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1. INTRODUCTION 

Tue observations reported here are from 
two Doppler radars obtained during Project NIMROD 
in northern Illinois on 25 June 1978. On this day the 
National Center for Atmospheric Research (NCAR) 
CP-3 radar located near Yorkville, IL was only able 
to point at a fixed elevation because of a hardware 
failure. Remarkably, while the radar was pointing 
to the zenith, two large thunderstorms passed 
directly overhead. Both storms produced hail and 
heavy rain at CP-3 and contained mesocyclones at 
mid-levels . 

The second Doppler was the Illinois State 
Water Survey CHILL radar which scanned the storm 
in azimuth in steps of elevation. The NCAR CP-4 
radar was also involved in NIMROD, but on this day 
was being dismantled for transportation to another 
project. · 

From the zenith-pointing radar vertical 
motions and radar reflectivities of high resolution 
(100 - 300m) were obtained. Combining the Doppler 
velocity components from both radars provides a 
vertical cross section, along the line joining the two 
radars, of precipitation particle velocities. Air 
motions can be estimated by subtracting the terminal 
fall speeds of the particles using empirical relation
ships between radar reflectivity factor ( Z ) and 
particle terminal fall speeds (Joss and Waldvogel, 
1970) and corrections for air density (Foote an~ 
du Toit, 1969). '· 

At least two other occasions have been 
reported in the literature where a hail storm has 
passed over .a zenith-pointing radar. Battan (1975) 
observed a severe hail storm with a single zenith
pointing X-band DQppler. Large variations in verti
cal velocity were observed in a few hWldred meters. 
Strauch and Merrem (1976) utilized two X-band · 
Dopplers similar to the method used here to observe 
a portion of a hailstorm in northeast Colorado. Their 
storm, as well as the case reported here; had a 
motion along the line joining the two radars . 

1 
Tue National Center for Atmospheric Research is 

sponsored by the National Science Foundation. 

447 

2. RADAR OBSERVATIONS 

CP-'3 is a C-band radar with a 1.1 deg beam 
width and lAI s pulse length. Data gates were 
spaced every 150 m in height throughout the entire· 
17 km storm depth. Measurements were made at 
each height every O. 2 s. A total of 256 radar pulses 
were averaged for each height interval measurement. 
The 1. 1 deg beam width provided a horizontal reso
lution of better than 300m at the storm top. However, 
because of the high frequency of ti.me observations, 
horizontal features smaller than 300 m are observed. 

CHILL is an S-band radar with a 1. 0 deg 
beam width and l-'f s pulse length. Data gates were 
spaced at range intervals of 150 m. At the range of 
CP-3 the sample volume was about l km wide. A 
total of 128 pulses were contained · in each measure
ment volwne. The CHILL radar scanned azimuth 
sectors encompassing the entire storm in 1 deg 
elevation steps from O - 15 deg; Three-dimensional 
scan sequences were completed in 3 min and imme
diately repeated throughout the storm period. 

. Tue CP-3 radar was located at an azimuth of 
288. O deg and 59. 69 km from the cHILL radar. · CP-3 
collected data in the vertical-pointing mode from 1545 
to 1756. Figure ~ is a time-height display of the 
radar reflec.tivity pattern observed by CP-3. The 
darker the shading the higher the reflectivity, To 
fit on the page, less. than one of every 30 vertical 
rays of data are displayed. Using storm motion to 
convert time to distance the horizontal axis is com
pressed about a factor of two relative to height. 
Figure 1 was photographed from the NCAR Research 
Display Support St:ystem ( RDSS ) which has a variety 
of capabilities for displaying radar data. Mostcom
monly, colors are used for display rather than the 
gray shades in Fig. 1. 

This paper will only consider Cloud A from 
1619 -1651. 
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Figure 1. Time -height display of radar reflectivity obtained from the zenith-pointing CP-3 (NCAR) radar during 
the passage of two rotating thunderstorms over Yorkville (YKV). Illinois. YKV, ORD, and CHL form the 
Doppler triangle of the Proj ect NIMROD network. ' (For the network refer to Fujita (1979) and Stiegler and 
Fujita (1979) in this Preprint Volume.) 

3. DATA ANALYSIS 

3. 1 CHILL PPI's 

Figure 2 shows PPI type presentations from 
CHILL of radar reflectivity and Doppler velocity 
for three antenna elevation angles and five time 
periods as the storm moves over CP-3. CP-3 is on 
the north side of the high reflectivity core. (Note 
reflectivities in Fig. 2 are about 10 db high because 
of a calibration error. ) At mid-height (5 km) the 
Doppler velocities indicate a mesocyclone on the 
south side of the storm with radial speeds of 41 m/s 
toward the radar and 15 m/ s away. The center of 
the mesocyclone (M) passes south of CP-3. Note 
that the high reflectivity region at mid-levels is 
acting as an obstacle to the air flow, in that veloci
ties are higher to the north and south of the core. 
At upper-levels (11 km) a strong radial component 
(26 m/ s) toward the radar develops between 1639 
and 1642. Associated with this sudden increase in 
velocity is the rapid development of an echo weak 
area at the top rear of the storm. It is hypothesized 
that this is the result of a strong downdraft originating 
at cloud top that becomes inclined toward the CHILL 
radar. This pienomena is discussed in greater 
detail by Fujita (1979) elsewhere in these Proceedings. 

3. 2 CP-3 Vertical Pointing 

Figure 3 and 4 show time-height analysis 
obtained from CP-3 of radar reflectivity factor and 
Doppler velocity, r espectively. Observations of 
surface hail are indicated at the bottom of the figures. 
Most of the surface hail is associated with reflec
tivities between 50 and 60 dBZ and particle vertical 
velocities of -10 to -33 m/s. The larger downward 
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velocities are 2 - 4 km above the surface. It is 
believed CP-3 was on the north edge of the hail swath. 
Tue hail was most likely grown aloft south of the 
radar and advected at low levels toward the radar on 
south winds. 

When the reflectivities and Doppler velocities 
are observed on the RDSS with high resolution, par
ticularly when color enhanced, numerous semi
vertical streaks are observed. Some of these features 
have been illustrated in Figs. 3 and 4 using arrows 
to indicate "Updraft streaks". "Precipitation streaks" 
or streaks of relatively high reflectivity and large 
downward velocity are also apparent in high resolu
tion displays. One of these is shown in Figs. 3 and 
4 at about 1624. 

Several regions of strong downward ( ~ -20 ny's) 
Doppler velocities originating at echo top are observed. 
Four such regions have been labeled as "Downdraft" 
in Figs. 3 and 4. The three "Downdrafts" between 
1620 and 1631 are associated with a sharp decrease in 
reflectivity, suggesting that the downdraft is causing 
warming and precipitation evaporation. From air
craft cloud fbotographs Fujita (1974) has observed 
similar rnenomena in the rapid collapse of cloud 
turrets. One of these was measured to descend at 
41 m / s. Tue large area labeled "Downdraft" from 
1637 -1650 has two origins , one from the back and 
one from the top, which will become apparent in 
Fig. 7 . . The one originating at the echo top is likely 
associated with the CHILL observed rapid decrease in 
echo top just to the north of CP-3. Elsewhere in 



1630 1639 1642 1645 1648 CDT 

Figure 2. CHILL radar PPI's for 3 heights and five time periods during the passage of a hailstorm over CP-3. 
Yorkville (YKV ), the location of the vertical-pointing radar, CP-3, is near the intersection of the 60 km range 
mark and 288 deg. radial. Doppler radial velocities > + 5 m/s (away from .radar) are shown by stippling. 
Velocities < -20 m/ s (toward radar) are shaded. The letter M on the mid-level scans indicates the center 
of the mesocyclone. Reflectivity contours are in intervals of lOclBZ with black designating areas ~ 64 clBZ. 
Note: The clBZ values from CHILL tape appear to be 10 clBZ higher in comparison with the dBZ of CP-3. 

these Proceedings Fujita (1979) has suggested that an 
overshooting cloud top (tropopause 14 km) of high 
reflectivity just north of CP-3 is collapsing at this 
time, creating a strong downdraft and echo weak region 
to the rear of the storm. YKV is on the south edge of 
this phenomena, thus is only briefly affected. 

Figure 4 indicates the presence of sane very 
large shears, particularly near 1621 and 1626, at a 
height of 12 km. At 1621 the Doppler velocity changed 
from + 13 m/ s to -22 m/ s in about 10 s. As will be 
shown later in Fig. 7, the horizontal air flow is about 
25 nv's at this location, indicating a shear of 35 m/s 
in 250 m (0.14 s-1 ). Since this distance is equiva
lent to the radar half-power beam width it is likely 
that the actual shear is even larger. It is speculated 
that this may be the signature of a strong horizontal 
vortex similar to the tornado vertical vortex signature 
observed by Brown and Lemon (1976). 

Also apparent in the high resolution displays 
and to a lesser extent in Fig. 1 is the "bright band" 
or freezing level. It occurs near 4 km at the begin
ning and end of the storm when vertical air velocities 
are small. 

3. 3 Vertical Cross-Section from Combined 
CHILL and CP-3 Data 

Figure 5 shows particle velocities at the time 
and height of each CHILL observation over CP-3. 
The velocities were obtained by graphically adding the 
CP-3 and CHILL Doppler velocities. The CHILL 
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radar was sampling a volwne with a diameter of 1 km 
and depth of 150 m. For comparability, the CP-3 data 
was averaged over a 1 Ian height interval. · 

Because of very forwnate circwnstances much 
of the air flow was within the vertical plane connect
ing the radars. Through a large depth of the storm, 
the environmental winds were along the radial between 
the radars , as well as the storm motion itself. The 
time scale may be interpreted as a horizontal distance 
scale with a 1 :1 aspect ratio relative to the height · 
.scale. Caution should be used when interpreting the 
time scale as distance since the storm is not neces
sarily steady state. 

The size of the black dot, at the origin of each 
vector in Fig. 5, corresponds to the magnitude of the 
radar reflectivity. In general, the larger dots have 
larger downward velocity components, indicating a 
significant contribution from the particle terminal 
velocities. To better visualize the air motions them -
selves, estimates of particle terminal velocity were 
made and subtracted from the Doppler velocities. 

The empirical relationship given by Joss and 
Waldvogel (1970) relating radar reflectivity factor to 
particle terminal velocity CV-t) was used, 

Vt = 2.6 Z0.107. 

This relationship is for rain and will likely under
estimate hail terminal velocities by a factor of two 
(Ulbrich, 1977). Snow and graupel terminal velocities 



MESOCYCLONE CLOUD "A" OVER YKV on June 25, 1978 (CP-3 Doppler Radar) 
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Figure 3. CP-3 time -height rada"r reflectivity analysis . Surface observations of hail size at the radar are 
indicated at the bottom. The shaded area indicates regions in excess of 50 c!BZ. 
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Figure 4. CP-3 time - height Doppler velocity analysis. Shaded areas indicate r egions of upward Doppler velocity. 
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PARTICLE VELOCITY 0 50m/ HC ............................ 

Figure 5. Two-dimensional particle motions derived 
from CP-3 and CHILL in a vertical plane through 
the radars. Backgrotmd contours are radar reflec
tivity factor from CP-3. 50 dBZ or higher reflec
tivity areas are shaded. Tue size of the black dots 
at the vector origin corresponds to the reflectivity 
magnitude. The length of the arrow is proportional 
to the speed. The speed scale is located at the top 
of the figure. 

RADAR - RELATIVE VELOCITY 0 50ftl/H C ............................ 

Figure 6. Two-dimensional airflow in a vertical plane 
through CP-3 and CHILL. The velocity vectors at 
zero height are the components of the maximum winds 
measured within each one-minute interval at the PAM 
station at CP-3. For PAM stations of the NIMROD net-

. work, refer to Fujita (1979). 
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will likely be overestimated by 1 - 2 m/s (Heymsfield, 
1979). A correction for air density (f') was made 
using the relationship of Foote and du Toit (1969), 

V = Vo (j )0.4, 

where Yo and f'. refer to the terminal velocity and 
air density at sea level. This correction does not 
exceed a factor of two witil a height of 14 km. 

Figure 6 shows the two-dimensional air flow 
relative to the radar after subtraction of the particle 
terminal velocities. Updrafts become more apparent 
in the upper portions of the storm. Anemometer 
measured wind components are shown at zero height. 
Until 1629 the wind at the surface is toward CP-3 even 
though the Doppler winds less than 1 km above are 
away from CP-3. The change in the surface wind 
component direction at 1637 helps verify the presence 
of a diverging downdraft at this time in the Doppler 
winds. 

To obtain the air flow relative to the storm, 
a storm motion of 10 m/s was subtracted from the ..... 
air motion in Fig. 6. The resulting air motions are 
shown in Fig. 7. The organization of the storm up
draft is clear. It originates at the lower leading edge 
of the stonn and its axis is inclined toward the rear 
of the storm at about 45 deg. It splits into two por
tions, one curving eastward and exiting through the 
anvil on the leading edge of the· stonn and the other 
branch through the top rear of the storm against the 
environmental winds. Below a height of 10 km air is 
overtaking the .storm from the rear and descending in 
the heavy precipitation. 

STORM - RELATIVE VELOCITY 0 

Figure 7. Two-dimensional airflow relative to the 
storm in a vertical plane through CP-3 and CHILL. 



Comparison of storm relative air motions in· 
Fig. 7 with those observed by Strauch and Merrem 
(1976) for a Colorado hail storm are strikingly simi
lar. The primary difference was that the Colorado 
storm had weaker air flow into the rear of the storm 
at mid-levels. 

4. CONCLUSIONS 

The air flow in a vertical plane through a 
large hail-producing thunderstorm has been success
fully derived from a zenith-pointing and scanning 
Doppler radar. 1his technique is particularly infor
mative, as in this case, when the air flow is parallel 
to the vertical plane joining the radars. Interpretation 
is difficult if there is significant flow out of the plane. 
A third radar would be required to obtain a more 
complete picture. · 

The high resolution data from the vertical -
pointing Doppler shows many small scale features 
with large magnitudes. These features which occur 
in both precipitation and wind are often only several 
hundred meters in horizontal extent. The vertical
pointing data showed several downdrafts originating 
at echo top with downward velocities in excP.ss of 
20 m/ s. "Precipitation streaks " and "Updraft streaks" · 
were also common. Horizontal shear of the vertical 
wind in excess of lo-1 s-1 was observed. These small 
scale features cannot be resolved by scanning radars 
that have pulse volumes a kilometer in diameter and 

· require munutes to complete a volume scan, Thus, 
a basic incompatibility exists in combining zenith 
pointing and scanning radars. 

The following experiment is proposed in order 
to obtain both the small scale air motions and the 
general storm-wide air flow characteristics. When a 
suitable opportunity arises, one Doppler should be 
pointed vertically while two others at close range 
( ~ 50 km), but separated in azimuth by at least 
30 deg, scan in elevation at fixed azimuth ( RHI) over 
the vertical pointing radar. Two additional Dopplers 
would then be used to scan the entire storm. 
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