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Abstract. Data recorded by the Skywater radar during the Cooperativa Zonvective
Precipitation Experiment were used to produce echo cluster statistics. The average
echo cluster is initiated in the mid-afternoon (15:13 MDT) and continues for 1.8 hours.
It has a maximum reflectivity of 45.4 d8z, and produces 296 km2.mm of rainfall. The
storm moves from the west to east at a speed of 12.5 wm/s. Analysis revealed a bimodal
distribution of maximum echo heights with the low mode at 6.9 km and the upper mode at
9.4 km. Comparison of predictors for radar estimated rainfall confirmed the value of
the Arca-Time-Integral {ATI). Echo statistics were in good agreement with those
obtained from a different project in North Dakota for the same year, with greater
differences obtained for statistics from projects in more humid climates. The
importance of .year-to-year variability is affirmed.

1. INTRODUCTION _

During the course of the 1981 Cooperative
Convective Precipitation Experiment (CCOPE)
centered at Miles City, Montana, a wealth of data
was accumulated by many investigators interested
in precipitation-producing convective weather
systems and beneficial modification of those
systems. From these data, many studies have been
conducted. Reports have included case studies,
moisture budgets, and time histories (Fankhauser
et al., 1985; Nye et al., 1986; Koch et al., 1988;
Knignht and Knupp, 1986; Miller et al., 1988;
Rasmussen and Heymsfield, 1987; and Schmidt and
Cotton, 1989). Beyond the case studies of par-
ticular events that occurred during the field
season, few investigators have studied statistical
aspects of echo clusters utilizing the existing
radar data. This study was accompiished to nre-
para a composite description of the echo clusters
observed in CCOPE. Such a compositz should be
useful in the comparison of southeastern Montana
convective climatology to that of other areas, and
to provide a useful data base. Consideration of
these results in the design of future weather
modification projects for the region should prove
beneficial.

The results of the present study can be placed
. in a broader geographical context by comparison
with similar studies performed in other parts of
the country. Smith et al. (1985) preseanted a
study of radar echoes observed in western North
Dakota during the summers of 1981 and 1982 as
a part of the North Dakota Cloud ModiFfication
Project. Their results provide a basis for com-
parisons with nearby data during the CCOPE season
and also provide information on year-to-year
variability. The motion of radar echo clusters
over the Black Hills of South Dakota was studied
by Kuo and Orville (1973). Dennis et al. (1971)
reported on radar observations of hailstorms in
western Hebraska. Foote et al. (1979) presented
data on radar cells observed in the National Hail
Research Experiment (NHRE) in northeast Colorado,
southeast Wyoming, and western Nebraska. These
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two studies provide comparisons for intense
storms further south in the High Plains. Huff
(1987) statistically analyzed data collected on
radar storm echoes in I1linois. This study is
especially interesting as it provides a contrast
between storms observed in the northern Great
Plains with those in the more moist Midwest. His
study was directed to applications to weather
modification, and we will draw upon his results
at several points in our discussion.

Results of data collected near St. Louis
during the Metropolitan Meteorological Experiment
(METROMEX) are summarized in Braham (1981). This
study provides results on a slightly different
population at the southern edge of the area
coverad in Huff's (1987) study. Lopez et al.
(1984) stratified data on Florida rainstorms in
several different categories. Some statistics of
storms of similar lifetimes to those observed in
the present study are presented.

2. DATA SOURCE AND PROCESSING

For this study, all volume scans recorded by
the Skywater radar located near the Miles City
airport during CCOPE were acquired. The data set
begins with 20 May and continues through & August.
A typical data recording day started at 1000 local
time (all times given are Tocal daylight time) and
continued as long as echoes were present or until
2300, whichever occurred first. On 17 July,
recording started at 0900; this first hour of
collected data is intentionally left out of
studies based on time of day.

The Skywater radar operated at a frequency of
5.55 GHz, a pulsa repetition frequency of 414 Hz,
and a pulse duration of 2 psec with a horizontal
bearmidth of 0.9° and a vertical beamwidth of 1°.
The radar was located at latitude 46:24:46 north
and longitude 105:55:13 west at an altitude of
802.6 MSL. The data bin width along the radial
was one-half kilometer. In the volume scan mode,
the first complete azimuth scan covered one
rotation in 1° azimuth steps at 1° elevation.



The elevation was then increased in 1° increments
to a maximum of 12° with a complete rotation at
each elevation step. The volume scans were
repeated at approximately S-minute intervals.

The data were provided by the U.S. Bureau of
Reclamation in the A-file format (Schroeder and
Klazura, 1978). A software procedure applied the
calibrations that accompanied the requested tapes
and compressed the resulting data into reflec-
tivity files. Compression included removal of
hlue sky and other regions with echoes less than
the threshold value (typically 6 dBz). The com-
pressed reflectivity or "dBz" files were used for
all succeeding processing.

The first product derived from the d3z file
was a CAPPI-Tike product called "low tilt." It
combinas the 3° elevation scan from 20-50 km range
with the 1° elevation scan for ranges beyond
50 km. Data within a 20 km radius of the radar
site were eliminated to minimize ground clutter
effects. DNata beyond 200 km were also eliminated
for the purpose of minimizing range effacts.
Using the low-tilt product from each volume
scan, an echo cluster was defined as one or more
contiguous bins with echo meeting the criteria
indicated in the next paragraph. The identified
cloud cluster commenced at the earliest scan time
possible and was followed until dissipation. The
cluster was "boxed” by defining range and azimuth
coordinates for box corners that enclosed the
cluster. The boxing information is used as input
into another software utility which derives
specific parameters related to volume and area
as illustrated in Table 1.

Clusters were chosen when they met specific
criteria: 1) the cluster had to be present during

TABLE 1

Parameters Defined from Each Cluster Lifetime

. PARAMETER . DESCRIPTION R
1D A two character code assigned uniquely each
day to identified clusters.
Time Time of initial scan of the cluster.
Month, Day Date of initial scan.
DOY Day of year

Average Reflectivity Average of the maximum reflectivity of each
scan over the cluster's lifetime.
Average Height Average of the maximun height of each scan
over the cluster's lifetime.

Maximum Reflectivity Maximum reflectivity for the cluster lifetime.

Maximum Height Maximum height reached by the cluster during

its lifetime.
ATI Area-Time-Integral

Duration Time difference between initial and final

scan.

RERV Radar estimated rain volume as computed by
Z-R relationship.

Range Average cluster distance from the radar for
its lifetime.

Initial Range Coordinates of the cluster

Initial AzimuthJ first echo.

Surface

853 mb Wind direction determined from the nearest

700 mb . sounding in space and time for the indicated
500 mb J Tevels.

four consecutive scans, or exist for at least

30 minutes; 2) maximum raeflectivities had to equal
or exceed 25 dBz; 3) tne cluster lifetime had to
be contained within the radar surveillance area;
and 4) if the cluster passed over the 20 km
blanked area around the radar during its lifetime,
it was dropped from further consideration. FEcho
splits occurred occasionally in the data set and,
when they did, the original cluster identification
was maintained for that portion of the echo that
continued on the path nearest that of the original
cluster. This portion usually exhibited the
larger echo area. A naw cluster designation was
established for the other portion derived From
the split if it continued as an entity for the
required 30 minutes with reflectivities > 25 d8z.
In the event that a small portion split from the
nain cluster and subsequently decayed within the
30-minute time frame, this portion was included

as part of the original cluster. Echo mergers
occurred as well; the dominant cluster involved

in the merger was considered as the continuing
cluster, with the other merging cluster's

lifetime ending at the time of merger.

Clusters which drifted into the radar
surveillance area as a mature or decaying event
were eliminated from the data set, Clusters with
initial echo locations at the outer range limit of
surveillance were eliminated. Figure 1 shows a
slight depression in the number of clusters at
maximum range due to this correction. The final
data sot consisted of 765 clusters.

A broad spectrum of echo size is represented
by the studied clusters which range from isolated,
one-cell events to multicellular events as large
as mesoscale convective systems. No attempt was
made to subdivide the cluster set by synoptic type
or evolution characteristic such as line, area, or
jsolated echo. Huff (1987) found 1ittle evidence
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to distinguish differences by synoptic type for
radar echoes studied from I11inois. A large
portion of the CCOPE echoes either had their ini-
tiation in a line formation or their initiation
helped form a line. Even though all forms of
cluster initiation were grouped in this study, it
is interesting to note that the average cluster
area (168 km?) compares with 104 km2 reported

by Huff (1987) for echoes with durations

> 15 minutes.

Echo summary outputs provide several
parameters; those parameters appear in Table 1.
Maximum echo height is determined by the midpoint
height (MSL) of the radar bin volume for the bin
of greatest height with reflectivity > 20 dBz.
Earth curvature and atmospheric refraction are
included in the height calculation. Tha
Arza-Time-Integral is determined by multiplying
the area enclosed by the 25 dBz contour by the
centered time interval between the previous and
the following scan. For the first scan, the time
interval is one-half of the time increment between
the initial scan and second scan; for the final
increment, it is one-half the period between the
Tast two scans. The product of area > 25 dBz and
time is summed over the lifetime of the cluster;
the sum is the Area-Time-Integral (Doneaud et al.,
1984). Parameter RERV is the radar estimated rain
volume as computed by using a Z-R relationship
(Z = 155R1.88, Smith et al., 1975). A rain rate
is determined for each reflectivity recorded at
the low-tilt elevations. The rain rate is
multiplied by the projected area of the radar
range bin and the time increment hetween scans.
The product is summed for all bins for each scan
for the Tifetime of the cluster to get rain volume
for the event. .

The last four entries of the table are derived
from soundings and are wind speeds based on
soundings froin one of six stations (Miles City,
Baker, Colstrip, Knowlton, Powderville, and
Glendive). The selected sounding was taken
nearast in time {(preceding the first echo time)
and position to that of the cluster first echo.
Wind directions at the surface, 850 mb, 700 mb,
and 500 mb were included in the data set.

The range was bounded by a minimum of 20 km to
a maximum of 200 km. Consideration of the beam
characteristics implies that the nearest bin had a
projected area of 0.18 km2, while the most distant
had a 1.74 km2 projected area. This difference
could be reflected in the data set as a range bias.
From the radar parameters that were selected,
maximum haight is one of the parameters that
should be influenced by a range bias.

The scatter plot of maximum echo height as a
function of first echo range is presented in
Fig. 1 to demonstrate a possible range bias. This
figure indicates lower maximum heights in the
20 to 80 km range. This would indicate that the
actual tops of the storms were not observed in
. this range interval because of the restricted scan
elevations. -At 12° elevation and 80 km-range, the
greatest echo height possible is 17.8 km, which
is beyond the observed upper limit. For ranges
greater than 140 km, the smaller avents are
missed; at maximum range, cloud tops must exceed
6.6 km to be observed. Echoes at long ranges
requira more development before satisfying the
threshold because reflectivities for the larger
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.at shorter ranges.
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bin volumes represent an average value for the
total volume. This effect is substantiated by
maximum reflectivity observations as well.
Reflectivities do not exceed 60 dBz for ranges
> 160 km; near 200 km, the maximum limit is nearer
55 d3z. For the parameters selected for study,
only heignht will be directly affected by the bhias
Storm siza (ATI, RERV, dura-
tion, and height) will average slightly above the
true mean for Targe ranges. With these biases in
mind, the following results are reported.
3. TYPICAL ECHO CLUSTER CHARACTERISTICS
Histograms of selected parameters are
displayed in Figs. 2a-c. The central tendencies
for these parameters are illustrated in Table 2.
Figure 2a demonstrates the time-of-day frequency
for first echo occurrence. The major peak between
1000-1100 occurs because of project design.
Skywater radar began operations at 1000 whenever a
"go" day was declared. Therefore, the percentage
of "first echoes" at 1000 is artificially ennhanced
because earlier scans were not available and the
first echo times were taken as the first scan time
if the cluster was still growing. As expected,
beyond the 1090 anomaly, the curve is somewhat
bell-shaped with maxima occurring in the afternoon
and evening. The mean and median of this distri-
bution are the same and occur at 1518, while the
mode is the 1000 block.

Frequency of storms as a function of day of
the year is demonstrated in Fig. 2b. This histo-
gram blocks the data by five-day segments and
illustrates that there is great variability
between the five-day groupings. It is interesting
that the storms identified as significant events
for case study analysis did not always occur
during episodes of maximum storm frequency.
Frequency extremes range from a low of 1.0% to a
maximum-of 14.6% and occur back-to-back around
24 July. An unusual event would be an entire
five-day block without any storms, while it is
not unusual for a five-day block to contain 10%
of the summer events.

The typical echo cluster has a lifetime
duration of 1.80 hour (distribution mean).
Longest duration was over 10 hours. Some storms
Teft the area during their lifetime and were not
included in this study. This results in a bias
decreasing the numbers of longer lasting storms.
For storm motions of 12.5 m/s, durations of
9 hours or more are eliminated. The net effect
of this bias is an accelerated frequency
depression as a function of duration.

The distribution of maximum heights reached by
echo clusters during their lifetimes is presented
by Fig. 2c. The distribution is bimodal, cen-
tering about 6.9 and 9.4 km. The distribution
skewed to higher levels with 16.3 km being the
highest observed. No cases were found to hava
maximum haights Tess than 4 km. The bimodal
distribution is of interest and has also been
observed by Braham (1981) during the METROMEX
Project as given by the dashed line in the figure.
Based on a numerical cloud model study by Mueller
(1978), he attributed the bimodal distribution in
cloud heights observed in the rural METROMEX popu-
lation to the role of glaciation and cloud radius
in allowing clouds to grow past mid-level dry
Tayers. Small clouds are more strongly affected
by mixing and thus are stopped by dry layers

is
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TABLE 2
Measures of Central Tendency for Specific Pareneters

] ; MEAN | MEDIAN  MODE 20 RANGE _ _UNITS
= ‘ - Time of Day 15:18  15:18  10:02  12:02-18:34  hr (MDT)
N . i Day of Year 175 170 202 152-199 day
Duration 1.80 1.33 0.51 0.4-3.2 hr
, "_‘_‘ Maximun Height 8.4 8.2 6.9/9.4 6.2-10.6 km
ol . l — = . L . Maximum Reflectivity 45.4 44.4 36.7 36.6-5%.0 d3z

FREGUENCY (%}
10

9 11 21 23
TIME OF FIRST ECHO (MDT) Radar Estimated Rain
. Volume 206t 284 1026 36.4-2406  km2.mm
o Area Time Integral 93.6t  80.0 22.4 13.9-628 km2.hr
(b) Average Range 123 125 124 82-154 km
Initial Range 122 125 193 73-171 km
g Initial Azimuth 197 211 295 94-330 degree
> ]
5ol .
1:1)1 thean of an assumed log normal distribution.
o
E - RO —
The radar rz2flectivity maxima {not shown)
are distributed about a mean of 45.4 dBz and arz
skewed to lower values as indicated by a mode of
°a @ 3 = 3 s = 3 ) ) 36.7 d8z. Reflectivities range from the threshold
X ke H H H 3 3 3 2 3 to a maximum of slightly over 57 d8z., About 17%
DAY OF YEAR of the cases reachad maximum reflectivities
exceeding 55 dBz, whicnh has been shown by numerous
9 - . v investigators to be a reasonable indicator of the
. presance of hail (Jennis et al., 1971; Foote et
\e) al., 1979).
Radar rain volume estimates range from 1,1
2 to 163973 km2emm (km2.mm = 1 metric kiloton) with
N both extreme events occurring on 31 May. The
Saol E average s 296 km2.mm which implies that the typi-
§ cal storm produces little moisture; only 6.3% of
w the events producad amounts > 10,000 kmZ.ym. Half
= the total rainfall (922821 km2.mm) was produced by
. 3% of the 765 clusters.
e by 3.1 Cluster motion
ol 615 ——1h A companion study of the CCOPE radar data
MAXIMUM HEIGHT (km) resylted in an M.S. thesis by Tao (1987) which
primarily dealt with cluster motion. The results
Fig. 2: Frequency histograms: a) Time of First of his study are summarized in Table 3. Mr. Tao's
echo using 1-hr bins to categorize the data set. procedure was to subdivide the season into six
On 17 July, operations started at 9:00 a.m., and time periods; this is the vertical presentation
these data are included in this figure for com- of the table. The horizontal extent of the table
pleteness. bh) Occurrence of convective event by represents the eight cardinal directions of tracks
day of season using bins 5 days in width. The taken by clusters. The numbers represent the per-
figure is extended with an empty block before cent of all clusters for a given time period that
20 May and after 6 August to increase readability. had trajectories from the given direction. The
¢) Cluster lifetime maximum echo height using final table entry is the composite for the season.
1/2 km bin width. Dashed line for St. Louis
clouds, adapted from Braham (1981). " The first time period, 20-31 May, indicates
that cluster trajectories swept across the CCOPE
network from the directions of north through east
aloft. Larger clouds are able to protect the to southwest with no occurrences moving from the
updraft core from the effects of mixing with the directions west to northwest, the highest frequen-
dry mid-Tevel environment and thereby continue to cies of storm movemeat being from the southeast
near the tropopause. Two modes are thus created: and southwest. The speeds were lower in the first
A Tow mode determined by the neight of the mid- period than for the rest of the season. The next
Tevel dry layer and a high mode which is deter- time period (1-15 June) demonstrates a dramatic
mined by the height of the tropopause. This may shift with trajectories preferring a west to east
be a plausible hypothesis for the occurrence of movement. This preference continues throughout
the bimodal cloud height distribution in the the secason except for the 1~15 July period when
CCOPE clouds. the southwest direction was slightly favored.
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TABLE 3

Frequency of the Direction of Cluster Motiont

No. N NE E SE S SH W Ny SPEED

- T T T = - - Tw/sy
May 20-31 146 9 9 7 36 11 28 4-12
Jun 1-15 191 4 29 50 17 12-14
Jun 16-30 169 3 1 14 62 20 11-18
Jul 1-15 102 4 5 62 29 11
Jul 16-31 206 i 6 8 10 10-11
Aug 1-6 87 26 65 9 12-14
Season 1 1 2 7 3 28 48 9 10-18

. _.1Based on Tao (1987). Motion is from the direction given.
similar to that used to describe wind direction. Last entry
is the season summary.

This doninanca of woest Lo east trajectories during
the summer months is as expected (Kuo and Orville,
1973). Typical cluster trajectories for the 1981
season are from the southwest or west at a speed
of 12.5 m s~1. Mean speed is uniform across all
time periods except for May when the mean speed
was 7 m s~1. The transition from winter-spring
weather systems to summer weather patterns which
occurs near the end of May has a drastic effect on
echo-cluster trajectories. This record indicates
" that this occurred toward late May or early June.

3.2 Parameteric variation during the day

Several of the parameters were reduced to
hourly averages over the course of the project.
For example, all measurements of duration for echo
clusters that have a start time between 1000-1100
are averaged and illustrated in Fig. 3a by a point
at 1000. Continuing this averaging technique for
succeeding hours resulted in Fig. 3a. The
averages tend toward the 1.8 hour overall mean
with shorter durations for echo clusters starting
later in the day. By project design, echo clus-
ters starting late cannot have a Tong measured
Tifetime, yet storms that begin in the late
evening may he inherently small and short-lived.
Unfortunately, this comparison is incapable of
discrimination between the two causes.

Hourly average maximum height is demonstrated
in Fig. 3b. The greatest average maximum height
of all echo clusters occurred for events with
starting times after 2000 in the evening. There
is a tendency for the maximum heights to increase
.throughout the day with a downward deflection
around 1900. It has been documented that there's
an early-evening resurgence of activity in this
region (Koscielski and Dennis, 1976; Miller and
Smith, 1986). The final two points could be
contaminated because clusters that lasted longer
than the surveillance time could not be included.
Maximum reflectivity hourly averages {not shown)
scatter about the mean (45.3 dBz), with lower
values (43 dBz) for the morning period (1000 to
1200). The highest hourly averages occur in
storms that start at 1700 (48.1 dBz) and 2100
(47.7 dBz). Tne estimated rain per cluster was
also averaged by hour and the mean of 296 km2.mm
is followed by 9 of the 12 hourly intervals;
the other 3 dintervals (17, 20, 21 hrs) are wall

"REVIEWED"

(a)
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AVERAGE CLUSTER DURATION
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TIME OF DAY (MDT)
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(b)

{km)

AVERAGE CLUSTER MAXIMUM HEIGHT

[(e]

8 10 12 14 i6 18 20 22 O
TIME OF DAY (MDT)

Fig. 3: Project hourly averages plotted against
time of day: a) Cluster duration (r = -0.71);
b) Cluster maximum height (r = 0.88).

above this value. Cluster rainfall hourly
averages range from a Tow of 153 km2.mm at 1200

to a hignh of 633 km2.mm at 2100. The trend is for
larger amounts of rainfall as the day progresses,
as indicated by regression which resulted in a
sTope of 30.8 km2.mm/hr (r=0.75). Storms that
begin in the late afternoon and evening produce
the most rain.

3.3 Seasonal influence
As previously demonstrated by Fig. 2c, echo
cluster maximum height had a wide bimodal dis-~
tribution with well-defined modes of 6.9 km and
9.4 km. When an average maximum height is con-
sidered for each day and plotted as a function
of date, Fig. 4 results. Considerable scatter
exists, yet there is a tendency for nhigher clouds
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Fig. 4: Scatter plot of daily averaged cluster

maximum height against day of year (r = 0.51,
stope = 0.042 km/day).

. with advancement of the year. The correlation
coefficient is 0.51 and the sltope is 0.042 km/day.

Using a similar averaging technique, several
other parameters were followed throughout the
summer season. The daily averaged echo duration
is scattered about the mean with no substantial
trend (r = -0.16, slope = -0.004 h/day). Since
echo height increases through the season, it would
be suspected that reflectivities would as well.
Daily averaged maximum reflectivities result in a
correlation of 0.28 and a slope of 0.059 dBz/day.
Radar estimated rain volume daily averages indi-
cate that these later-season storms do not produce
a disproportionate amount of rainfall, no tendency
is apparent, the correlation being 0.02 and the
slope 0.001 km2.mm/day. In summary, events early
in the summer last slightly longer and may be Tess
intense than events later in the year. The rain-
fall per event remains fairly constant throughout
the season.

3.4 Parameters that influence rainfall

The longer an echo cluster exists, the greater
the opportunity for rainfall to occur; duration
should therefore be directly correlated to rain-
fall., Figure 5a demonstrates the scatter plot
of duration to radar estimated rain volume (log
scale). Indeed, the overall relationship sup-
ports this supposition {r = 0.75). Yet, when one
considers the scatter, an event that Tasted only
one hour produced a rain volume of close to
10,000 km2.mm, while another echo cluster that
existed for an hour produced < 10 km2emm of rain.
Thus there are huge differences in the absolute
quantity of rain that falls for any given dura-
tion. There is also a noticeable curvature in the
scatter plot suggesting that the relationship is
actually nonlinear.
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A plot of maximum height versus rain volume
is presented in Fig. 5b and, as expected, there
is a tendency for taller clouds to produce greater
radar estimated rainfall. Maximum height is not
a high confidence measure of rainfall, as one
cluster with a maximum height of > 10 km yielded
< 10 km2.mm while another event with maximum
heignt of about 6 km exceeded 10,000 km2emm rain-
fall. Generally, however, the Targer rainfall
storms are also the taller storms; the statistics
yield a correlation of 0.65 and a standard log
error of 0.694. Another parameter which trends
with height is maximum reflectivity. Maximum
reflectivity is compared to radar estimated rain
volume in Fig. 5¢. This results in a correlation
of 0.80 and a standard Tog error of 0.55. The
indication is that rainfall over the Tlifetime of
the storm is proportional to maximum reflectivity.

Consistently strong correlations have been
found for the comparison of ATI to RERV by Doneaud
et al. (1984) for data collected during field
projects in North Dakota. A similar correspon-
dence was reported by Lopez et al. {1983, 1989)
for Florida. The ATI comparison to RERV for CCOPE
is presented in Fig. 5d. The relationship is very
similar to those found in North Dakota. Using
this relation for an estimation of rainfall
results in a power law that can be represented by
V = K ATIb, where V = total rain volume, and K and
b are constants of proportionality to be deter-
mined. The values of the multiplier K and the
exponent b which have been determined for several
projects are listed in Table 4. The multiplier K
represents the average rain rate (mm/hr) for all
echo clusters for the project. The exponent (b)
being near one indicates that ATl values are addi-
tive, such that rainfall for composite events can
be estimated as well.

The data set was subdivided by the 8 cardinal
wind directions as a function of 4 heights (or
pressures) observed by the proximity soundings
at cluster initiation time, for a total of 32
possible categories. The frequency distribution
of ambient wind direction at specific heights con-
nected with cluster initiation is demonstrated by
Table 5. At the surface, there is an obvious
trend for wind directions at initiation time to be
west through north and a secondary max for winds
from the south. At the 850 mb level, the trend
is still striking in the west/north sector and a
secondary peak exists for south/southeast winds.
Going to nhigher Tevels, the predominant wind
nearly always has a westerly component exhibiting
nearly zonal flow.

The possibility of terrain and surface
inhomogeneity influences on first echo locations in
the CCOPE area has been identified (Smolarkiewicz
and Clark, 1985; Auer and White, 1983; Klitch and
Vonder Haar, 1982). Further studies are investi-
gating the possible relationship of observed FE
Tocations to topographic features.
4, COMPARISONS WITH OTHER STUDIES

Comparison with other studies is made possible
by the use of Table &, which is comprised of
average values that have been reported for other
projects. One useful comparison would be with
data from the North Dakota Cloud Modification
Project in 1981. Comparing these two columns,
CCOPE had first echoes that started 40 minutes
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Fig. 5:
sTope = 1.155 km2.am/hr).
Tifetime maximum reflectivity (r = 0.80, slope =
(r = 0.987, slope = 0.896 km2.mm/km2.hr),

earlier than those in Morth Dakota and lasted
about 12 minutes Tonger. Maximum echo height was
1.4 km Tower and maximum raflectivity about the
same. The radar estimated rainfall difference of
54 kmZ2emm with ND Targer is opposite to that in
storm size (CCOPE 40 km? greater in area). Being
larger, yet producing less rain, would require the
average rain rate be less for CCOPE clouds, and it
is by 1.2 mm nhr=1, The ATI remains comparable.

The North Dakota 1982 comparison shows that
CCOPE echo initiation time was ‘1:40 hours earlier,
yet height and maximum reflectivity are much the
same. Estimated rain volume is reduced by half

Scatter plots against the log of radar estimated
h) Cluster maximum height (r
7.54 km2.mm/dBz).
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for Nortnh Dakota, 1982; this reduction is also
seen in the ATI value. Differences between

ND 81 and 82 for the same area are greater than
differences hetween CCOPE and ND 81.

Comparison to other projects is not quite as
straightforward but is attempted in Table 6.
Radar heam characteristics, nroject surveillance
methods, parameter definitions, and reported
stratifications are some of the conflicts that
arise in such comparisons. Other projects that
report a first echo beginning time indicate
~1 hour later initiation. Duration is not as
2asy to compare as the size criteria for cluster



TABLE 4
Rainfall Estimation Based on Area-Time-Integral
RMS
_PROJECT _K_. b _r LOG_ERROR
Tom/hr) T T
NDPP-1972t 2.62 1.09 0.97 0.16
NDCMP-1980* 3.68 1.01 0.98 0.17
NDCMP-1981* 3.07 1.08 0.98 0.16
Florida
(1979-1981) 1t 3.4 1.0
CCOPE-~1981 2.133 1.086 0.987 0.147
tDoneaud et al., 1981.
*Doneaud et al., 1984,
ttiopez, 1989.
[ e e e e e e e e
TABLE 5
Frequency Distribution (%) of Echo Clusters
as a Function of Wind Direction at the
Indicated Height for the Eight
Cardinal Directions
NN B SEL S S M N
Surface 23.3 3.7 7.2 7.4 15.3 7.5 13.4 22.1
850 mb 12.7 2.4 6.3 16.0 11.1 6.7 19.0 25.8
700 mh 5.8 0.4 0.4 6.7 12.5 18.4 43,9 11.8
500 mb 4.5 0 3.4 2.5 3.4 21.3 61.8 3.0
definition changed between projects. NHRE and

METROMEX report comparable durations of 50 minutes
to an hour, while the I1linois projects reported
duration of only 25 minutes. Data for Florida
echoes lasting 1 hour were chosen for inclusion

in Table 6 as most likely to be comparable.

Maximum height appears comparable in most
regions, except for the western Nebraska and the
NHRE projects, which were designed to study large
hailstorms. This is further borne out by the
average maximum reflectivity of 57 dBz reported
for NHRE. Rain volume estimates vary in the same
area from year to year (note North Dakota 1981 and
1982) by a factor of three. It is evident that
southeastern Montana and northwestern North Dakota
tend to produce less rainfall per event than the
Midwest (I11inois and St. lLouis). At the same
time, the clouds producing the rain in the
northern Great Plains are greater in areal extent.
Florida demonstrates the smallest clouds in the
comparison. Very few average rain rates were
available, but the higher rates in I1linois would
explain more rain from smaller clouds than seen
in the northern Great Plains, as expected from
the greater moisture available.

5. CONCLUDING REMARKS

In conclusion, we find a general consistency
of the results described in this study with those
of North Dakota 1981. This suggests that these
results are applicable to the broader northern
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TABLE 6

Parametric Mean Value Conparisons with Other Projects

NEBR .
HETL,

160C

CCOPE  ND AL N3 82 ILL  NMRE  ST. LOUIS

1700

FLA
Initiation
Time
(hr:min)

15:18  ~1620 ~1700 1600

Duration
(hr)

0.4 1.0

8.4 8.6 11.4

Max Height
(km) 9.4

Max. Reflec. 45 1 41 38 57 45

(dBz) “
Rain Vol. 296
(km? «pam)

131 1222

Max Area 168 123

114

(km2) 92
Average
Rain Rate
{mm/hr)

3.16 4.3 3.5

)

Depth
{mm)

ATI
{km2.hr)

93.1 22 32.8

Total Area
(km2)

815

Great Plains regiorn, ‘e note that the Smith et al.
(1985) study indicates the potential for substan-
tial year-to-year variation in echo statistics
which is demonstrated hy the North Dakota 1981-1982
comparison. This suggests that caution should be
used in extrapolation of these results to other
years. There are greater differences when compared
with radar echoes from more humid environments.

To our knowledge, the bimodal distribution of
maximum echo heights observed in the present study
has not been renartad greviously for High Plains
storms. The implications of the results of the
modeling study by Mueller (1978) suggesting that
METROMEX clouds c¢ould be moved from the Jower
mode to the higher made as a result of enhanced
glaciation are especially intriguing.

The usefulness of the Area-Time-Integral (ATI)
in estimating total storm rainfall is reaffirmed
for this data set. 0On the other hand, maximun
echo height is found not to be as good an esti-
mator of rainfall, as found in previous studies
(Smith et al., 198%a, 1985b). Perhaps the better
resolution providad by the 1° beamwidth of the
Skywater radar data used here is a factor.

Finally, some of the time of day and seasonal
trends can be usefyl in planning weather wodifi-
cation projects in the region,
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