; Browning
el al., 1973 ; Houze el al., 1976). Cold advection in the
lowest layers might be accompanied by warm advection
aloft or vice versa. During January 1976 mixed patterns
of both types were observed. A striking example of
warm advection below and cold advection aloft was
observed on 22 January. Fig. 5 is the color display
obtained at 0705 PST. The picture was bisected by a
perfect S between the surface and 1.9 km, while above
1.9 km the pattern was reversed by backing winds. Fig.
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6 is a black and white drawing based on Fig. 5 showing
a wind profile derived from the colored velocity pattern.
The procedure for obtaining the wind profile is explained
in the caption of Fig. 6. Hodographs for the layers
0.4-1.9 km and 1.9-4.2 km, included as inserts in Fig. 6,
verify the presence of warm advection in the lower layer
and cold advection in the upper layer.

¢. Wind maxima

A maximum in the vertical profile of horizontal wind
speed above the radar is indicated by a pair of con-
centric colored rings, one upwind and one downwind,
around a maximum radial velocity core. Such a wind
maximum may be seen inside the innermost slant range
(or height) circle in Fig. 3. The storm of 14 January
1976, producing the display shown in Fig. 7, featured
two wind maxima, one at a height of about 1.8 km and
another at about 4 km. Although the color display
provides no information as to the lateral extent of a
wind maximum, estimates can be made of the height
and magnitude of the maximum wind, both upwind
and downwind. Height is determined from the slant
range and elevation using Eq. (2).

From upwind and downwind estimates of height,
wind maxima often appear to be sloping in the vertical.
On 14 January 1976 the higher altitude wind maximum
has a slope of 1:30 or 1.8°, The lower wind maximum
zone is nearly horizontal. Several wind maxima, with
slopes from 0.6° to 1.8° have been observed in the
CYCLES Project, all sloping upward in the downwind
direction. These slopes must be accepted as real since
the radar antenna is aligned to an accuracy of 0.1° using
a plumb line, a clinometer and the sun’s C-band radia-
tion as a target with known coordinates.

It is tempting to assume that the observed wind
maximum zones were due to continuous jets of air which
followed a sloping path over the radar. However, such
an interpretation applied to the upper wind maximum
zone of Fig. 7 would imply an upward velocity of 1 m
s, a value typical of cumulus-scale convection, but
not of broader mesoscale precipitation areas such as the
one containing the wind maximum seen in Fig. 7. Con-
sequently, we reject the hypothesis of a continuous
upward-sloping jet and suggest instead that air at all
levels moved horizontally through the upward-sloping
zone of maximum wind speed.

d. Asymmelric patlerns

1f the wind field within the echo region is uniform, the
measured Doppler velocity will exhibit symmetry, ex-
cept for the contribution due to the vertical motion of
the particles. In the cases described here, since the
elevation angle was 7° and the combination of fallspeed
and vertical air motion was generally less than 3 m s7,
this contribution would be at most 0.4 m s (i.e., 3
sin7°). But an asymmetry of at least 1.95 m s™! is
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needed to be detected as a color change. Accordingly,
any observed asymmetric patterns in the display can
be related to some nonuniformity of the wind field.
The example of an upward sloping wind maximum has
already been given. The evidence was that the slant
range of the wind maximum was greater downwind
than upwind. Another kind of asymmetry is evident in
Fig. 4, which shows a display typical of a warm front.
It is also a good example of difluence.

BAYNTON ET
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A quick test for difluence or confluence is to lay a
straight edge across the display from the middle of the
zero-velocity band on one side and through the center
of the display. If the straight edge does not intercept
the middle of the band at the same range on the opposite
side of the radar, the flow is either difluent or confluent.
Applying this test to Fig. 4, at a slant range of 40 km
(=5 km), shows that the wind direction is 247° north
of the radar and 260° south of the radar.

Fig. 3. Color display typical of warm air advection. Picture is
for 2205 PST 13 January 1976, Tacoma, elevation 7.1°. Range
marks at 20 and 40 km, north at top of picture, velocity color code
in the right column. The zero-velocity band bisecting the picture
in the shape of an S indicates winds veering from south near the
ground to west-southwest aloft. Continuing color changes to the
west-southwest and east-northeast out to full range also indicate
that the veering winds extend to the echo top.

Fic. 5. Color display indicating an occlusion with warm air
advection near the surface and cold air advection aloft. Picture
is for 0705 PST 22 January 1976, Tacoma, elevation 7.1°, range
marks at 20 and 40 km. The S within 15 km slant range indicates
veering winds and warm air advection to a height of 1.9 km.
Beyond 15 km the zero-velocity band traces a counterclockwise
spiral, indicating backing winds and cold air advection.

Fic. 4. Color display typical of a warm front. Picture is for
2036 PST 26 January 1976, Tacoma, elevation 7.1°, range marks
at 20 and 40 km. Confinement of the S-shape of the zero-velocity
band to the lowest 1.2 km (to 10 km slant range), and the two
pie-shaped grey wedges extending in from 40 to 10 km slant range,
indicate that the veering wind is confined to the lowest 1.2 km
and place the warm frontal surface at 1.2 km.

Fic. 7. Color display of two velocity maxima at 0006 PST 14
January 1976 (date incorrect in picture). Elevation 11° range
marks at 20 and 40 km. Each velocity maximum produces a pair
of oval-shaped rings, one upwind and one downwind. The lower
velocity maximum core is horizontal, appearing at the same slant
range (10 km) both upwind and downwind. The upper velocity
maximum core slopes upward, appearing at a greater slant range
downwind than upwind.
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22 JAN 1976
0705 PST
El ANGLE=7°

-2

WARM AIR ADVECTION
IN LAYER 0.4-1.9 km

~ THERMAL
S WIND

N coLD AR ADVECTION
I IN LAYER 1.9-4.2 km

4
/T THERMAL
/ WIND

/ —E

1.9 km

F16. 6. Elements derived from the color display shown in Fig. 5. Wind directions are obtained from the zero-velocity band bisecting
the figure by subtracting 90° from the azimuth on the low-pressure northwest side or adding 90° to the azimuth on the high-pressure
southeast side. The two direction scales make this adjustment. Upwind and downwind speeds read from the color display are shown
on the height contours. The hodographs confirm warm-air advection in the layer of veering winds and cold-air advection in the layer

of backing winds.

Occasionally convergence may be suspected by in-
spection of the color display. Fig. 3 is an example. At
a slant range of 20 km (z=2.5 km) the maximum radial
speed downwind (northeast sector) nearly coincides
with the ‘“folded over” contour (red to purple) of
14.60 m s~!, whereas upwind of the radar (southwest
sector) the display shows three colors, or nearly 6 m s™
greater than the “folded over” contour. The discussion
in section 5 verifies the presence of convergence, at
the same height, 30 min later than the time of Fig. 3.

4. Comparison with rawinsonde data

Wind profiles were obtained from the radar color
display using the procedure described in the caption
of Fig. 6. Three comparisons between radar wind pro-
files and simultaneous rawinsonde data, ohtained at the
University of Washington in Seattle, 45 km north of
the radar site, are illustrated in Fig. 8. Since the ob-
servations were taken during periods of frontal passages,
some differences in the soundings are to be expected
due to atmospheric spatial variations. In spite of this,
the results from the two independent methods are very
similar.

During CYCLES the antenna scan sequence included
a series of conical scans, vertically pointing observations
and RHI scans. A single 360° conical scan, with eleva-
tion fixed, required 36 s and the sequence of 4°, 7°, 11°,
15° and 19° conical scans was repeated as often as every
7 min. These data provided a valuable supplement to
the conventional rawinsondes which were obtained no
more frequently than every 45 min.

5. Divergence computations

Procedures of computing divergence from Doppler
radar data are described by Caton (1963) and by
Browning and Wexler (1968). While their techniques
were applied to digitally recorded data, the underlying
principles are readily adapted to photographs of the
color display.

Divergence may be evaluated from the expression

2r Voo
Div =——|:-—-—--1Ifg tana:l,
RLcosa

where V is the average radial velocity at an elevation
angle « and a slant range of R during a 360° scan, and

3
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Fic. 8. Comparison of radar and rawinsonde wind data for 10 January 1976. Half wind barb

is for 2.5 m s™, full barb is for 5

V. is the mean vertical velocity of the precipitation
particles. R is expressed in meters and velocities are in
meters per second, positive away from the radar.

Generally, one is intetested in a vertical profile of
divergence, and in order that the profile may apply over
the same horizontal area one must use a series of scans
at different elevation angles. Our procedure is to com-
pute V at a slant range of 20 km, the inner range
marker on the color display, at elevation angles of 4°,
7°, 11°, 15° and 19° corresponding to heights of 1.35,
2.59, 397, 5.33 and 6.66 km above mean sea level.
This series of scans is completed in about 7 min. The
choice of 20 km complies with Browning and Wexler’s
recommendation that the slant range should be less
than 23 km in order to reduce height errors.

Color transparencies for each elevation angle are pro-
jected onto polar coordinate graph paper. The 20 kin
range mark and the location of all color transitions at
20 km are traced in pencil onto the graph paper. This
produces a diagram similar to the inner portion of Fig.
2. Then, proceeding in 6° steps around the 20 km circle,
radial velocities are determined for each step and V
is computed from

60
V=% 5,/60, (4)

=1

Tasre 1. Mean vertical velocity ¥, of precipitation particles,
ground clutter effects removed, positive upward, between 2208
and 2258 PST, and divergence at 2237 P5T 13 January 1976.

Height (km MSL}) 1.55 2.59 3.97 533 6.66
V. (ms™) -19 =12 —-10 -08 =07
Divergence (107571 —1.62 —1.07 —0.44 4105 +1.37

m s™! and flag is for 25 m 5L

where #; i1s the mean radial velocity of the color band
intercepted at the 7th step. _

Vertical velocities of precipitation particles [V, in
Eq. (3)] can be estimated by pointing the antenna
vertically. During the CYCLES Project vertically
pointing scans are interspersed regularly with the
conical scans, Generally small fallspeeds, characteristic
of snow, were observed as one would expect with the
low freezing levels. Fallspeed spectra were recorded
during the CYCLES Project and these spectra have
been used to remove the influence of ground clutter in
estimating average vertical velocities of the precipita-
tion particles.? During 23 min of vertical scanning, be-
tween 2208 and 2258 PST on 13 January 1976, the
vertical velocities given in Table 1 were observed. These
values of V, are believed to be representative of Pacific
Northwest storms and were used to obtain the diver-
gence profile given in Table 1. The magnitudes of the
convergence and divergence in this case are consistent
with the results of Matsumoto et al. (1967) who found,
from measurements with closely spaced rawinsondes,
that divergence in the mesoscale precipitation areas
of winter storms over Japan was ~10~* s~

Errors in the estimates of divergence that are peculiar
to this procedure can be evaluated. Since only the term

3 When vertically pointing, a second data system was activated
which digitized the raw Doppler signals and recorded them on
digital magnetic tape. Doppler spectra were computed later from
the complex time series using a fast-Fourier transform algorithm
and general purpose computer. Bias of the mean velocity estimates
due to ground clutter was eliminated by removing the zero velocity
spectral line from the spectrum. The mean vertical Doppler
velocities were then obtained from the spectra using the objective
thresholding method of Hildebrand and Sekhon (1974) to remove
bias effects due to the background noise spectral density.
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2V /R cosa in Eq. (3) is derived by this procedure, we
can obtain the desired error estimates by determining
op, the standard deviation of ¥, and evaluating
(2/R cosa)ap. _

From the expression for V in Eq. (4) we have for
the variance of V

Var(V) = ‘E (1/60) Var(z,), (5)

i=1

and since 7 is obtained by rounding off within an inter-
val of approximately 2 m s~

Var(3)=2%/12=1% m? s 2.

Thus from Eq. (5) we obtain ¢7=0.07 m s~ and the
divergence errors peculiar to this procedure are found
to be 0.07X 104 s~ at a height of 1.55 km, increasing
to 0.08X10~* 57! at 6.66 km. Since these errors are an
order of magnitude smaller than the divergence esti-
mates of Table 1, the procedure is evidently quite
accurate.

6. Conclusions

Experience using the NCAR CP-3 radar in the Uni-
versity of Washington’s CYCLES Project. has shown
that colored Doppler velocity patterns provide a variety
of useful information in real time on the wind field in
situations of widespread precipitation. These displays
do not substitute for the more precise and accurate
motion field analyses that may be performed after the
fact. Rather, they augment such analyses by permitting
meteorologists to identify significant features that are
likely candidates for further analysis. The displays per-
mit rapid measurements of wind speed and direction
as a function of height, and divergence which can be
computed from pictures of the radar color display with
suitable speed and accuracy for mesoscale analysis.
Readily recognizable patterns in the color displays
have shown warm and cold advection layers, wind
maxima and zones of difluence or confluence. Warm
advection is indicated by an S-shaped zero velocity
band, while cold advection is indicated by a backward
S. Maximum wind layers appear as concentric color
rings around a maximum velocity core. Difluence or
confluence is indicated by asymmetry in the zero-
velocity band. The displays also permit the meteo-
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rologist to optimize his data collection methodology
through real-time decision making, thus concentrating
his instrument resources (radars, aircraft, rawinsonde,
etc.) on the most interesting situations.
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