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EXECUTIVE SUMMARY

In 1974 the Bureau of Reclamation (Bureau) Office of Atmospheric Resources
Management, entered into a cooperative cost-sharing agreement with the
Texas Water Development Board, one of three predecessor water agencies
to the Texas Department of Water Resources (TDWR), for the purpose of
conducting a long term comprehensive, atmospheric research and weather
modification development program known as HIPLEX. The overall goal of the
HIPLEX program is "...establishing a verified, working technology and
operational management framework capable of producing additional rain
from cumulus clouds in the semi-arid Plains States." In order to achieve
this goal, three field research sites in the High Plains region were
selected by the Bureau. One site was located in Montana, another was
located in Kansas, and a third site was located in the Big Spring-Snyder
area of Texas. The Texas HIPLEX site has been and continues to be managed
by the TDWR under the overall guidance of the Bureau.

To date, the objective of the Texas HIPLEX program has been to better
understand the cloud and precipitation processes associated with natural
as well as seeded clouds which develop over West Texas. This objective
is being accomplished through the cooperative efforts of the following
groups:

Bureau of Reclamation

Texas Department of Water Resources
Colorado River Municipal Water District
Texas A§M University
Texas Tech University
Meteorology Research, Incorporated

This report presents the work performed by these groups during the six-month
period April 1, 1978 through September 30, 1978.

The report discusses the Texas Department of Water Resources continuing
role as manager and administrator of the Texas HIPLEX program. The
Department negotiated, awarded, and/or administered eight subcontracts
with the various Texas HIPLEX participants. The Department helped develop
the 1978 field operations plan and provided staff meteorologists to serve
as field program managers.

The services provided by the Colorado River Municipal V/ater District (CRMWD)
are discussed. In brief the CRMWD maintained and operated an extensive
network of recording and non-recording raingages, and provided the services
of a rawinsonde operator and a radar meteorologist. In addition, the CRMWD
also provided the services of two multi-engine aircraft for the purpose of
performing cloud seeding and cloud sampling flights.

Texas A§M University's network of surface and upper air meteorological
measuring instruments is discussed. These data are needed to study the
inter-relationships between cloud development and the environment. Results
of previous years'analyses are also presented.
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Texas Tech University's work with satellite data is presented. Cloud
characteristics derived from satellite imagery and radiance data of
Texas HIPLEX clouds are discussed, as well as techniques to extract
quantitative cloud information, such as cloud top temperature from the
radiance data.

Meteorological radar data collected and analyzed by Meteorology Research,
Incorporated during the reporting period are discussed. The analyses of
radar data were primarily oriented toward the study of small scale
(mesoscale) rainshower patterns and their relationships with environmental
conditions.

It is important that these data about West Texas summertime clouds, and
their environment, be collected and studied so that a high level of
confidence in the cause and effect aspects of cloud behavior, both
seeded and unseeded, can be obtained. Only when this level of certainty
is reached can the Texas HIPLEX program progress to a point whereby
predicted changes of seeded clouds in West Texas and their resulting
rainfall behavior can be verified.

IV-
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SECTION I

WORK PERFORMED DURING THE PERIOD

APRIL 1 - SEPTEMBER 30, 1978
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CONTRACT ADMINISTRATION

During the reporting period of April 1, 1978 through September 30,

1978, the Department negotiated two contracts and administered six other

contracts in force as of April 1, 1978 in support of the 1978 Texas HIPLEX

program. These contracts are identified in Table 1. In June 1978, Department

Contract No. 14-80002 with Texas ASM University (TAMU) was amended to

extend the termination date from 8-31-78 to 12-15-78.



Table 1. Contracts Awarded by TDWR in Support of the 1978 Texas HIPLEX
Program.

Contract

Number

P-80002

14-80039

14-80004

14-80026

14-80050

14-80038

14-80040

14-80049

Organization : Period
Begin : End"

Purpose

Texas ASM U. 9-30-77 12-15-78 analyze mesoscale
data collected

during the 1977
Texas HIPLEX Program

provide Chief
Scientist and collect/
analyze data during
the 1978 Texas HIPLEX

Program

construct a radar-echo

climatology for the
Texas HIPLEX area

Texas ASM U. 2-6-78 8-31-79

Texas ASM U. 9-30-77 8-31-78

Texas Tech U. 1-16-78 8-31-79 analyze satellite data
gathered during the
1977 and 1978 Texas

HIPLEX Programs

construct detailed

climatology of storm
occurrence in the Texas

HIPLEX area

Texas Tech U. 5-19-78 8-31-78

Meteorology
Research, Inc. 11-1-77 10-31-78 collect radar data

during the 1978 Texas
HIPLEX program and
analyze and process
data collected in 1976

and 1977

Colorado River

Municipal Water
District 2-10-78

Colorado River

Municipal Water
District 5-1-78

12-51-78 perform cloud-seeding
operations and collect
rainfall and rawinsonde

data as part of the 1978
Texas HIPLEX Program

10-31-78 provide Aztec aircraft
for cloud-seeding purposes
during the 1978 Texas
HIPLEX field program
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FIELD PROGRAM AND MEETINGS, BIG SPRING MUNICIPAL AIRPORT

The 1978 Texas HIPLEX field program was conducted as planned during the

period June 1 through July 31. The "HIPLEX 1978-79 Operations Plan, Big

Spring-Snyder, Texas" was prepared by the Chief Scientist in collaboration

with the Department staff, reviewed by all HIPLEX participants and approved

by the Bureau. This plan was followed daily throughout the mesoscale-day

designation, morning briefing of all participants on current and forecast

weather conditions, review of equipment status, and seeding strategy and

post-flight debriefings when applicable.

A pre-season maintenance and calibration check of the 81 Belfort

recording rain gages located throughout the HIPLEX area was performed

jointly by Department and Colorado River Municipal Water District (CRMWD)

personnel during May.

Department staff meteorologists served as program manager, group

coordinator and assisted the Chief Scientist during the two-month operational

period. During June, nine cloud-seeding missions were flown on five days,

12 mesoscale days were declared and three cloud-sampling days occurred;

while during July, seven cloud-seeding missions were flown on five

occasions, seven mesoscale days were declared (including one rapid scan day), and

four cloud-sampling days occurred (Table 2). A compilation of the summer HIPLEX

data inventory collected by each participant was assembled and transmitted to

the Bureau in August.

The Department's resident meteorologist at Big Spring began the daily

HIPLEX support duties in May. These duties include the issuance of the 12- and

24-hour terminal forecast; analysis of morning and afternoon regional surface
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Table 4. Suomary of Texas HIPLEX Operations for June and July (with the

number of cloud-seeding missions given In parentheses.

MONTH

JUNE

JULY

DAY

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

2V

30

31

MESO-SCALE DAY

Go

X2
X2
X

X

No-Go

HIPLEX OPERATIONAL DAY

Go

Seeding : No-Seeding : Sampling
Performed : Performed : Only

(3)

(1)
(1)

(3)

(1)

(1)

(3)

(1)

(1)

(1)

No-Go

lnRapld Scan" day
2A partial mesoscale day (rawlnsondes were launched at 3-hr intervals
beginning at 1600 LDT)
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charts; collection and storage of daily climatological data, ice nuclei

count data and facsimile chart data. These duties were performed through

August to expand the data base used for the forecast evaluation study and

to refine the local forecast decision tree. The computer data terminal

at the facility was used throughout the reporting period to process daily

forecasts and rawinsonde data and to transmit these to the Bureau's computer.

Several Texas HIPLEX planning and evaluation meetings were conducted

and attended by various members of the program's participants during the

field exercise. The Department's Weather Modification Advisory Committee

(WMAC) met at the meteorological facility on June 29. A special meeting

was arranged on June 26 to demonstrate to officials of the U.S. Air Force

Logistics Command the importance and need for retaining the FPS-77 radar

for the benefit of both the HIPLEX program and the CRMWD. A HIPLEX planning

session was conducted on July 24-25 at Big Spring to establish the immediate

direction of the program for next year.

REPORTS

Work continued through the HIPLEX summer season on the Big Spring

thunderstorm prediction model and the Big Spring forecast decision tree.

A summary report of the performance of the Big Spring Forecast Decision Tree,

prepared by William 0. Alexander, is contained in the appendix to this interim

progress report.

Three reports prepared by Texas HIPLEX participants were received,

reviewed, bound and distributed during this reporting period. These

reports include "Precipitation Climatology for the HIPLEX Southern Region"

written by Dr. Donald R. Haragan of Texas Tech University and distributed

to the Bureau on August 1, 1978; "A Radar Echo Climatology for Southern
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HIPLEX" written by Dr. Dennis M. Driscoll of Texas A§M University and

transmitted to the Bureau on September 6, 1978; and, "Mesoscale

Characteristics of the Texas HIPLEX Area During Summer 1976" written

by Dr. James R. Scoggins and others of Texas A§M university and distributed

to the Bureau on October 26, 1978.
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TEXAS DEPARTMENT OF WATER RESOURCES

"TEXAS HIPLEX 1978 FIELD OPERATIONS

SUMMARY"

The Department published Technical Report LP-73 "Texas HIPLEX 1978

Field Operations Summary," prepared by Robert F. Riggio and William 0.

Alexander, to fulfill the responsibility to document the daily HIPLEX

operations conducted in the Big Spring-Snyder experimental area during

1978. The field operations summary was transmitted to the Bureau on

October 25, 1978.
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METEOROLOGY RESEARCH, INC.

"SNYDER RADAR-DATA COLLECTION PROGRAM
AND DATA ANALYSIS"

The following report was prepared by Meteorology Research, Inc. and

submitted to the Department as an interim progress report for the period

April 1 - September 30, 1978.

The LIST OF TABLES and LIST OF FIGURES provided below is supplemental

information to the MRI report added by the Department for ease of reference

purposes.
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1. Introduction

The following report covers work performed under the subject
contract for the period from 1 April 1978 to 30 September 1978.

The objectives of the MRI portion of the Texas Hiplex program
have been given as:

a. Acquisition and processing of quantitative radar data

b. Development and interpretation of M-33 radar
climatologies

c. Interpretation of M-33 radar data in terms of mesoscale
organization characteristics

Processing of the radar data has been plagued with problems related
to the digital processor and, earlier, to problems with the wave guide.
Editing corrections have now been made in all 1976 and 1977 radar data
tapes. The 1978 data were the cleanest tapes so far obtained and initial
processing is nearly complete.

Development and interpretation of the M-33 radar climatologies has
not been pursued since the radar data tapes were not in the final format
which could be used for generation of these climatologies.

Analyses of mesoscale patterns have generally followed a case study
approach. Six mesoscale cases have been studied to date.

2. Radar Data Processing

In late September 1977 discussions between Bureau of Reclamation
and MRI personnel resulted in an agreement as to the format and content
of the processed M-33 radar tapes. Purpose of the processing was to
transform the originally recorded data into a format which could be ac
cepted for routine processing by the University of North Dakota. Through
the development of extensive error correcting programs the 1976 and 1977
tapes have now been processed into this agreed-to format. Processing
of the 1978 tapes will be completed in October 1978.
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In the early spring of 1978 a sample of one of the processed tapes
was cent to the University of North Dakota to be run through the final
processing program (RADPROC). Several unforeseen problems arose
as a result of this test:

1. Due to wind loading the rotational speed of the M-33
antenna varies somewhat during one revolution. This
variation was not acceptable to the RADPROC program.

2. Also due to wind loading the elevation angle of the M-33
radar antenna varies slightly (few tenths degree) during
any given revolution.

3. The nature of the M-33 recording is to record continu
ously. The Enterprise system does not record, for
example, during the portion of the scan cycle in which
the antenna elevation is being lowered from maximum
elevation to base elevation.

The RADPROC program was unable to accept any of these deviations
from the format of the Enterprise records. As a consequence, a further
preconditioning of the M-33 tapes must be carried out so that they can be
processed into the summary form required for development of radar
climatologies. This will require a software development followed by
routine processing of all of the 1976-78 tapes.

The radar data have been processed routinely into PPI plots of
every other base elevation scan. These plots have formed the basis for
the mesoscale case studies and for the development of the pattern clima
tology which are described in the following sections.

3. Summary of Case Studies

The important characteristics of cases are summarized in Table
1. In most cases the cloud formation was associated with the presence
of surface front/trough and upper air trough in the vicinity of the Hiplex
area. The preferred location of the trough was in the west or on the site.
The convergences of air and moisture associated with the synoptic con
vergence were essential to the initiation of the cloud system in most cases,
However, the case of July 10-11, 1976 was initiated by surface heating.



Table 1

CASE STUDY SUMMARY

Time1 T roughs 2
Feature

3
ft 0e-Sounding LOC5 Windshtear9 T.M. 7

sfc Upper Air (°) (m sec-1)

1976

June 22-23 N W I SQ-LN U-•N P 113 13.2 MESO-DYN

July 10-11 D W I CMPX U BS 98 4.2 SFC-HT

1977

June 9- 10 N I W IC,(LN) U P 121 9.1 CONV

June 11-12 N W W SQ-LN U MAF 160 11.0 MESO-DYN

*June 23-24 D W W CMPX(SQ- LN) U BS 98 10.0 MESO-DYN

July 8-9 D I I CMPX U RL 215 5.4 L.S. CONV >
<ON

Key: l

2

3

4

6

e

N-Night, D-Dav

I-In-site, W-West

SQ-LN-Squall-line, CMPX- Complex, IC-Isolated cells

U-Unstable, N-Neutral

LOC-Location of storm: P-Post, BS-Big Spring, RL-Robert Lee, MAF-Midland Air Force Base

Shear is calculated at the observation station closest to echo activities (expressed in vector
direction and magnitude, 500-850 mb)

T.M.-Triggering mechanism of cloud formation: MESO-DYN - Mesoscale dynamics
SFC-HT - Surface heating
CONV - Local convergence
L.S. CONV - Large scale convergence

To be presented in this report.
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The 9e stability was an important measure of the convective poten
tial. The results showed that the formation of nonsquall-line type cells
required moist unstable environment, while the squall-line type cell re
quired less instability; the environmental air could be neutral. The less
stringent requirement on instability explained that the squall line could
happen in both day and nighttime. The selected case study (June 22-23,
1976) showed that the cloud formation, growth and movement of the squall
line were controlled by the environmental wind structure (vertical profile
and horizontal distribution) as well as the static energy distribution.

The MWS radar summary maps could only depict large echo cover
age, and in some instances, no detail mesoscale echo feature could be
detected from the maps. The M-33 radar observation was able to reveal
the fine detail of the echo organization even in a rather complex meso
scale system such as a squall line. There were three types of echo
organizations, namely: isolated cells, complex cells (cluster) and squall
line (or cloud line) patterns.

The orientation of echoes was sensitive to the vertical shear of hori

zontal winds. The individual echoes could line up transverse or parallel
to the environmental shear vector measured between the 850 and 500 mb

winds. The analyses showed that representative environmental winds
should be sufficiently close to the cloud system but not in the immediate
neighborhood of the cloud system. The magnitude of shear vector was re
lated to the echo organization scale. The high shear was connected with a
large system such as a squall line. The echo movement was closely
associated with lower level (700 or 850 mb) winds. However, the lower
level winds deviated from the echo translation vector, thus the right -
or left-moving echoes were observed. See Section 4 for case study example.

4. Case Study, June 23-24, 1977

4. 1 General Synoptic Conditions

A surface trough was situated near the northwest corner of the Texas
Panhandle. The funneling condition (shape of 1012 and 1016 mb isobars)
favored moisture advection from southern Texas to the Hiplex site at 1800Z.
The funneling condition still existed up to 0000Z and the trough intensified
at the Texas-Oklahoma border (Figure la). The upper air analysis shows
a low (trough) was centered in the middle of New Mexico and upper air
winds were roughly from a southwesterly direction in the Hiplex site
(Figure lc;.
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The MWS radar summary maps reveal very Little echo organi
zations except at 1835Z, near the northern edge of the Hiplex site,
where three was a line oriented in a northeast-southwest direction.

The other times show echo activities covered the Hiplex site and at
0035Z a north-south squall line was observed near the Texas-New
Mexico border (Figure 2).

The 9 -soundings at Post show very moist conditions at all levels
for the entire day. The air above the boundary layer was near neutral
and slightly unstable. The air in the boundary layer was very unstable.
This vertical thermal structure is favorable for initiating convective
clouds (Figure 3).

The wind directions (shown in Figure 3) were rather uniform at
1500 and 1800Z. They were mostly southwesterly at all levels at Big
Spring and Post. From 2100Z and onward, in the layer from the sur
face to 800 mb, the directional shear increased both at Big Spring and
Post. At 0000Z the directional shear layer extended up to 700 mb and the
magnitude of winds increased at the surface and 800 mb, but 700 mb winds
were weaker than that of 800 mb. At 0300Z the wind shears were not

well organized below 600 mb. Winds below 500 mb changed in direction
and magnitude at all times.

4.2 Mesoscale Features

Two episodes of cloud line development were observed on the M-33
radar PPI display. In Episode 1, an intense narrow-line development
was observed south of Snyder in the Big Spring-Vincent-Garden City area
with a line orientation of 70-200°. A few isolated cells formed a north

ern branch of the line which was located north of Snyder. The northern
branch of the line dissipated by 1726 CDT (2226Z). The southern branch
remained narrow from 1426 to 1505 CDT (1926-2052Z). There were
three convective complexes that formed within the southern branch (Figure
4). Complex A (near Snyder) had the longest lifetime among the three com
plexes. By 1551 CDT (205IZ) the line contained two active cells of Complex
A and the remaining weak echoes of two other complexes. The two active
cells dissipated about 1726 CDT (2226Z).

In Episode 2, a line composed of weak echoes formed in the south
east of the line in Episode 1 at 1551 CDT (2051Z). The newly formed
line was situated in about the same location as the original line at 1925Z
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(Figure 5). The echoes in the line formed three convective complexes.
Complex C (near Midland) was the dominant Long-Lasting system in the
Line. The Line became quasi-stationary about 1835 CDT (2355Z), but
the development of Complex C and new ceLls continued westward.

4. 2. 1 Episode 1

It is postulated that the initiation of the narrow echo line was trig
gered by mesoscale dynamics - the upward motion induced by the down-
draft formation of a decaying broad line near Robert Lee. The gravity
wave propogation asserts the location of cloud Line (preferred wavelength)
and Local convective motion set up the individual echoes in the line.

The subsequent development of the line was more or less con
trolled by the environmental wind structure. The response of line
organization to the windshear variation will be examined. The shear
analysis in Big Spring at 1425 CDT (1925Z) shows a 96° direction, a
rather poor relation to the line orientation (70-200°), but the shear at
Midland (86°) shows a 10° angle between the Line orientation and shear
vector (Figure 6). Since Big Spring was too near the clouds the required
environmental shear was not properly represented1. Some echoes formed
a transverse mode2 line but the dimension of this line was small (<20 km).
A more detailed examination of echo generations will be discussed in
Section 4. 3.

In the Robert Lee area winds at indicated levels show outflow con

dition and the environmental winds were restored after the cloud decayed.
From the general northward winds at all stations and the synoptic map,
the moisture advection was expected from the south.

The echo trajectory is shown in Figure 7. In the Big Spring and
Robert Lee areas good correlation of 850 mb winds and the echo move
ment is shown. This indicates that the echo movement was steered by
the lower level winds. The 700 and 500 mb winds did not coincide with

the echo movement, but the shear between 850 and 500 mb appeared to
be perpendicular to the direction of the echo movement. The tracking
also shows that the majority of echoes were right-moving echoes ac
cording to the 850 mb winds.

1 The affect of cloud system to the environmental windfield was studied
by Kropfli and MilLer (1976). The study showed that the winds adjacent
to the cloud system are very different from the environmental winds.
2

The mode of Line orientation is defined by the windshear direction and
echo organization. In the Longitudinal mode the echoes are lined parallel
to the windshear vector, and in the transverse mode the echoes are per
pendicular to the windshear vector.
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2051Z

2H+0Z

Figure 5a. The echo development in a mesoscale line.
The letters and the solid lines mark the

approximate locations of echo complexes
A1 and B1 at designated times.
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EPISODE 2, continued
2226Z

. 9r:r

2239Z
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>.^
2253Z

A
2307Z

Figure 5b. Same as in Figure 5a except letter C and the
additional line mark the approximate location
of echo complex C, The X mark is a fast-
growing echo in complex C.
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+ 2322 Z

EPISODE 2, continued

Figure 5c. Same as in Figure 5b.



23 JUNE 1977

1800 GMT

Figure 6. PPI display and winds at 1800Z. The unshaded area
contains echo larger than 25 dbZ, the hatched area
contains echo larger than 35 dbZ, and the blackened
area contains echo larger than 45 dbZ.
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4.2.2 Episode 2

The beginning of Episode 2 was the formation of Line 2 behind the
decaying Complex A in Line 1. The line initially formed as a collection
of weak echoes in longitude mode at 205 IZ (Figure 5). The shear at
Big Spring was almost the same as in Midland. In the absence of a
strong line development the environmental winds at 2100Z might not have
been modified as much as at 1800Z in the Big Spring area. The cloud
population in the southern sector at 2100Z was not as large as at 1800Z.
The subsequent development of an echo complex in Line 2 will be pre
sented in detail in Section 4. 3.

The line orientation was parallel to the windshear at Midland at
0016Z (longitudinal mode) (Figure 8). By this time the line was
quasi-stationary. The winds at Big Spring indicated that the cloud
system had an inflow condition from the surface to 850 mb and outflow
above 500 mb. This wind structure, with strong directional shear in the
lower levels and the large magnitude shear in the upper levels, is a
common occurrence in a long-lasting cloud system (Barnes, 1978).
Downwind (referring to low level winds) echo development was observed
in both Complexes B1 and C.

The steering wind of the echo movement appeared to be at 850 mb.
Numerous right-moving echoes were observed from 2235 to 0115Z. The
echo movement was apparently transverse to the windshear vector at
Midland (Figure 9).

4.2.3 Comparisons of Episodes 1 and 2

The early development of echo line was similar in both episodes,
but the later development of echo complexes was very different in two
episodes. The environmental conditions were examined and the differ
ences are listed in Table 2.

Table 2

ENVIRONMENTAL CONDITIONS

Episode 1
Episode 2

Windshear

(m sec-1)

5

10

Moisture Distribution

Less Homogeneous
Homogeneous
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The surface pressure distribution changed from 1800 to 0000Z
(Figure la and b). In this period the trough intensified and the pressure
gradient increased in the Hiplex area. The increases of surface and 850
mb winds were observed in this time period. Therefore, the shear
value at 0000Z was more than the value at 1800Z. In the beginning stage
of Episode 1 the moisture distribution was not homogeneous in the south
west quadrant of the Hiplex area. The narrow line formed due to the
long gravity wave induced by the cloud system at Robert Lee. The line
swept across the southwest region and the moisture advected from the
south. The combined effect made the moisture distribution more even

in the end period of Episode 1 than in the beginning. The line in Episode
2 formed by short gravity wave of the line in the end period of Episode 1.
The line developed in a moist and highly sheared environment. Therefore,
the echo features in the two episodes were different.

4.3 Echo Complex Evolution

4.3. 1 Complex A (Colorado City)

At 1425 CDT (1925Z) (Figure 10), two modes of development were
observed in Complex A. One mode was along the major axis - an echo
area consisting of four high intensity echoes was observed. The other
mode was perpendicular to the major axis - two large satellite echoes
(>35 dbZ) aligned in a transverse mode. A few small satellite echoes
surrounded the major echoes. The echoes did not align with the shear
vector at Big Spring (96°), but somewhat aligned with the shear at
Midland (86°) (arrow on Figure 10). This discrepancy is expected because
the wind observation was at 1800Z.

The four echoes (contained in an area) decayed and merged within
a narrow strip about 20 km long from 1925 to 1935Z. From 1938 to
1943Z, 35 dbZ echoes were broken into more than two areas. At 1945Z

a narrow high dbZ zone appeared. The major echo area merged with the
southern satellite at 1940Z and the satellite maintained identity until 2018Z,

The east side satellite did not merge into the major echo area nor develop
into a big complex. It decayed around 1945Z. The complex became
broader as time progressed. In the decaying stage (2018Z) the major axis
began to change from northeast-southwest to northwest-southeast. At
205IZ the windshear analysis shows a good agreement between shear
direction and cell orientation. Two major cells lined up in longitudinal
mode and the satellite echoes were in transverse mode. However, the
satellite echoes did not grow to a big sized complex.
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Unshaded area: echo larger than 25 dbZ
Hatched area : echo larger than 35 dbZ
Blackened area: echo larger than 45 dbZ

Figure 10. The evolution of echo patterns of complex A
in Episode 1. The arrow at 1725Z is the
windshear vector at Midland at 1800Z. The
arrow at 205IZ is the windshear vector at

Big Spring at 2100Z.
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4.3.2 Complex B (Big Spring)

This complex was not so well organized as Complex A in the be
ginning of the observation. However, transverse organization was
recognizable. As time progressed the longitudinal mode became obvious.
The cells merged about 1932Z and reached peak activity around 1938Z,
thereafter decaying was observed. The complex aligned well with shear
vector in the dissipating stage. By 205IZ two weak echo Lines were
parallel to the windshear.

4.3.3 Complex C (Garden City)

Most of the echoes in this complex remained isolated. The trans
verse mode was observed in the decaying stage (2030Z). By 205 IZ only
a line of weak echoes remained in longitudinal mode.

4.3.4 Complex A1 (Colorado City)

A few weak echoes behind Complex A grew and merged to form
Complex A1. At the beginning of Episode 2 the longitudinal mode was
barely observable. As time progressed echoes became well organized.
By 2226Z two modes of growth were visible. By 2239Z satellites had
formed in longitudinal mode. (Windshear interpolation shows the shear
direction is east-west at 2230Z.) One of the satellites merged with the
major echo area at 2253Z. By 2322Z the cell line showed that the shear
direction was deflecting southward and the system became a collection of
small echoes. This complex had the shortest lifetime among the three
complexes in Episode 2.

4.3.5 Complex B' (Big Spring)

The formation of Complex B' was similar to that of Complex A1.
The echo orientation also rotated to confirm the change of shear direction.
By 2239Z the complex had about a 30 km major axis and high dbZ echoes
were developed at 2253Z. By 2307Z the echo was decaying and two modes
of organizations were obvious. The major axis became a minor axis by
2322Z and at 2335Z the echo complex split into two systems. The northern
one soon decayed (2335Z) and the southern one remained active (in longitudinal
mode) until 0041Z.

4.3.6 Complex C (Garden City-Midland)

Complex C was possibly initiated by a gravity wave by Complex
B1 at 2239Z. The weak echo organization showed longitudinal mode (Figure 11),
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echo larger than 25 dbZ
echo larger than 35 dbZ
echo larger than 45 dbZ

Figure 11, The evolution of echo patterns of complex C in
Episode 2, The arrow at 2239Z is windshear
vector at Big Spring at 2100Z, The arrow at
0016Z is the windshear at Big Spring at OOOOZ,
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A pair of echoes grew rapidly and formed a complex about 2322Z, and an
echo southeast of the complex grew very rapidly. This fast growing echo
became dominant in this complex. At 0028Z some echo satellites formed,
apparently from gravity wave generation, but they did not grow to a big
system. However, the western branch of the complex continued to grow
and merge with the new echoes. This was a very long lasting echo com
plex system.

4.4 Summary

1. Echo organization and development was mostly in longitudinal
mode and the echo movement coincided with the 850 mb winds.

2. Winds too close to clouds could not be used in shear-line

orientation analysis.

3. Windshear variation responded to the change of echo line
orientation.

4. Cloud line could form at the same location within three

hours.

5. Evolution of Cloud Population

In the cumulus ensemble theory of Arakawa and Schubert (1974),
the cloud size distribution function was used to relate to the properties
of environmental air. The cloud size distribution function used in this

work was defined as a continuous spectrum of cumulus clouds that were
distinguished by their entrainment rates. The basic assumption was that
a tall cloud has a small entrainment rate and vice versa. Ogura and Cho
(1973), developed a model which was similar to the Arakawa and Schubert
model to determine the cumulus cloud populations from observed large
scale variables. Lewis (1975), used the model to study the interaction
between a squall line and its environment. The observed and theoretical
distributions of clouds compared favorably on the relative frequency of a
tall cloud and the total areal coverage by clouds.

Since the cloud population and large scale (environmental) variables

are closely related, the change of cloud population may reflect the change
of large scale variables. In the following analysis, the time history of echo
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size distributions with respect to equivalent echo diameter were studied.
The energetics were not analyzed. The graphic display of size distri
butions are shown in Figure 12. (The case studied was June 23-24, 1977,
included in this report.)

In Figure 12 the vertical axes are the number of echoes and the
equivalent area in a designated 5 km size interval. The horizontal axis
is the equivalent diameter of an echo defined by a 35 dbZ contour area
reduced to a circular area. The assumption is made that the relationship
between the equivalent diameter and the entrainment parameter (X in
Arakawa and Schubert's notation) is an inverse relationship. The present
analysis thus is related to the conventional expression of cloud distribution
by reverting the horizontal axis.

Figure 12 shows that from 1500 to 1700Z, the echo population was
confined in sizes less than and equal to 15 km diameter. At 1730Z, a
noticeable change of echo distribution was observed; a second mode was
located about 30 km in diameter. The area coverage distribution (hatched
area) shows that the echo area coverage contributed by the 25 to 35 km size
range was nearly equal to the echo area coverage by the 5 to 20 km size
range. At 1800Z, the number of echoes in the size range 0 to 10 km in
creased and large size echoes (40-45 km) were observed. The area distri
bution showed that echoes larger than 30 km had more contribution than
small size echoes (0-15 km). At 183IZ, the distribution was about
continuous from the 0 to 35 km size range. The peak of the area distri
bution was in the 20-25 km range. At 1900Z, bimodal distributions were
observed for the number and area distribution. At 1930Z the distributions

showed nearly continuously in the size range 0-50 km with holes in the
distributions, and the majority of area coverages were larger than 20 km
diameter. At 2000Z, two separate size ranges, 0-25 km and 40-45 km,
were observed. The major contribution of area coverage was in the
40-45 km range. This major contribution of area coverage persisted
until 2100Z. At 2030Z, the peak of area coverage moved to the 25-30 km
range and at 2100Z, 30-35 km. After 2100Z, the echoes reduced in
number, area coverage, and sizes. At 2130Z, the distributions were
similar to that at 1730Z. By 2200Z only a few echoes were observed
at the 10-15 km range.

In the case study moist instability was identified from 1500Z to
OOOOZ and at 1800Z a very pronounced unstable Layer existed below 800
mb (Figure 3). It was expected from the 9e-sounding analysis that the
convective potential was maximum around 1800Z. The present analysis
showed that from 1730Z to 2100Z the echo distribution changed rapidly
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in a 30 minute interval and the major areal contribution of echoes
changed continuously from small size echoes to Large size echoes. The
previous analysis also showed that the merging of echoes was frequent,
and very large echo complexes (~40 km) existed for a long time. The
echo distribution reflected this phenomenon from 1900 to 2100Z.

Two conclusions can be drawn from the above analysis:

1. The environmental static stability (large scale variables)
controlled the echo population.

2. The merging of echoes changed the echo size distribution.

The exact reasons for the echo to merge are not clear at this time.
However, the reasons will be known if the approach of Lewis (1975) is
used to calculate the theoretical echo population and analyze the different
mechanisms in the cloud and environmental interactions. The application
of the "cloud ensemble model" to study seeding effect on a mesoscale cloud
population would be very valuable. For example, from the large scale
variables the theoretical cloud distribution function can be obtained. This

distribution could be considered as the natural background cloud population.
In the seeded case, the observed echo population will be analyzed and
compared with the theoretical cloud distribution. If a substantial differ
ence is observed between the theoretical and the observed cloud distributions,
the seeding effect can be determined. The seedability and nonseedability
can also be determined from the calculation of mesoscale, the contribu
tion terms in static, dynamic and feed back processes. There are many
more applications of the cumulus ensemble theory, especially in energetic
analysis.
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6. Mesoscale Radar Echo Climatology

The description of cloud processes, including their development,
maturation, and dissipation, is an important part of the Texas Hiplex
program. Knowing how these clouds respond to and modify their environ
ment requires an adequate description of the ongoing mesoscale processes.
The Skywater radar data collected during the 1976 and 1977 Texas Hiplex
operational seasons provide the valuable information needed to identify
mesoscale systems. The Hiplex radar data, in conjunction with WSR-57
radar data obtained from the National Weather Service (NWS) allow two
scales of radar echoes to be resolved, the meso-a scale and the meso-jS
scale.

The meso-tt scale has a spatial dimension of about 700 km and
spans about 15 hours. Meso-Qf radar patterns are a composite of many
radars and are usually associated with familiar mesosynoptic features
such as fronts, troughs, and vorticity centers.

The meso-0 scale has a spatial dimension of about 150 km and time
frame of five hours and is considerably smaller than the meso-tt scale.
The meso-|3 radar echoes are resolved exclusively by the Hiplex radar.
Radar displays on the meso-0 scale resolve squall lines, convective
complexes, and isolated cells.

All radar data available from the Texas Hiplex program were
classified on both the meso-tt and meso-£ scales. Radar echo climatolo
gies, interactions between radar scales, as well as inferences concerning
individual mesoscale system circulations were possible after analysis
of the classification data. This section briefly outlines the results of
the above work with a complete technical report to follow shortly.

6. 1 Meso-tt Echo Classification

Of foremost importance in the approach to classification of both
meso-tt and meso-$ echo patterns is complete objectivity in the screening
of each system. National Weather Service (NWS) radar summary displays
were examined for each hour for each day during the periods of 1 June to
17 July 1976 and 1 June and 10 July 1977. During this meso-tt examination,
no reference was made to any other information or analyses, such as
synoptic maps or satellite displays. While the NWS radar summaries are
subjective to some extent in outlining of the echo area, it is felt that the
large scale echo features are adequately represented. Also, since con
siderable data were missing from the 1976 Snyder radar, the NWS analysis
proved to be the only data routinely available for that year. Each day,
1000 CDT to 1000, was cataloged as either:
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1. An event day where radar echoes persisted for at least
one hour and were within 140 km radially from Snyder,
Texas.

2. A vicinity day where radar echoes were outside the Snyder
radar coverage but within 280 km radially from Snyder.

3. A no-echo day where no echoes were observed within
280 km of Snyder.

A plastic overlay was constructed and used as a guide for classi
fication when placed over the NWS output. This insured complete objec
tivity and eliminated bias by the observer. In addition, radar echoes must
have persisted for at least one hour to be classified. Operationally this
was accomplished by requiring that echoes be observed on two consecutive
radar summary displays.

A total of 86 days were finally cataloged with: 54 days classified
as event days (62.8 percent), 21 days classified as vicinity days (24.4
percent), and 11 days classified as no-echo days (12.8 percent). The
radar echo patterns for each event and vicinity day were then classified
according to: area and time of echo formation, subsequent growth and
development, line orientation and movement, cell movement, and time
of echo dissipation. Analysis of these data tabulations indicated four
major echo systems could be identified. Synoptic conditions common to
each type of echo system were then examined. Synoptic features sur
veyed at each level include:

Surface - Pressure patterns, temperatures, dew points,
wind flow, and frontal locations

850 mb - Pressure patterns, temperatures, dew points,
and wind flow

500 mb - Same as 850 mb but including vorticity

Significant and consistent synoptic patterns that were unique to each type
of echo system were found.

6.2 Meso-j3 Echo Classification

All event and vicinity days, where Snyder radar was available,
during the periods of 1 June 1976 to 17 July 1976 and 1 June 1977 to
10 July 1977, were examined and classified for meso-0 echo patterns. To
insure complete objectivity and eliminate bias, no reference was made to
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any other information such as NWS radar summaries, synoptic maps,
satellite displays, or previous meso-a classification. As an initial
classification, each Snyder PPI hardcopy display was characterized as
containing either a mesoscale isolated system (Type I) or a mesoscale
line system (Type L). After examining a few days, it became apparent
that both isolated and line systems occurred on the same day with enough
frequency to justify further subclassification. A mesoscale episode was
defined as an occurrence of either an isolated system or a line system.
A mesoscale day was classified by the predominate mesoscale episode.
A mesoscale day, as in the meso-a classification, was from 1000 CDT
to 1000 CDT inclusive.

A total of 12 days were finally cataloged with: 6 days classified
as mesoscale isolated systems (50 percent) and 6 days classified as
mesoscale line systems (50 percent). A total of 19 events could be
identified with: 10 events classified as mesoscale isolated systems
(52.6 percent) and 9 events classified as mesoscale line systems (47.4
percent). The I or L letter designation is called the mesoscale character
for each day or event. Each mesoscale day and event were subclassified
according to echo character as shown below.

Echo Character Description

1 Isolated cells without orientation

2 Isolated cells with orientation

3 Cell complex without internal line organization

4 Cell complex with internal line organization

Important relationships between wind shear, static stability, and echo
orientation and organization resulted from the analysis of the classifica
tion results.

6.3 Meso-or Radar Echo Classification

An in-depth analysis of the data that resulted from the itemization
and organization reviewed in section 6. 1 revealed that all echo systems
observed in the 1976 and 1977 Texas Hiplex operational seasons could be
represented by four major categories. These categories are Type A,
Type B, Type C, and Type D. After identifying in which category an echo
system could be associated, further subclassification was made depending
on duration and intensity of convection, upper air wind flow regimes, and
system orientation with respect to synoptic environmental features. The
first two categories, Type A and Type B, are not associated with frontal
systems and probably rely on surface heating and/or orographic lifting as
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the convective trigger mechanism. The latter two categories are asso
ciated with frontal activity and differ only in frontal orientation and its
subsequent effects.

6.3.1 Echo System Type A

The Type A echo classification is the most common and recurring
echo system in the Texas Hiplex region and will be discussed in the
greatest detail. During the 1976 and 1977 operational seasons, 48 percent
of the echo events were Type A. This type is characterized by initial
formation of radar echoes on the lee side of the Rocky Mountains and/or
Sierra Madre Orientals near 1200 CDT. Both echo number and echo inten

sity increases rapidly along the eastern slopes and forms a line oriented
north - south along the Texas - New Mexico border with activity often
extending northward into Colorado. Echoes develop as a result of the
release of convective instability generated aloft by the juxtaposition of
hot, dry desert air to the west and southwest over the warm, moist air
from the Gulf of Mexico to the east and southeast. Initial vertical parcel
accelerations are provided by rapid surface temperature increases as a
result of intense heating. Upslope motion may also be a factor as men
tioned earlier. Figure 13 shows the radar echo history for 2-3 June
1976, a Type A example.

Two different types of echo/line dissipation in the Type A category
facilitate a further subclassification. In most cases, the line becomes
stationary over or near the Hiplex area and dissipates by 0500 CDT.
This is classified as Subtype 1 or Ax . Occasionally, however, instability
can be maintained after surface temperatures have decreased through
favorable moisture convergence patterns and upper air temperatures. In
this case, echo activity may persist well into the day after formation.
This is termed Subtype 2 or A2. Some evidence also shows that echoes
of Type A2 are further distinguishable from those of Ax in that they form
slightly away from the eastern mountain slopes and closer to the Texas
High Plains area.

In order to further classify each Ai and A2 system, the 850- and
500-mb wind direction at Midland, Texas, at 1900 CDT was tabulated for

each event day for both echo patterns. The 1900 CDT (0000 GMT) sound
ing was selected because of its proximity in time to the peak growth
period for both echo regimes. The 850-mb wind direction was between
105° and 185° for 92 percent of the event days. Eighty-five percent of the
event days experienced 850-mb winds from 130° to 185°. After examin
ing the tabulations for the 500-mb winds, two distinct ranges were evident.
Those events with 500-mb winds between 305° and 010° were classified
as north cases and those events with winds between 220° and 295° were
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labeled as south cases. A total of four subclassifications constitute the

total A category: AiN, A1St A2N, and A2S.

6.3.2 Echo System Type B

The Type B echo classification is the other category of echo systems
not associated with frontal activity. During the 1976 operational period
19 percent of the total events were classified as Type B. No Type B events
are documented for the 1977 operational season. This echo system type
is associated with strong moisture advection from the Gulf of Mexico at
all levels in the lower troposphere. The characteristic echo pattern
associated with this type of system is diurnal in its development and growth
but on occasion will persist into the late night and early morning hours.
Persistent systems are usually associated with positive vorticity advection
at 500 mb. The Type B system is easily recognizable by the large areal
coverage of radar echoes.

Further delineation of the Type B system can be accomplished by
defining the position of the Hiplex region relative to the orientation and
echo motion. Subtype 1 (Bi ), Subtype 2 (B2), and Subtype 3 (B3) represent
echo motion from the southwest, south, and southeast, respectively. Each
subtype is merely a reflection of the relative positions of the subtropical
high pressure system and the Texas High Plains.

6.3.3 Echo System Type C

The Type C echo system is the smallest of the two categories of fron-
tally induced or enhanced convective systems. The other group is a Type
D system discussed in section 5.3.4. Type C systems accounted for
about eight percent of the total event days. These systems are associated
with surface cold or stationary fronts with an east to west orientation.
Radar activity was observed to form in lines parallel to the frontal surface.
Most east to west fronts remained well north of the Hiplex region and most
echo activity was also north of the area.

Three subclassifications of Type C events became apparent after
examining the data tabulations. The Subtype Cx includes all echo events
associated with prefrontal cold or stationary fronts located to the north
of the Hiplex region. The Subtype C2 includes prefrontal cold or station
ary fronts undergoing frontolysis or changing into northeast advancing
warm fronts. The Subtype C3 includes postfrontal echo events following
frontal passage or postfrontal echo clusters in cyclonic northerly flow
accompanying advancing cold fronts or stationary fronts to the south of
the Hiplex region.
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6.3.4 Echo System Type D

Type D echo systems are associated with advancing cold fronts
moving into and through the Hiplex region and oriented northeast to
southwest. Type D systems accounted for 29 percent of the echo event
days and 78 percent of echo event days associated with frontal systems.
The advancing frontal echo systems are often preceded by a Type A echo
regime which usually dissipates before the Type D system occurs.

As in Type C echo system, the Type D regime has three subclassi
fications: Di, D2, and D3 . Again, each subtype refers to prefrontal,
frontolytic, and postfrontal echo formation, respectively. Again, Types
Dx and D2 represent activity ahead of and behind the front, but Type D2
needs some further description. Type D2 is associated with a northeast-
southwest stationary front. Frontolysis can occur when east to easterly
flow at 700 mb and 500 mb advects cooler air ahead of the stationary
surface system. As the stationary front dissipates leaving a trough of
low pressure, another front "appears" to form further north. Analysis
at the NWS includes two fronts on the surface map. The existence of two
fronts is doubtful, but the analysis represents the only routinely available
product and thus the basis for classification.

A summary of all days classified in the meso-a scale is given in
Table 3.

6.4 Meso-jS Radar Echo Classification

An analysis of the mesoscale classification showed that all mesoscale
echoes observed in the 1976 and 1977 Texas Hiplex operational seasons
were either isolated (Type I) or line (Type L) systems. Further subclassi
fication in each of these mesoscale character groups resulted in identifica
tion of two echo character groups. These echo groups are isolated cell
conditions or echo complex conditions. Furthermore, the isolated cell
conditions could be subclassified as either having some orientation or not
having orientation. In addition, the cell complexes could be subclassified
as to whether their component cells had line organization or not. Figure
14 illustrates, in block diagram form, the possibilities for one meso-tt
type. The arrows indicate the classification path for an echo system asso
ciated with an east-west front (Type C) that consisted of line formation
of echo complexes with line organized internal cells. The days classified
under the meso-£ scheme are given in Table 4.
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Table 3

MESO-a ECHO TYPE CLASSIFICATIONS

Event Occurrence Event
Operational Day Event Vicinity No Echo Daytime Night Day and Event Beginning

Day 1000-1000 Day Day Day 1000-2200 2200-1000 Night Duration Hour
(CDT) (CDT) (CDT) (Hours I (CDTi

Yes 1-2 C3 X 2 1000

2-3 AiS

3-4 AXS

4-5 NE

5-6 NE

6-7 C; - -

7-8 B5

Yes 8-9 Bi -

Yes 9-10 AiS

Yes 10-11 AjN X

Yes 11-12 AiS-Dj

Yes 12-13 Di-Ds

Yes 13-14 D5 X 5 2200

\es 14-15 A..N

15-16 NE

16-17 NE

17-18 NE

18-19 Ds

19-20 D:

Yts 20-21 AjS

Yes 21-22 A *S

Yes 22-23 ASS

Yes 23-24 A?S

Yes 24-25 AsS-D:

Yes 25-26 Di

Yes 26-27 ASN X

Yes 27-28 AaN

Yes 28-29 Da X

29-30 D2

Yes 30-1 Ds X 13 1500

11 1600

6 1700

15 1700

X 10 2 100

X 19 15 0C

X 24 1000

X 18 1000

X 20 1000

X 15 1000

6 loOO

X 8 1600

3 2300
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Table 3

MESO-a ECHO TYPE CLASSIFICATIONS

(Continued)

Operational
Day-

Day
1000-1000

(CDTi

Event

Day

1-2 Dj

2-3 AiS

3-4

4-5

5-6

6- 7

Yes 7-S D2

Yes 8-9 Db-D;.

Yes 9-10 D3-Ds

Event Occurrence Event
Vicinity No Echo Daytime Night Day and Event Beginning

Day Day 1000-2200 2200-1000 Night Duration Hour
(CDT) (CDT) (Hours) (CDTi

A;S

A,S

A:S

1500

1500

4 1600

17 1000

8 1300
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Table 3

MESO-tt ECHO TYPE CLASSIFICATIONS

(Continued)

Operational Day Event Vicinity- No Echo

Day 1000-1000

(CDT)

Day Day Day

Y'es 1-2

2-3 AiS-Dj

C:

Y'es 3-4

4-5

5-6

6-7

7-8

Di-D3

D3

D3

NE

NE

Yes 8-9

9-10

B2

Bs-B5

Y"es 10-11 B3-Bs

Yes 11-12 Bs-Bi

Yes 12-13

13-14

14-15

15-16

16-17

B:

Bi

B:

Bi-Ci

C!-C2

Event Occurrence Event

Daytime Night Day and Event Beginning
1000-2200 2200-1000 Night Duration Hour

(CDT) (CDT) (Hours) (CDT)

18 1600

11 1000

10 1500

13 1000

3 07 00

X 23 1000

X 24 1000

X 24 1000

X 18 1000

X 24 1000

X 24 1000

X 23 1000

X 14 1J00
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Table 3

MESO-a ECHO TYPE CLASSIFICATIONS

(Continued)

Operational Day Event Vicinit

Day- 1000-1000

(CDT)

Day Day

1-2

2-3 AiN

Yes 3-4 AaN

4-5 ASN

5-6 AaN

6-7 A2N

7-8 ASN-A;S

8-9 A2N

Yes 9-10 AiS

10-11 AiS

Yes 11-12

12-13

AiS

13-14 A:S

14-15

Yes 15-16

16-17

^>3

17-18 AiS-Di

16-19 D3

!°-20 D3

20-21 ASN

21-22 AaN

Yes 22-23 AaN-AiS-•Di

Yes 23-24 Dj

24-25 D3

Yes 25-26 AiS

26-27 B3

27-28 Ba

Yes 28-29 Ci

29-30 C8

30-1 ca

Event Occurrence Event

No Echo Daytime Night Day and Event Beginning
Day 1000-2200 2200-1000 Night Duration Hour

(CDT) (CDT) (Hours) (CDT)

NE

NE

NE

NE

7 2200

X 8 1600

X 24 1000

12 1000

7 1200

9 1200

6 1300

1600

1500

12 1300

2 OfrOO

16 1000

22 1000

15 1000

7 1700

7 1900

5 2100

6 1400

8 2300

10 1500



SYNOPTICTYPE

A

SYNOPTICTYPE

B

SYNOPTICTYPE

C

SfNOPTICTYPE

D

ISOLATED
SYSTEM

TRANSVERSE

ISOLATED

CELLS

LONGITUDINAL

LINE

SYSTEM

TRANSVERSE
AND

LONGITUDINAL

NO

ORGANIZATION

Figure14.Onepossibleroutetoclassifyamesoscale
radarechosystem

CELL
COMPLEX

LINE

ORGANIZATION

7R-330

en



-54-

Table 4

MESO-0 ECHO TYPE CLASSIFICATIONS

MAF

850-• 500 MAF Stability
Echo Beginning Ending Mesoscale Echo Wind Shear A6e

Date Type Hour Hour Character Character From Speed 850-500

(CDT) (CDT) C) (mps)

1976

June 3-4 AeN 1600 0000 I 2 298.3 7.7 15.0

June 4-5 As N 1000 1000 1 2 321.2 10. 1 NA

July- 10-11 B3.BS 1000 1000 L 2 310.4 4.5
11. 3

July 10-11 B3tB; 1000 1000 L 4 310.4 4.5

1977

June 1-2 c3 1000 1200 L 3 159.2 5.6 12.8

June 9-10 A;S 1600 0300 1 2 348.7 5.32
5. 8

June 9-10 A;S 1600 0300 1 3 348.7 5.32

June 11-12 A:S,D: 1700 0800 L 4 304.5 5.37 14.2

June 20-21 A;S 2100 0700 L 3 306.8 8.85 NA

June 21-22 ASS 1500 1000 1 2 037.6 0.73 9.2

June 22-23 AaS 1000 1000 I 2 256.7 3.28
4. 1

Jur.t 22-23 ASS 1000 1000 1 3 256.7 3.28

June 23-24 ASS 1000 0400 L 4 273. 1 5.34

June 23-24 A2S 1000 0400 L 3 273. 1 5.34 13.0

June 23-24 A2S 1000 0400 1 2 273. 1 5.34

July- 8-9 D2, D3 1000 0300 L 4
0.4

July 8-9 Da, D3 1000 0300 L 2

July 9-10 D3,DS 1300 2100 1 2
16.5

July 9-10 D3, Da 1300 2100 1 4
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6.4. 1 Mesoscale Isolated System (Type I)

Half of the total number of days involved in the meso-jg classifica
tion were Type I days and slightly over half of the total number of meso-0
events were Type I events. Most of these isolated systems were not
associated with well defined synoptic features (e.g. fronts) and thus were
classified as meso-a Type A or Type B days.

Four distinct cloud-scale echo characters are possible in a meso
scale isolated system. They are:

1. Isolated cells with no orientation with respect to environmental
(850 - 500 mb) wind shear.

2. Isolated cells with orientation with respect to environmental
wind shear.

3. Cell complexes without line organization of internal cells.

4. Cell complexes with line organization of internal cells.

Further subclassification of Type 2 echo characters is possible. Two
modes of orientation, denoted 'a' and 'b' are given as follows:

a. Transverse - Individual cells are aligned along a line normal
to the vector 850 - 500 mb wind shear.

b. Longitudinal - Individual cells are aligned along a line
parallel to the vector 850 - 500 mb wind shear.

Figure 15 illustrates a portion of a typical PPI echo display for each echo
character.

6.4.2 Mesoscale Line System (Type L)

Half the total number of days involved in the meso-0 classification
were also Type L days. A little less than half of the total number of
meso-j3 events were Type L events. Most Type L days and events were
associated with well defined synoptic features, although there were notable
exceptions. The cloud-scale echo characters and isolated cell orientations
that formed the subclassifications of the Type I systems were also evident
in the Type L systems. The results of both Type I and Type L climatologies
are given in Table 5.
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TYPE 1

TYPE 2b

TYPE 4

Figure 15. Meso-0 echo types

TYPE 2a

TYPE 3

78-354



Table 5

MESO-fl ECHO CLIMATOLOGY

Mesoscale

Character Echo Character No. Days Total Days

(%)

6 50

1 0 0

2 6 50

3 0 . 0

4 0 0

No. Events Tota I Events

(%)

10 53

0 0

7 37. 1

2 10.6

1 5.3

L 6 50 9 47

1 0 0 0 0

2 1 8.5 2 10.3

3 2 16.5 3 15.5

4 3 25.0 4 21.2

Code Key:

I - Mesoscale Isolated System 1 - Isolated cells (no orientation)

L - Mesoscale? Line System 2 - Isolated colls (transverse fc Ioni» il ndinal)

3 - Cell complex without line organization

4 - Cell complex with line organization

en

i



-58-

A considerable amount of analysis and detail already completed
has not been presented in this report in an effort to be brief. A complete
discussion of the following is included in the technical report now in
preparation:

1. Literature review.

2. Detail of each meso-a and meso-/J subclassification.

3. Relationships between the meso-tt, meso-/J, and cloud
scales.

4. Relationships between meso-a systems and synoptic features.

5. Relationships between meso-$ systems and the mesoscale
vertical wind shear and convective instability.

6. Suggested future work.
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1. CONDUCT OF FIELD PROGRAM

Preparations for the mesoscale field program had begun prior to the

report period and continued to the day we left for the field. During April

and May, five instrument shelters were made, microbarographs and hygro-

thermographs cleaned, repaired, and calibrated under field conditions, all

instrument shelters (15) painted, all equipment (Army rawinsonde, TAMU

rawinsonde, instrument shelters, microbarographs, hygrothermographs, and

other miscellaneous items) transported to the field, setup, and checked out,

personnel trained and transported to their duty stations, a room built and

air conditioned at both Post and Robert Lee to house rawinsonde equipment,

arrangements made for living quarters, and supplies obtained. All personnel

and equipment were ready for the start of the mesoscale field program

on June 1st.

During the mesoscale field program (June 1 - July 27), data (except wind)

were collected from sixteen surface stations (15 special stations plus

Big Spring), coded, logged, and sent to TAMU for further processing. Wind

records from the MRI automatic weather stations were given to MRI personnel

for processing. The locations and elevation of the special surface stations

are shown in Table 1.1. Measurements at each station consisted of tempera

ture, relative humidity, pressure, wind speed, and wind direction. The

inventory of missing surface thermodynamic data for the entire mesoscale

period is given in Table 1.2. During the mesoscale field program, Texas

A&M University personnel also manned rawinsonde sites at Post and Robert

Lee, obtained soundings from the National Weather Service station at Midland,

maintained and repaired surface instrumentation and rawinsonde units at Post

and Robert Lee, coded soundings from all four sounding stations (Post,

Robert Lee, Midland, and Big Spring), and mailed coded data to TAMU for

further processing. An inventory of all soundings made as part of the

mesoscale program is given in Table 1.3 in coded form, and in Table 1.4 in

more graphical form. A series of color slides was made of weather stations,

airplanes, clouds, rawinsonde station operations, and other items of

interest for documentation and briefing purposes. Unfortunately,

opportunities were few to photograph convective clouds that were developing

and/or had been seeded. Time lapse movies were made on three occasions,

but the targets of opportunity were of limited interest.
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Table 1.1. Location and elevation of special surface stations used in
Texas HIPLEX mesoscale program during Summer 1978.

Location Elevation* (m)

Andrews (Airport) 969
Big Spring (USDA Agricultural Extension Station) 763
Clairemont 653
Gail (Borden County High School) 781
Garden City (Garden City School Yard) 816
Lamesa 904

Lenorah 867
Post (Post-Garza County Airport) 771
Robert Lee 589
Rotan (Airfield) 592
Seminole (Airfield) 1030
Snyder (Airport) 740
Sweetwater (Airport) 728
Tahoka (Airport) 950
Vincent 724
Walsh-Watts 718

* includes instrument shelter height
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Table 1.2. Inventory of missing surface data by station during the Summer
of 1978 for the Texas HIPLEX area for the period June 1
through July 26.

Data Missing

Station Temperature Relative Humidity Pressure

Seminole None None 6/1-6/2*: 01-11*

6/14-6/16: 03-12

Andrews None None None

Lamesa None None 6/1-6/7: 01-11

Tahoka •6/1: 01-14 6/1: 01-14 6/1: 01-14
7/1-7/4: 12-11

Lenorah 6/1: 01-19 6/1: 01-19 . 6/1: 01-19

Post None None None

Gail None 6/2-6/5: 15-14 None

Garden City None None 6/1-6/3: 22-11

Vincent 6/1: 01-09 6/1: 01-09 6/1: 01-09

7/15-7/17: 13-13

Walsh Watts None None None

Clairemont None None None

Snyder 6/1: 01-11 6/1: 01-11

7/26: 11-24 7/26: 11-24 7/26: 11-24

Rotan None None None

Sweetwater None None None

Robert Lee 6/29-6/30: 17-11 6/29-6/30: 17-11 . 6/29-6/30: 21-11

Big Spring None None None

*Inclusive dates and times (CDT)
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Table 1.3. Coded inventory of rawinsonde soundings for Texas HIPLEX
mesoscale program during Summer 1978.

June 28-29

June 29-30

June 30-01

July 1-2

July 17-18

July 21-22

July 22-23

July 23-24

July 24-25

July 25-26

RL

78062821

78062900

78062903

78062921

78063000

78063003

78063015

78063018

78063021

78070100

78070103

78070115

78070118

78070121

78070200

78070203

78071715

78071718

78071721

78071800

78071803

78072115

78072118

78072121

78072200

78072203

78072221

78072300

78072303

78072315

78072318

78072521

78072600

78072603

PO

78062821

78062900

78062903

78062921

78063000

78063003

78063015

78063018

78063021

78070100

78070103

78070115

78070118

78070121

78070200

78070203

78071715

78071718

78071721

78071800

78071803

78072115

78072118

78072121

78072200

78072203

78072221

78072300

78072303

78072315

78072318

78072321

78072400

78072403

78072418

78072421

78072500

78072503

78072515

78072518

78072521

78072600

78072603

MA

78062821

78062900

78062903

78062921

78063000

78063003

78063015

78063018

78063021

78070100

78070103

78070115

78070118

78070121

78070200

78070203

78071715

78071718

78071721

78071800

78071803

78072115

78072118

78072121

78072200

78072203

78072221

78072300

78072303

78072315

78072318

78072321

78072400

78072403

78072418

78072421

78072500

78072503

78072515

78072518

78072521

78072600

78072603

BG

78062821

78062900

78062903

78062921

78063000

78063003

78063015

78063018

78063021

78070100

78070103

78070115

78070118

78070121

78070200

78070203

78071715

78071718

78071721

78071800

78071803

78072115

78072118

78072121

78072200

78072203

78072221

78072300

78072303

78072315

78072318

78072321

78072400

78072403

78072418

78072421

78072500

78072503

78072515

78072518

78072521

78072600

78072603
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Table 1.3. (Continued)

RL PO MA BG

June 1-2 78060115 78060115 78060115 78060115

78060118 78060118 78060118

78060121 78060121 78060121

78060200 78060200 78060200 78060200

78060203 70060203 78060203 78060203

June 2-3 78060218

78060221

78060300

78060303

June 4-5 78060415 78060415 78060415 78060415

78060418 78060418 78060418 78060418

78060421 78060421 78060421 78060421

78060500 78060500 78060500 78060500

78060503 78060503 78060503 78060503

June 5-6 78060515 78060515 78060515 78060515

78060518 78060518 78060518 78060518

78060521 78060521 78060521 78060521

78060600 78060600 78060600 78060600

78060603 78060603 78060603 78060603

June 6-7 78060615 78060615 78060615 78060615

78060618 78060618 78060618 78060618

78060621 78060621 78060621 78060621

78060700 78060700 78060700 78060700

78060703 78060703 78060703

June 7-8 78060715 78060715 78060715 78060715

78060718 78060718 78060718 78060718

78060721 78060721 78060721 78060721

78060800 78060800 78060800 78060800

78060803 78060803 78060803 78060803

June 13-14 78061315 78061315 78061315 78061315

78061318 78061318 78061318 78061318

78061321 78061321 78061321 78061321

78061400 78061400 78061400 78061400

78061403 78061403 78061403 78061403

June 14-15 78061415 78061415 78061415 78061415

78061418 78061418 78061418 78061418

78061421 78061421 78061421 78061421

78061500 78061500 78061500 78061500

78061503 78061503 78061503 78061503

June 27-28 78062721 78062721 78062721 78062721

78062800 78062800 78062800 78062800

78062803 78062803 78062803 78062803
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Table 1.4. Graphical inventory of rawinsonde soundings for Texas HIPLEX
mesoscale program during Summer 1978.

RL PO MA BG

15 18 21 00 03 15 18 21 00 03 15 18 21 00 03 15 18 21 00 03

June 1-2 / / / / / / • • / / / / • / / • / /

June 2-3 / / • /

June 4-5 / / / / / / / / / / / / / / / / / / / /

June 5-6 / / / / / / / / / / / / / / / / / / / /

June 6-7 • / / / / / / / • / / / / / / / / / /;
June 7-8 / / / / / / / / • / / / / / / / / / • /
June 13-14 / / / / • • / / • • / / / / / / / / / /

June 14-15 V / / • / / / / / / / / / / / / / /
1

June 27-28 / / / / / / / / / • / /'

June 28-29 / / / / / / / / V / / /

June 29-30 / / / / / / / / / / / /

June 30-01 / / • • / / / / / / / / / / / / / / / /

July 1-2 / • / / / / / / / • / / / / / / / / / /

July 17-18 / / / / / / / / / / / • / / / / / / / /

July 21-22 / / / / / / / / / / / / / / / • / / / /

July 22-23 / / / / / / / / / / / /

July 23-24 / • / / / / / / / / / / / / / / /

July 24-25 / / / / / / / / / / / /

July 25-26 / / / / / / / / / / / / / / / / / •

The Chief Scientist served in Big Spring as Project Director for field

operations during most of June. His duties consisted primarily of planning

aircraft seeding and sampling missions, participation dLn flight briefings and

debriefings, assisting in making forecasts for mesoscale operations, and

coordinating activities of all field personnel. The Chief Scientist was

assisted in all these duties by personnel of the Texas Department of Water

Resources who assumed full responsibility for them during July.

Following termination of the mesoscale field program on July 27, all

field equipment for which TAMU was responsible was returned to appropriate

locations. The 10 microbarographs on loan were returned to Texas Tech

University, the Army's rawinsonde unit was returned to White Sands Missile

Range, New Mexico, and all other equipment was returned to Texas A&M University.
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2. PROCESSING OF MESOSCALE SURFACE AND RAWINSONDE SOUNDING DATA

Considerable time was spent during this report period on the processing

of field data. This is an important task which requires much skill, exper

tise, diligence, and perseverance on the part of those performing this

task. Yet, not much is usually reported to give an appreciation for the

magnitude and importance of this task. A brief description is given in this

section of the procedures followed at Texas A&M to produce the well-edited

surface and rawinsonde sounding data sets that are used in various analyses.

This year marked the beginning of a new approach to handling the vast

amount of data created in the combined HIPLEX upper air and surface networks.

An interactive computer system was utilized which allowed access, retrieval,

and use of any portion of the data set in a matter of minutes. This procedure

improved the overall efficiency and quality of the rawinsonde data reduction

by allowing more confident identification and correction of errors. The

computer terminal provided by the Bureau of Reclamation made this procedure

possible.

On each operational day the rawinsonde operators coded the soundings

on a form for keypunching, and the data were sent to Texas A&M. The data were

then logged-in so that a complete inventory was kept by both the field

coordinators and the data specialists at Texas A&M. The data were then

punched into computer cards which were labelled and stored to facilitate easy

access. At this point, the data were also stored on disk to allow access

by an interactive computer terminal.

Error checking of the raw data was begun before the operators returned

from the field. The original ordinate and angle data were checked with a

computer program that called attention to discontinuous values. This

procedure helped to locate keypunching and coding errors. The next step

of the error checking procedure was to compute the soundings and obtain

actual values of temperature, dewpoint, wind, etc.

Checking the computed soundings consisted of three additional tests.

The first of these was very much like that applied to the raw data. A

computer program which isolates discontinuous values of temperature, dewpoint,

wind direction, and wind speed was run. This program identified reading

errors that passed undetected through the first phase.
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The second step isolated soundings that were not spatially consistent.

Constant pressure maps were plotted for 850, 700, 600, 500, 400, 300, and

200 mb using data from the four HIPLEX rawinsonde stations. Values of

temperature, dew-point depression, geopotential height, wind speed, and

wind direction were plotted for every sounding time and analyzed to find

inconsistencies.

The third check was an analysis of the time continuity of the HIPLEX

soundings. Time cross-sections of each station and each operational day were

analyzed for the same values plotted on the constant pressure maps. The

computer was used to put the data in the proper format for both the constant

pressure and time cross-section analyses.

Fortunately, the last three steps described were carried out with the

help of the rawinsonde operators. Their knowledge of meteorology and their

field experience was imperative in this stage of the error checking.

At this point, final corrections were made to the upper-air data set.

Throughout the procedure, the computer cards were also corrected so that

they would serve as a backup for the disk data set. Data tapes consisting

of ordinate, computed soundings for each pressure contact, and soundings

interpolated for 25-mb intervals were prepared. This was the last step in

the rawinsonde data reduction process.

Data from the HIPLEX surface network was checked using a program similar

to the one used on computed values of upper air data. Discontinuous values

were identified and checked by the surface network operators. This data

set is now in card form until final compilation on magnetic tape can be

accomplished. Numerous corrections were made in surface pressures because

of errors in the aneroid used to calibrate the microbarographs.
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3. ANALYSIS OF 1977 SURFACE DATA

Data from the special surface and other stations were analyzed for

1977 in the same manner as was done for the 1976 data. Computer-analyzed

charts were prepared at 1-hr intervals from 1500 to 0300 GMT for each day

on which convective activity of any intensity was observed. Parameters

included in this analysis are velocity divergence, moisture divergence,

mixing ratio, vertical flux of moisture, vorticity, terrain-induced and

planetary boundary layer vertical motion, surface pressure and pressure

change, equivalent potential temperature, and temperature. The pressure

and pressure change charts were added to the analysis of the 1977 data. It

was not possible to perform these analyses on the 1976 data because of

errors in the data.

Contingency tables and relative frequency distributions of the various

parameters were prepared as function of convective activity. The data were

grouped into categories of clear, organized and unorganized echoes, lines,

etc. Time histories of the magnitude of selected parameters were prepared

and related to the intensity of convective activity as indicated by echo

height (values coded as in 1976 analysis)•

Results from the analysis of the 1977 data are somewhat different from

those of the 1976 data. Specifically, critical values of the parameters

which distinguish between convective regimes of various intensities are

different in 1977 from those found in 1976. The frequency distributions

prepared from 1977 data do not show pronounced peaks as was the case for the

1976 data. The differences appear to be related to the intensity of the

convective systems. Our analysis continues on this task.
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4. ANALYSIS OF UPPER-LEVEL KINEMATIC PARAMETERS

4.1 Introduction and Data Analysis

The 1976 Texas HIPLEX rawinsonde data, obtained from 14 operational

days during June and July, were used to calculate various kinematic

parameters aloft from 850 mb to 100 mb at 50 mb intervals. These results

were used in the individual case studies to investigate the interactions

between convective clouds and their environment for the purpose of determining

factors responsible for the initiation, growth, maintenance, and dissipation

of convective activity. In summarizing the results of the case studies,

average vertical profiles of the kinematic parameters were calculated for

those time periods with and without thunderstorms over the network. In 1976,

the mesoscale kinematics of the atmosphere were clearly different, at

various levels and times, for those periods with and without convective

activity. These results indicated that the mesoscale environment exerted a

strong controlling influence over thunderstorm development through its three-

dimensional circulation.

Similar calculations have been made for the 1977 Texas HIPLEX rawinsonde

data. In 1977, vertical profiles of vertical velocity (ubars s ), horizontal

—7 —1 —8 —3 —1
moisture divergence (10 s ), and horizontal mass divergence (10 g cm s )

were computed for the layer from 850 mb to 100 mb at 50 mb intervals for each

time period of the 16 operational days when sounding data were available.

Days in 1977 for which calculations have been made include June 1, 7, 9, 11,

13, 21, 22, 23, 24, 25, 27, and 30 and July 7, 8, 9, and 10. The data

analysis procedures used for the 1977 data are somewhat different from those

used in 1976 but the end product is the same. The final result for the

upper-level kinematic calculations is still a single vertical profile of a

given parameter representing the average environmental conditions over

the network bounded by the triangle from Midland (MAF) to Post (PO) to

Robert Lee (RL).

For a given time period and pressure surface, the horizontal velocity

divergence was computed by use of the expression

* + 1 dA „ 1 AA
p* 2 A dt A At

where A is the horizontal triangular area determined from the three rawinsonde

balloon locations (MAF, PO, and RL) projected onto a constant pressure surface,
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A is the average area of the triangle between two pressure surfaces 50 mb

apart, and AA is the change of triangular area that occurs as the balloons

move through a pressure layer 50 mb thick in time At.

Horizontal moisture and mass divergence were determined using the vector

identity

v7 -CV0 = V*$ C + C^ -v.
P 2 2 p p 2

(1) (2) (3)

where C is any scalar. For moisture and mass divergence, q (mixing ratio)

and p (air density) were used in place of C. Then term 2 was computed by the

centered finite difference formula

$ .? c =u|£ +4a - ?(C2 - Cl) +v(C2 - Cl)
2 p 3x 9y Ax Ay

where u and v are the average wind components over the network along a pressure
C? — Ci Co — Ci

surface and —^-z ^ and —&-r — are the horizontal vector components of the

gradient of C in the "x" and "y" directions, respectively. Term 3 was

calculated by multiplying C (an average for the pressure surface) by the

horizontal velocity divergence computed previously. Since the velocity

divergence represents a 50-mb layer mean value, term 2 was actually computed

as a mean horizontal advection by averaging data from three 25-mb data levels

constituting the 50-mb layer used in the velocity divergence calculation.

Vertical motion was computed on constant pressure surfaces using the

formula

where (u) ). is vertical velocity on a constant pressure surface k, to is the

vertical velocity at the ground (set to "0"), (V • V_). is the 50-mb layer
p Z K

mean divergence below layer k, and Ap = 50 mb.

Test comparisons between kinematic calculations made on 1976 data using

both data analysis techniques showed only negligible differences.

4.2 Average Conditions of Kinematic Parameters during Times With and Without
Convective Activity

In 1977, there were 70 time periods that contained the necessary data

for kinematic calculations aloft. These time periods were classified as either
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"convective" or "nonconvective" depending upon whether thunderstorms were

present over the network bounded by the PO-RL-MAF triangle. If a radar echo

in excess of 6.1 km (20,000 ft) was observed ±1 hour surrounding a sounding

time, the period was termed convective. All other cases were termed non

convective except when balloons were suspected of entering thunderstorms.

These cases were considered as not representative of the mesoscale environment

in which thunderstorms were present and were excluded from averages presented

here. Using this classification, there were 15 and 55 time periods with and

without convective activity, respectively.

Figures 4.1-4.3 show the 1977 average vertical profiles of vertical

velocity, mass divergence, and moisture divergence, respectively, for both

the convective and nonconvective cases. For comparison, the 1976 profiles

are also included in each figure.
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Fig. 4.1. Vertical profiles of vertical motion
for Texas HIPLEX area averaged for times
of convection and nonconvection for

1976 and 1977.

In Fig. 4.1, average vertical velocities in 1977 were upward (negative)

in the convective case at all levels below 200 mb with maximum upward motion

of -4 ybars s occurring at 600 mb. This profile is almost identical to the

1976 results differing less than 1 ubar s at all levels. Subsidence was



-75-

-10 -8 -6 -4 -2

Fig. 4.2

100

200

|
300

400

a>
u

W
0)
0)
V4

500

600
a.

700

800

900

Fig. 4.3.

£ + ,«-8 -3 -1
V*pV, 10 g cm s

Vertical profiles of mass divergence for
Texas HIPLEX area averaged for times of
convection and nonconvection for 1976 and 1.977,

T T T

Convec *76

Nonconvec "76

— — — Nonconvec '77

Convec '77

-5 -4 -3 -2 -1

T

V"«qv,

Vertical profiles of moisture divergence for
Texas HIPLEX area averaged for times of
convection and nonconvection for 1976 and 1977,

lo"7 s"1

T



-76-

present at all levels in the 1977 nonconvective case and largest near 700 mb

(3 ybars s ). In contrast, the 1976 nonconvective profile showed upward

motion at all levels.

The horizontal mass divergence profiles in Fig. 4.2 reveal similar

vertical distributions of mass divergence in both years for the convective

case with mass convergence present below 600 mb and divergence occurring

above 400 mb. However, magnitudes of convergence were clearly smaller

in 1977 above 900 mb, especially between 850 and 700 mb where 1976 mass

convergence values were at least twice as large as the 1977 values. The

nonconvective profiles are almost mirror images of each other up to 500 mb

where the 1977 results showed mass divergence up to 700 mb and mass conver

gence above to 500 mb. In 1976, mass divergence was large above 400 mb but

near zero in 1977.

The horizontal moisture divergence profiles in Fig. 4.3 also reveal

similar vertical distributions of moisture divergence in both years for the

convective case with significant moisture convergence present below 500 mb

and near zero divergence above. Magnitudes of convergence were also smaller

in 1977 above 900 mb, especially between 850 and 700 mb. As with mass

divergence, the moisture divergence profiles in nonconvective areas are

mirror images of each other up to 500 mb and almost identical above. In

1977, moisture divergence occurred between the surface and 700 mb and moisture

convergence was present between 700 mb and 500 mb.

Another significant difference in both the moisture and mass divergence

profiles between 1976 and 1977 was the occurrence in 1977 of increasingly

larger values of moisture and mass convergence below 700 mb that extended

down to the surface.
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5. ANALYSIS OF THE MOISTURE BUDGET

The equation for the continuity of water substance can be expressed

in the form:

J3(3ta) dV +J(qPaVndS +J(^Paw)dA =R (5,1)
V s s

(1) (2) (3) (4)

where:

q = mixing ratio

p = density of the air

V_ = horizontal wind velocity

w = vertical velocity

n = normal component

v = volume

This equation represents a balance of the total water budget at any

particular time expressed in units of (gm/sec). The terms in the equation

have the following interpretation: (1) The local rate-of-change or the net

gain or loss of water vapor within the volume; (2) Transport of water vapor

through lateral boundaries; (3) Transport of water vapor through vertical

boundaries; and (4) The sources and sinks of moisture (evaporation, condensa

tion, precipitation, and turbulent flux of moisture through the boundaries) •

A triangle was formed over the Texas HIPLEX area by the vertices of three

rawinsonde stations (Robert Lee, Post, and Midland), encompassing an area of

9 2.
approximately 8.31 x 10 m . Since the effect of balloon drift on area was

determined to be negligible, this area was assumed to remain constant with

height. The volume for which this analysis was performed is this area times

the vertical distance between 850 and 300 mb.

Equation 5.1 was evaluated for 10 days during the summer of 1977, over

50-mb layers using sounding data taken at 3-h intervals from 1500 to 0600 GMT,

over the Texas HIPLEX area. These results and a summary for each day will

appear in a subsequent report on the analysis of 1977 data. The format of

these results, including time profiles of water vapor budget terms and

subsequent discussion, will be presented in a similar manner to the Technical

Report concerning the analysis of 1976 data. A preliminary analysis of the

water vapor budget for 1977 data agree with results previously obtained

using 1976 data.
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Fig. 5.1. Comparison of terms in the water budget equation
for 23-24 June 1977.

An analysis of the complete water budget has been completed for 10 days

during the summer of 1977 over the Texas HIPLEX area. Evaluation of the total

moisture budget was accomplished by integrating Eq. 5.1 between 850 and 300

mb, for each time sounding data were available. A comparison of the terms in

Eq. 5.1 was made for each of the 10 days studied. Figure 5.1 represents a

sample comparison of the terms in the water budget equation for sounding times

on 23-24 June 1977. Radar maps for this time period indicate the develop

ment and movement of a line with associated isolated cells over the Texas

HIPLEX area. Intensification and movement of convective activity were

observed between 1500 and 0000 GMT, followed by dissipation at 0300 GMT.

Specific times when convective activity was observed within the area are

indicated on Fig. 5.1.
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Horizontal moisture convergence into the Texas HIPLEX area prior to

convective activity is shown to be the primary moisture source. This net

horizontal convergence reaches a maximum at 2100 GMT, the time when

convective activity within the area reached a maximum. Vertical moisture

transport also tends to "store" water prior to activity. The local rate-

of-change term remains nearly constant, showing a small net gain at 2100

GMT. This may be attributed to the air being nearly saturated at all times

throughout the day. Also, at all times during intensification and development,

a loss in the residual term is observed, especially at 2100 GMT.

The total mass of water vapor present, defined as the total precipitable

water within the volume, PW, can be represented in the form:

-JPW = I (qpa)dv (5.2)

where:

q = mixing ratio

p = density of the air
a

V = volume

PW expressed in grams was computed for 10 days during the summer of 1977,

over the Texas HIPLEX area. These results are shown in Figs. 5.2 and 5.3

for June and July 1977, respectively. Specific times when convective

activity was observed from radar maps are shown on these figures. Average

values of the total mass of water vapor for each day were obtained from

these figures. The results indicate that a "threshold" value in water vapor
14

of about 1.9 x 10 gm is needed over the Texas HIPLEX area for sustained

convective activity and precipitation to occur. These results agree quite
14

favorably with those of 1976, where a "threshold" value of 2.0 x 10 gm

was determined.

The distribution of precipitable water with height was analyzed for 10

days during the summer of 1977, and for 9 days during the summer of 1976.

Figure 5.4 represents a sample time cross section of the total mass of water

vapor over the Texas HIPLEX area for 13-14 June 1977. Again, specific times

when convective activity occurred over the Texas HIPLEX area are shown on

this figure. The distribution of precipitable water with height is shown

in three layers (850-700 mb, 700-500 mb, and 500-300 mb), including an

integrated total amount. A percentage of the total integrated amount in
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total versus time on 13-14 June 1977.

each layer is also noted for each time sounding data were available. Radar

summaries indicate the development of several isolated echoes north of the

Texas HIPLEX area at 0300 GMT on 14 June 1977, followed by movement and

dissipation over the Texas HIPLEX area by 0600 GMT 14 June 1977.

Figure 5.4 shows that the greatest amount of water vapor is between

850-700 mb, averaging 68% of the integrated total. Once convective activity

approaches the Texas HIPLEX area, the exchange of moisture aloft increases.

This is due to the upward vertical motion and large vertical transports

observed in lower layers. These results also agree with earlier results that

vertical and horizontal transports tend to "store" water vapor in upper

layers prior to convection. The contributions of moisture above 500 mb is

small (i.e. less than 10% of the integrated total), and remains nearly constant

at all sounding times throughout the day. Once dissipation occurs at 0600

GMT, a gain of moisture is observed only in this layer, due to upward vertical

motion and vertical transports aloft.
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It has been shown that the magnitude of each term in Eq. 5.1 affects

the magnitude of the residual term. A comparison of each term with the

residual term shows the relative importance of each term for cases of con

vection and nonconvection. A ratio of each term to the residual term

provides a relative percent of that term comprising the residual term. These

ratios were computed for 9 days during the summer of 1976 over the Texas

HIPLEX area. The nine days analyzed were divided into two groups: (1) Days

when no activity occurred within the network at any time (Table 5.1); and

(2) days when activity occurred within the network (Table 5.2). Comparison

of Tables 5.1 and 5.2 show that the horizontal transport term is the dominant

term of the budget especially during days with convective activity. In

cases of sustained convection and precipitation, which were observed on

10-11 July and 11-12 July 1976, the horizontal transport term becomes larger

in magnitude than the residual term. Surface observations for 8-9 July 1976

report stratus overcast throughout the day, and might explain such a large

ratio of the horizontal transport term. The vertical transport term ratio

remains nearly constant for both convective and nonconvective cases, com

prising only about 10% of the residual term. The local rate-of-change term

ratio decreases significantly during days containing convection, and this

might be attributed to the saturation of the air, especially on days of

sustained convection and precipitation. These results reinforce the importance

of horizontal moisture convergence as a source term for the formation and

maintenance of convective activity.

Table 5.1. Ratio of water budget terms to the residual for days during summer
1976 containing no activity over the Texas HIPLEX area.

Date
,

(qPaV2)n dS
R

100
f (qPaw)dA
J R

100 [3 (<?Pa) dv XJ 3t R aV X 100

s s V

JN 25-26 53% 31% 16%

JN 28-29 52% -14% 62%

JL 1-2 30% 33% 37%

JL 8-9 99% -23% 24%

Total 58% 7% 35%
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Table 5.2. Average ratio of water budget terms to the residual for "activity
days" during summer 1976 over the Texas HIPLEX area.

Date

JN 22-23

JN 23-24

JL 3-4

JL 10-11

JL 11-12

TOTAL

JaeaV2)n_dsx 100
R

54%

103%

78%

108%

105%

90%

I
(qpaw) dA

33%

12%

1%

6%

-1%

11%

x 100 J at
(<*Pa>dv x 100

13%

-15%

21%

-14%

-4%

-1%

The preliminary results obtained using 1977 data are encouraging and

support the validity of the results obtained using 1976 data. Work is still

in progress toward evaluating the water budget in three layers (850-700,

700-500, and 500-300 mb) for all the terms in Eq. 5.1 to determine the

relative importance of each of these layers during various stages of convection.

It is hoped that this analysis will help determine the level at which

precipitation originates, and the factors affecting precipitation formation.

The validity of the moisture budget has been shown by a comparison of

the actual precipitation recorded to the precipitation computed from the

residual term of Eq. 5.1 for two days during the summer of 1976. These results

were presented in a progress report for February 1978. Further work is

planned using rainfall data on selected days during the summer of 1977.

It has been shown that the terms of Eq. 5.1 vary depending upon the

conditions which exist. By determining average values for each of the water

budget terms during convective and nonconvective conditions a comparison should

reveal any "characteristics" associated with these terms. It is planned

to utilize both 1976 and 1977 data to compute these average values and

construct average profiles for each respective case. Such a study should

determine any significant differences between conditions of convection and

nonconvection.

The complete water budget has been evaluated and summarized on a daily

basis, indicating results observed during each day. Comparison of days with
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similar conditions might reveal certain common characteristics. Using 1976

and 1977 data, it is planned to classify each day as follows: (1) Nonconvective-

days when no significant activity was observed over the Texas HIPLEX area;

(2) Line—days involving the development and/or movement of a line of

convective activity over the Texas HIPLEX area; (3) Isolated cell—Days

involving the development and/or movement of scattered isolated convective

cells over the Texas HIPLEX area; and (4) Sustained convection—Days involving

persistent patterns of strong convection and precipitation observed at

most sounding times over the Texas HIPLEX area. After classification, each

category will be compared and analyzed further to determine any similarities

for the several types of convective activity. It is hoped that such a study

might reveal the moisture sources, and therefore the energy sources associated

with each case, so a better understanding of convective activity will be

achieved.

6. DEVELOPMENT OF ENTRAINMENT MODEL

A model for entrainment into cumulus clouds is nearing completion but not

yet ready to be scrutinized by the scientific community. The model is based

on the concept that entrainment accounts for differences between the mass

budgets of convective storms and their mesoscale environment. Equations have

been developed for these mass budgets. The derivation of an equation for

entrainment requires some assumptions regarding the interaction of the clouds

with their environment. These assumptions and conditions necessary to

write the model in equation form are being investigated. As soon as the

equations are finalized they will be evaluated by computer to establish their

apparent validity.

7. PREPARATION OF RADAR ECHO CHARTS FROM MIDLAND RADAR DATA

PPI radar overlays were obtained from the Midland NWS station, coded

on a grid as was done for the 1976 data, keypunched, and contour charts of the

coded data prepared by computer. The data were coded at 1-hr intervals for

every hour of the day and for all days on which convective activity occurred

during the mesoscale experiment period. These charts will be included in the

1978 mesoscale data report between 1500 and 0300 GMT for each day on which

convective activity occurred.
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TEXAS A§M UNIVERSITY

"A RADAR-ECHO CLIMATOLOGY FOR

SOUTHERN HIPLEX"

The final report "A Radar-Echo Climatology for Southern HIPLEX,"

prepared by Dr. Dennis M. Driscoll, was submitted to the Department

during this reporting period and concludes the work performed under HIPLEX

contracts 14-70032 and 14-80004. The Department published the study as

Technical Report LP-64 and transmitted thirty (30) copies to the Bureau

on September 6, 1978.
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TEXAS TECH UNIVERSITY

"SATELLITE STUDIES IN THE

TEXAS HIPLEX AREA"

The following report was prepared by Dr. Jerry Jurica and submitted

to the Department as the interim progress report on the Texas HIPLEX

satellite studies for the reporting period 1 April - 30 September 1978



-87-

SATELLITE STUDIES

IN THE

TEXAS HIPLEX AREA

An Interim Report
for the Period April - September 1978

Jerry Jurica
Atmospheric Science Group

Texas Tech University
Lubbock, Texas 79409

Published October 1978

Report prepared under
TDWR Contract No. 14-06-D-7587 IAC(78-79) 1055

Prepared for
Texas Department of Water Resources

Austin, Texas
and

Bureau of Reclamation, U. S. Dept. of Interior
Denver, Colorado



-88-

TABLE OF CONTENTS

Page

LIST OF TABLES 89

LIST OF FIGURES 90

1. INTRODUCTION 91

2. RESULTS OBTAINED DURING THE REPORT PERIOD 92

2.1 Cloud Characteristics from GOES Imagery 92

2.2. 22 June 1976 Radiance Data Case Study 102

3. WORK PLANNED FOR THE NEXT REPORT PERIOD 119

4. PERSONNEL 12°



-89-

LIST OF TABLES

Table Page

1 Comparison of numbers of clouds and percentage

of cloud cover from satellite radiance data

and imagery 115

2 Maximum and minimum temperatures, the height

of the maximum cloud top and the corresponding

maximum radar echo height in the study region .. 117



-90-

LIST OF FIGURES

Figure Page

1 The area of study. The sector at the center

is the Texas HIPLEX study region 93

2 Diurnal variation of percent cloud cover

during June for 1976 and 1977 95

3 Diurnal variation of percent cloud cover

during July for 1976 and 1977 96

4 Diurnal variation of the frequency of

occurrence of cloud free conditions during

June for 1976 and 1977 97

5 Diurnal variation of the frequency of

occurrence of cloud free conditions during

July for 1976 and 1977 98

6 Diurnal variation of the number of isolated

clouds during June for 1976 and 1977 10°

7 Diurnal variation of the number of isolated

clouds during July for 1976 and 1977 101

8 Computer-generated plots of visible and

infrared radiance patterns from 1745 GMT

on 22 June 1976 to 0115 GMT on 23 June 1976 ... 1°6



-91-

1. INTRODUCTION

The following comprises an interim progress report for

Interagency Contract IAC(78-79) 1055, covering the period

April-September 1978. The report is divided into three sec

tions which follow. The first section reports on results ob

tained during the report period. Two subsections are included,

corresponding to Tasks 1 and 2 described in the contract.

The first subsection presents samples of results produced

in the analysis of GOES photographic imagery for the 1977

Texas HIPLEX summer field period. The second section presents

selections of analysis products derived from a detailed

case study of GOES digital radiance measurements for 22 June

1976. Detailed reports covering the two projects briefly

described here are in preparation and will be published soon.

The second section to follow describes work to be performed

during the next contract period. The third section to follow

lists personnel employed on the project during this report

period.
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2. RESULTS OBTAINED DURING THE REPORT PERIOD

2.1 Cloud Characteristics from GOES Imagery

One of the objectives of the Texas HIPLEX satellite

studies is to develop information on overall cloud characteris

tics for the operational area. Of interest are diurnal and

spatial variations of cloud cover, numbers of clouds of dif

ferent types, and cloud movement. The acquisition of data

has been accomplished with the assistance of National Weather

Service personnel at th Lubbock forecast office.

The project was initiated in the summer of 1976. Every

available GOES photograph received at the NWS Lubbock office

during the period 1 June-15 July was obtained for analysis.

The area of interest is a 315 x 315 km region centered at

Big Spring, Texas, as seen in Figure 1. The study area has

been divided into 9 sub-areas to investigate possible spatial

variations within the area. The results of the 1976 imagery

analysis have been reported in an earlier report. The analysis

in 1976 was restricted to the period from 1200GMT to 2400GMT

(7 a.m. to 7 p.m. CDT). This was done because the infrared

imagery available during nighttime hours was judged unsuitable

for the derivation of quantitative information. Infrared

imagery available at that time was continuous grey-scale, not

of an enhanced nature.

During the 1977 Texas HIPLEX summer field period, 1 June-

15 July, all available GOES imagery was again obtained from

the Lubbock NWS forecast office. By this time, enhanced infra-
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red imagery had been made available and was judged to be

suitable for analysis. The infrared imagery was used to

obtain cloud-top temperatures in addition to supporting some

aspects of the visible imagery analysis. Further, cloud

characteristics could now be obtained on a 24-hour basis.

The data for 1977 have been processed and are undergoing

analysis at this time. Samples of the results are presented

and briefly discussed below. For purposes of comparison

of 1976 to 1977 results, only the time period 1200 to 2400

GMT is treated here.

The daytime variations of percent cloud cover in the

study area during June and July are shown in Figures 2 and

3, respectively. The diurnal variation during June is similar

in 1976 and 1977, as seen in Figure 2. The maximum cloud

cover occurs in the morning, decreases to a minimum at mid-

afternoon and then increases again as evening approaches.

The overall cloud cover during June was somewhat greater in

1976, averaging 28% for the 12-hour period compared to a

1977 average value of 17%.

Cloud cover in July differed greatly from June. We

see in Figure 3 large percentage cloud cover in 1976, averag

ing 54%. The July 1977 average daytime value is only 11%.

In addition, the July diurnal variation differs significantly

from that of June.

Figures 4 and 5 display the diurnal variation for June

and July, respectively, of the frequency of occurrence of

clear skies in the Texas HIPLEX study area. The differences
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from 1976 to 1977 are seen to be much less in June than

July. In Figure 4 we see that cloud free conditions are

most frequent in the morning and decrease toward minimum

values (absence of clear skies) in the late afternoon.

Average values of the frequency of occurrence of clear skies

during June daylight hours are 29% for 1976 and 46% for 1977.

Large differences exist between 1976 and 1977 in the

frequency of occurrence of clear skies during July, as seen

in Figure 5. In 1976 cloud free conditions occurred approxi

mately 15% of the time, with diurnal variations being quite

small. In contrast during 1977, clear skies were observed

nearly 60% of the time during morning hours, with a rapid

decrease to a minimum of 26% at 2000 GMT (3 p.m. CDT) fol

lowed by a return to 50% at 2400 GMT (7 p.m. CDT). The day

time average frequency of occurrence of cloud free conditions

for July 1977 was 46%.

The number of isolated clouds observed in 1976 and 1977

are plotted for June and July in Figures 6 and 7, respectively

Greater counts occurred for 1977 in both months, the more

dramatic difference being in July. Average values in 1976

were 2 and 1 isolated clouds within the study area for June

and July, respectively. During 1977 the average number of

isolated clouds was 5 for June and 14 for July. All four

curves in Figures 6 and 7 display similar trends, with a

morning minimum and an afternoon peak near 2000 GMT (3 p.m.

CDT). However, the diurnal variation was much stronger in

1977, especially in July.
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The interpretation of the results described above is

taking place at the present time. In addition, data have

been extracted from GOES imagery for the Texas KIPLEX 1978

summer field program and are being prepared for analysis at

this time. The results for 1976, 1977 and 1978 will then

be analysed as a unit and the results will be published as

a technical report.

2.2 22 June 1976 Radiance Data Case Study

A major objective of the Texas HIPLEX satellite study

is the development of techniques to extract quantitative in

formation from the radiance data provided by the GOES obser

vation systems. Radiance data have the advantage of eliminat

ing the subjectivity involved in visually interpreting photo

graphic imagery. A disadvantage of the radiance data is the

huge amount of data which must be dealt with. A specific

goal of the project is to determine efficient data processing

methods which permit important cloud properties to be extracted

from the data.

The date 22 June 1976 has been selected as an intensive

case study. This case has been used for the development of

analysis methods to treat the radiance data. Some examples

are discussed here of an analysis technique to determine cloud

amount, distribution, temperature, height and movement through

the utilization of sets of simultaneous satellite visible

(VIS) and infrared (IR) data and the corresponding radiosonde

data.
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To identify the cloud cover region, a brightness criti

cal value to distinguish cloud from underlying non-cloud

background is found as a primary factor in this study. Be

cause the solar radiation is attenuated by scattering and

absorption in proportion to the path length traveled through

the atmosphere, Beer's law has been applied to obtain these

critical values as they vary with solar zenith angle.

Using the brightness critical value as an input variable,

a cloud summary computer program was utilized to obtain the

following statistical results for this study:

1. Percentage of cloud cover and mean brightness of

cloud and non-cloud for the entire region.

2. Size, maximum brightness, mean and standard devia-

tion of brightness and location of brightness and

geometric center of every individual cloud.

3. Tables of the frequency distribution of brightness

of individual data points, the frequency distribu

tion of mean brightness of clouds and the frequency

distribution of cloud size.

All of these data sources are used to analyze the cloud pro

perties and patterns and their variations with time.

The ability to deal with a visible representation of

the data is very helpful when handling large quantities of

data. A most valuable support to the effort has been pro

vided by Colorado State University (CSU), which had made

available to our project the video imaging system of the

Department of Atmospheric Science. Both VIS and IR data
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on June 22 were preprocessed and reformated from raw data

tapes. Through the use of the CSU All Digital Video Imaging

System for Atmospheric Research (ADVISAR), it was found that

extremely bright or dark single data points or lines, which

could be identified as bad data or bad data lines, existed

in some of the VIS radiance data sets. They represented less

than 0.5% of the data in the most of the data sets. At 2245

GMT of June 22 and 0045 GMT of June 23, the existence of

several bad data lines increased the percentage of bad data

to 1% of the data set. In order to correct these bad data

values, every data point was compared with its surrounding

data values. If the data value in question deviated by more

than a prescribed amount from the surrounding points, it was

replaced by their average. A bad data line was corrected using

an interpolated value which was obtained from the data points

in the lines above and below the bad line. In this manner,

good VIS data sets were produced for subsequent analysis.

The VIS and IR digital data arrays for the 315 x 315 km

target region are 216 x 216 and 27 x 54 arrays, respectively.

The VIS and IR sensors of GOES simultaneously scan the earth

in a west to east direction, then step down and scan again.

However, there is a misalignment of the VISSR sensors that

causes an east-west offset between the VIS and IR data.

In order to investigate the offset and accurately match

VIS and IR data, two data sets of identical resolution are

required. A 216 x 216 array was considered by dividing each

IR data point into 32 new IR subareas. Althouah this method
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would have kept all of the original VIS information, the

extensive interpolation of IR data did not produce patterns

consistent with the VIS data. In addition, use of the

highly expanded IR data set would have greatly increased com

putation times for analysis. A 54 x 54 array size was also

considered to produce an identical resolution for VIS and IR

data sets. In this method, every new VIS data area would re

place a 4 x 4 array of original VIS data points. This method

was tested by producing computer-generated cloud patterns

from the 54 x 54 VIS data array. However, it was found that

many of the smaller clouds disappeared, indicating that the

combination of this many data points resulted in too much

smoothing. As a result of the testing, an array of 108 x 108

pixels (approximately 3 km resolution) was selected as the

optimum array size. This resolution involves both compressing

the VIS data and stretching the IR data. It was found that

no cloud information was lost while compressing the VIS data

to an 108 x 108 array. By utilizing the interpolation techni

que described below, the stretch 108 x 108 IR array was able

to reproduce cloud patterns which agreed well with the higher

resolution VIS data.

The corrected and coregistered sets of VIS and IR data

were used to produce computer-generated plots of the cloud

patterns in the study area. These are shown in Figure 8.

Plotted are objectively determined contours of cloud top

temperature derived from the IR data and albedo derived from

the VIS data.
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One item of interest is the extent of agreement between

cloud parameters derived from the radiance data and those

obtained by a visual inspection of the corresponding imagery.

Comparisons of numbers of clouds and percentage of cloud

cover obtained from satellite radiance data and from imagery

are shown in Table 1. It shows a close agreement in cloud

covereage detected from radiance data and imagery. Since the

photographic imagery study area was divided into nine subareas,

the percent cloud cover was observed for each subarea. There

fore, a more accurage estimate of percent cloud cover over

the total area was obtained by averaging these nine values.

The largest deviation of cloud coverage between radiance data

and imagery, three percent difference, appears at 2100 GMT.

At other times only one or two percent difference is observed.

Table 1 also shows that the numbers of isolated and area

clouds in radiance data study are close to that in imagery

study at 1800 GMT and 19 00 GMT. At 2COO GMT more isolated

clouds were detected from the imagery. Through the ADVISAR

display system, two large cluster-area clouds were found on

each of the cloud pictures at 1945 GMT and 2015 GMT located

in the eastern and western parts of the study area: one

located from Hamlin to Robert Lee, the other located from

Seminole to Midland. The size of these two cluster-area

clouds are about 4,000 digital points, with an equivalent

circular diameter of 100 kilometers. The computer cloud

summary program will treat several small clouds as a large

cluster-area cloud as long as those clouds are linked to-



Table 1. Comparison of numbers of clouds and percentage of cloud

cover from satellite radiance data and imagery

Total number

of cloud

Number of medium

isolated convective

cloud

Number of

isolated

widespread

large
and

cloud

• Percentage of
cloud cover

( % )

Time
Radiance

Data

*

Imagery
Radiance

Data
Imagery

Radiance _
Data Imagery

Radiance

Data
Imagery

1800 53 57 29 33 24 24 25 26

1900 46 45 26 25 20 20 25 27

2000 36 50 19 32 17 18 24 23

2100 34 29 24 15 10 14 20 23

2200 45 27 28 13 17 14 17 19

Cn
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gether at even a few boundary points. However, in the

imagery study these clouds will be separated as several

isolated clouds. Therefore, more isolated clouds were de

tected from imagery at 2000 GMT. By 2200 GMT the solar zenith

angle had increased to 45 degrees; the brightness of the

scene was reduced and fewer small isolated clouds could be

distinguished from the underlying surface in the photographic

imagery. However, by adjusting the critical value to distin

guish cloud from non-cloud the cloud summary program overcame

this problem, leading to greater numbers of isolated clouds

than cloud seen in the imagery.

The satellite IR radiance data can be utilized to deter

mine features of cloud growth by relating temperature to

height through rawinsonde data. The minimum temperature ob

served in the temperature plots for the different times can

be used to show the highest cloud top in the entire data set

at that time. The maximum temperature corresponding to the

minimum IR data value, can represent the surface temperature

for the data set. Both the maximum and minimum temperatures

and the corresponding height of the maximum cloud top are shown

in Table 2 throughout the study period. The minimum tempera

ture at 1745 GMT corresponded to an extensive thunderstorm

entering the study area (Figure 8). The thunderstorm rapidly

moved southward from Lubbock into the study area. Meanwhile,

the visible low clouds located in the west central portion

of the area dissipated gradually. By 004 5 GMT, the thunder

storm dominated most of the cloud cover region with a maximum
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Table 2. Maximum and minimum temperatures, the height
of the maximum cloud top and the corresponding
maximum radar echo height in the study region.

Time Max. temp. Min. temp Max. cloud top Radar echo

(GMT) (°C) <°C) (m) . (ft) top (ft)

June 22

1745 37 -17 7,300 24,000 22,000

1815 36 -16 7,100 23,500

1845 39 -10 6,200 20,500 20,000

1945 40 -13 6,700 22,000 *

2015 40 - 9 6,100 20,000

2045 39 - 6 5,700 18,500 *

2115 39 -10 6,200 20,500

2145 37 -16 7,100 23,500 *

2215 36 -18 7,400 24,500

2245 34 -40 10,300 34,000 30,000

2315 34 -42 10,700 35,000

2345

June 2 3

0015

32

32

-51

-70

12,000

15,100

39,500

49,500

42,000

0045 30 -70 15,100 49,500 46,000

0115 28 -68 14,700 48,000

* no echo height was reported within this
study region.
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cloud top height of 15,100 m (49,500 ft.). The last column

of Table 2 shows the maximum height of the radar precipita

tion echo obtained from NWS radar summary charts. No preci

pitation was indicated in this study area from 1945 GMT to

2145 GMT. At all other times the echo heights agree well

with the satellite measurements. Since the satellite measure

ments are for the cloud top and radar detects the echo of

the precipitation region, it is reasonable that satellite

cloud top heights will be higher than the radar echo tops.

The complete analysis of results from this first case

study is now being prepared for publication, and will appear

as a separate technical report in the near future.
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3. WORK PLANNED FOR THE NEXT REPORT PERIOD

The next report period extends from October 1978 to

March 1979. Three primary tasks are planned for this time,

and are briefly described below:

1. Completion of the satellite data report for the

Texas HIPLEX 1978 summer field program. As men

tioned above satellite imagery have been obtained

for the 1978 field program. The imagery for each

Mesoscale Operational Day will be compiled into a

report documenting the observed cloud structure.

2. Completion of a 1976, 1977, 1978 comparative imagery

study. Subsequent to the conversion of 1978 imagery

into computer-compatible data, an analysis of cloud

characteristics will be performed. The results

from the three individual years will be combined and

inter-annual comparisons will be made.

3. Analysis of 1977 Radiance Data. Two primary tasks

will be pursued. The first consists of the develop

ment of an objective analysis technique to determine

cloud movement from the translation of brightness

centers within the cloud pattern. Secondly, time

histories of individual cells will be constructed

from coincident data sets of satellite, rainfall and

radar measurements.



-120-

4. PERSONNEL

The following personnel worked on the project during

the report period.

Jerry Jurica

Shih-Cheng Chao

Shwe-Yi Chi

Donald Williams

Principal Investigator, Director

of Project

Graduate Research Assistant,

Imagery Data Analysis

Graduate Research Assistant,

Radiance Data Analysis

Research Associate, Computer

Programming
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TEXAS TECH UNIVERSITY

"RAINCELL CLIMATOLOGY FOR THE HIPLEX

SOUTHERN REGION"

The final report "Precipitation Climatology for the HIPLEX Southern

Region," written by Dr. Donald R. Haragan, was submitted to the Department

during the reporting period and concludes the work performed under contract

14-70029. The Department published the study as Technical Report LP-63

and transmitted thirty (30) copies of the report to the Bureau on August

1, 1978.

The following report entitled f,Raincell Climatology For The HIPLEX

Southern Region" was prepared by Dr. Haragan and concludes the work

performed under contract 14-80050.
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RAINCELL CLIMATOLOGY FOR THE HIPLEX SOUTHERN PEGION

A Summary Report
for the period June 1, 1978 - August 31, 1978

by
Donald R. Haragan

Atmospheric Science Group
Texas Tech University
Lubbock, Texas 79409

Report prepared under

TDWR Contract No. 14-180000 IAC(78-79) 1336

Prepared for
Texas Department of Water Resources

Austin, Texas



-123-

Introduction

This report is a summary of work completed under TDWR Contract No.

14-80050. The nature of the research is such that the work is on-going.

Technical reports will be issued as required by the contract at such time

as individual research units are completed.

Much of the work performed under the present contract involved the

development of data-processing soft-ware to be used in analyzing rainfall

amounts. This report will summarize the work done but will not include

all of the data which were reduced and analyzed. These data will be pro

vided to users on request in any of the formats available.

Task 1

Task 1 involved the acquisition of all rainfall data (15-minute re

solution) for the HIPLEX Southern region on magnetic tape from the Bureau

of Reclamation. Data are now on hand for 1976, 1977 and 1978. Techniques

have been developed which will present the rainfall data in the following

formats:

1) tabulation of 15-minute rainfall amounts

2) tabulation of hourly rainfall amounts

3) tabulation of storm-total rainfall amounts

4) tabulation of daily rainfall amounts

5) network maps depicting any of the above.

Task 2

Task 2 required the identification of all periods when precipitation

was recorded within the HIPLEX raingage network. These periods have been

tabulated and are presented in Tables 1 and 2 for the 1976 and 1977 seasons

respectively. It should be noted that not all periods exhibited significant
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Table 1

FNDIN'V 1 MFS UF RA
I0 7A fFXAS MIPl.FX »••

fK; iIF RAINJFALL PFRIUO

MAY I. 1976 - 9 : ir> P.M.

MAY 7. 1976 - 6 :00 P.M.

MAY 3. 19 76 - 5 : ir> P.M.

MAY 'it 1976 - ) :00 P.M.

MAY 5. 1976 - '» :'»5 A.M.

MAY 5, 1976 - 11 :00 A.M.

MAY 5. 1976 - 17 :30 P.M.

MAY 5. 1976 - 7'• is P.M.

MAY 6, 1976 - 1.0 :'t5 A.M.

MAY 6. 1976 - 3: 00 P.M.

MAY 7. 1976 - 6 I ll3 A.M.

MAY 7. 19 76 - 6 :V> A.M.

MAY 7, 19 76 - 10::45 A.M.

MAY 7, 1976 - 17 :30 P.M.

MAY 7, 1976 - V . 15 P.M.

MAY 7, 1976 - 9 . 30 P.M.

MAY 9. 19 76 - 1 •• 30 P.M.

MAY 9. 1976 - '♦ • 30 P.M.

MAY 10. 1976 -•

n :T> P.M.

MAY 10. 1976 - 2 :45 P.M.

MAY 10. 1976 - '♦ :00 P.M.

MAY 11. 19 76 - 2 •30 P.M.

MAY 1?. 1976 - a :30 A.M.

MAY 17. 19 76 - 11 •00 A.M,

MAY I?. 19 76 - '♦ :00 P.M.

MAY 1'.. 17 76 - 3: 30 P.M.

MAY 16. 1.9 76 - '«: 30 A.M.

MAY 70, 19 76 - 6' 00 A.M.

MAY 20. I ) 76 - 10: 15 A.M.

MAY ?0i 19 76 - l: 00 P.M.

MAY 70. 19 76 - 5: 15 P.M.

MAY 20. 19 76 - 7: 10 P.M.

MAY 20. 1976 - 1 0: 00 P.M.

MAY ?0. 19 76 - I I : 30 P.M.

MAY 71 . 1976 - 2: 00 P.M.

MAY 21. 19 76 - 5: '♦5 P.M.

MAY 27. I? 76 - «: 30 A.M.

MAY 7 *. 19 lf> '♦: 30 P.M.

INI ALL PFRIIJUS
AINGAf.F Ml: TUTIRK

FND UF RAIUFAIL PP.IMnn

f'AY

MAY

MAY

MAY

MAY

MAY

MAY

MAY

MAY

MAY

MAY

MAY

MAY

MAY

MAY

MAY

MAY

MAY

1, 19 76 -

2t 19 76 -

3. 1976 -

4, 19 76 -

MAY 10, 19 76 -

MAY 10. 19 76 -

MAY 10, 1976 -

MAY 11, 1976 -

MAY 12, 1976 -

MAY 12, 1976 - 1 1

MAY 12, 1 9 76 - '.

MAY 1',, 19 76 - 3

MAY 16, 19 76 - «

MAY 20, 197 6 - 7

MAY 20. 19 76 - 10

MAY 20. 19 76 - 3

MAY 20, 19 76 - 5

MAY 70. 19 76 - 9

MAY 70. 19 76 - 10

MAY 70. 19 76 - 11

MAY 71 , 1 9 76. - 2

MAY 2 1, 19 76 - 6

"AY ??^ 19 76 - ft

MAY 7 3, 1976 - '»

9

5

I

5. 1976 - 9

5, 19 76 - 11

5, 1976 - 12

5. 1976 - 2

6. 1976 - 11

6. 19 76 - 3

7, 19 76 - 6

7, 19 76 - 19

7, 19 76 - 11

7, 1976 - 12

7. 1976 - '♦

7, 19 76 -

9, 19 7/, -

9, 19 76 ••

30

15

30

15

00

6 5

'•5

6 5

00

15

30

00

lr'

6 5

30

'♦5

6 5

6 5

30

00

15

A 5

6S

L5

lr>

6 5

6 5

Of)

U»

15

3H

00

1^

6 5

1 5

00

6S

P.M.

P.M.

P.M.

P.M.

A . M.

A.M.

P.M.

p.r.

A.M.

P.M.

A.M.

A.*'.

A .»«.

P.M.

P. M.

P.M.

P.M.

P. M.

P. M.

P. v.

P.M.

P.M.

A.M.

A.M.

P.M.

P.M.

A.M.

A.r*.

A.M.

P.M.

P.M.

P.M.

P.M.

P.M.

P.M.

•A.M.

P.M.



MAY 7*. 1976 - 7 : 30 P.M.

MAY 7^. 1976 - 2 :65 P.M.

MAY 2r>. 19 76 - 6 :15 P.M.

MAY 25. 1976 - 5 :00 P.M.

MAY 26. 19 76 - 10 :65 A.M.

JUNF 1 . 19 76 - 3 :65 P.M.

jump. '♦. 1976 - 9 : 30 A.M.

J UNI: 6. 19 76 - 7 :15 P.M.

JUNF 5. 1976 - 2 : 15 P.M.

JUNF 5. 19 76 - 6 :65 P.M.

JUNF 6. 19 76 - 6 :30 A.M.

JUMP 6. 19 76 - 3 : 15 P.M.

JUNf 7, 19 76 - 3 :00 P.M.

JUNF 1.1 . 19 76 5 : 30 P.M.

JUNF J 7. 19 76 - 1 1 :00 A.M.

JUNT JR. 19 76 - I 1 :00 A.M.

JUNF 7-1 . -19 76 - 1 1. : .30 A.M.

J UNI 71 . 19 76 - 9 :65 P.M,

J U'v|| 72. 19 76 - 1 ' 6'» A. M.

JUNF 27, 19 76 -- 9 . 6S A.M.

JI IMC 72. 1976 -• 3. 00 P.M.

JUNF 22. 1976 - R: 00 P.M.

JUNC 22. 1976 - M: '♦ 5 P.M.

J UN P. 22. 19 76 -• 1 I : 30 P.M.

JUNF 23. 19 76 - 1 : 00 A.M.

JUNF 23. 19 76 - 6: 00 A.M.

JUNF 23, 19 7 6 - 5: 15 P.M.

JUNF 23. 19 76 - 7: 00 P.M.

J UNI: 26. 19 76 - »: 6 5 P.M.

JUNF 30, 1976 - in: 30 A.M.

JUNF 30. 19 76 - 1 : 00 P.M.

JUNF 30. 19 76 - 3: 00 P.M.

JUNF 30. 1976 - 3: 30 P.M.

JUNT 30. 19 76 - 9: 15 P.M.

INI V 7. n76 q • 00 P.M.
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MAY 26. 1 976 - 9 :00 P.m.

MAY 25, 1.9 76 - 6 :00 P.M.

MAY 25, 19 76 - 4 : 30 P.M.

MAY 75, 19 76 - 5 : 30 P.M.

MAY 26. 19 76 - 11 :00 A.M.

JUNF 1 , 19 76 - 6 :no P.M.

JUNF 't. 1976 - 10 :65 A.M.

JUNK '•t 1976 - 9 :00 P.f.

JUNK 5. 19 76 - 6 :00 P.M.

JUNF 5, 19 76 - H :130 P.t\

JUMI*: 6. 19 76 - 7 : 15 A.M.

JUMP. 6, 19 76 - 3 : 30 P.t',

JUNF 7, 19 76 - 6 : 30 P . M .

JUNF 1 1 . 19 76 - 6 : 15 p. '*.

JUNI 12. 19 76 - 1 1 : 15 A.m.

JUNF \n. 19 76 - 1 1 : 15 A . m .

JUNF 71. 19 76 - I 1 :65 A.M.

JUNI 22. 19 76 - 1 7 :00 A.M.

JUNf ?y, 19 7 6 - 7 :00 A.m.

JUNI: 72, 19 76 - 10 roo A.M.

JUNF ??, 19 76 - 3 ( 1 5 P.M.

JUNF 77, 19 76 - M : 3 0 P.M.

JUNF ?? . 19 76 - 1 I ' 15 P.t\

JUNF 73, 19 7 6 - 17 :00 A.M.

JUNF 7 3, 19 76 - 3.: 3 0 A.M.

JUNF 73. 19 76 - 6 : ]S A. M .

JUNF 7 3, 19 76 - 5: 30 P.M.

JUMP 73, 19 7 6 - H : 30 P.M.

JUNF 76, 19 76 - 9: 15 P.M.

JUNF 30, 19 76 - I 1 : no A.M.

JUNC 30, 19 76 - 1 : 30 P.M.

JUNI! 30, 19 76 - .3: 15 P . m .

JUNF 30, 1976 - 3: 6 5 P.M.

JUNF 30. 19 76 - 9: 6 5 P.tA.

JULY 7, 19 76 - 9: 6 5 P.M.



JUI. Y 7, 19 76 - 10 :00 P.M.

JULY 7, 19 76 - 1 I :00 P.M.

JULY 3, 19 76 - 7 :65 A.M.

JULY 3, 19 7 6 - 7 :3() A.M.

JULY 3. 19 76 - n : 15 A.M.

JULY 3. 19 76 - 7 :65 P.M.

JULY 3. 1976 - 6 : 15 P.M.

JULY 6. 19 76 - 3 :00 P.M.

JULY 6. 19 76 - 7 : 30 P.M.

JULY 5. 19 76 - 3 : 15 A.M.

JUI Y 5. 1976 - 7 :',5 A.M.

JULY 5, 19 76 - 10 IV) A.M.

JULY 5, 1976 - 1 1 :65 A.M.

JULY 5. 19 76 - 7 :65 P.M.

JULY 7. M76 - 3 : 15 P.M.

JULY P.. 19 76 - 1 1 : 30 A.M.

JUI Y 9, 1 9 76 - 1 1 :(•#«) A.M.

JUI Y 9, 19 76 - 1 7 :00 P.M.

JUI Y 9. 19 76 -• 1 '• 15 P.M.

JULY 9. 1976 - 7: 6 5 P.M.

JUI Y 10. 19 76 - 6 ' 30 A.M.

JUI Y 10. 19 76 - 5: 15 A.M.

JUI Y 10. 19 7 6 - 9: 6 5 A.M.

JIM Y 10. 19 76 - 10: 6 5 A.m.

.MM Y in. 1 )76 - 1 1 : 6 5 A.M.

JULY 10. 19 76 - 17: 15 P.M.

JULY 10. 1 l 76 - I : 15 P.M.

JULY 10. 19 76 - 6: 15 P.M.

JUI Y 10. IJ 76 - 1 1 : 00 P.M.

JUI Y 11. 19 76 - I : 00 A.M.

JUL Y 11. 19 76 - 1 : 6 5 A.M.

JULY 11. 19 76 - '.: 6 5 A.M.

JULY 11. 19 76 - 7: 6 5 P.M.

JULY 11. 19 76 - 3: 65 P.M.

JUI Y 11. 19 76 - 6: 6 5 P.M.

JUI Y 11. 1976 - 6: 00 P.M.

JULY 11. 1 9 7 6 - M: 30 P.M.

JIM Y 11. 19 76 - 10: 00 P.M.

JULY 11. 19 76 - 1 1 : 15 P.M.
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JULY 7, 19 76 - 10: 1 5 ". M .

JULY 3. 1976 - 1 :00 A.M.

JIH.V 3. 19 76 - 7: 15 A.M.

JULY 3. 1976 - 7:65 A.M.

JULY 3, 19 76 - 7:30 P.M.

JULY 3, 19 76 - 6:90 P.M.

JULY 3, 19 76 - 5:15 P.tA.

JULY 6, 1976 - 3:15 P.M.

JULY 4. 19 76 - 1 1:00 P.M.

JULY 5, 1976 - 3: 30 A.M.

JULY 5, 19 76 - M: 1 5 A.M.

JULY 5, 19 76 - 10:65 A.M.

JUI Y 5, 1 9 7 6 - 7:15 P.M.

JULY 5, 1976 - 3:00 P.t^.

JULY 7, 19 76 - 3: 3 0 P.i*.

JULY fl. 19 76 - I 1:65 A.M.

JULY 9, 19 76 - litis A.M.

JUI Y 9, 1 J 76 - I :00 P.M.

JUI Y 9. 19 76 •• 7 : to P.M.

JUI Y 9. 1 9 76 - J too P.M.

JULY 1 0. 1*76 - •> :oo A.M.

JULY 10, 19 76 - 6:00 A.m.

JULY 10, 19 76 - 1 0:00 A.M.

JULY 10. 19 76 - I 1 too A.M.

JULY 10. I 9/6 - 1 7 too P.M.

JULY 1C, 19 76 •- 17:65 P.M.

JULY 10, 19 76 - 3:65 P.M.

JULY 10, 1976 - H:00 P.M.

JULY 1 1 . 19 76 - I7:'«5 A.M.

JUI Y 1 1 , 1 9 76 - 1 t 15 A.M.

JUI Y 1 1 , 19/6 - 6 : 3 o A.".

JULY 1 1 . 19 76 - / : 1 5 P.m.

JUI Y 1 I, 1976 - 3: 16 P.M.

JULY I I . 19 76 - 6 : 30 P.M.

JULY 1 1. 19 76 - l>: 30 P.M.

JULY 1 1 . 19 76 - 6: 30 P.M.

JULY 1 1 . 19 76 - 0:65 P.M.

JULY 1 1 , 19 76 - 10 : I 5 P . M .

JULY I I . 19 76 - I I : 30 P.M.



JULY 12. 19 76 - 17 :15 A.M.

JULY 17. 19 76 - 1 :15 A.M.

JULY 12. 1976 - 10 IV) A.M.

JULY 17. 19 76 - 1 I :00 A.M.

JULY 12. 1976 - 17 :45 P.M.

JULY 1?. 19 76 - !3 :*30 P.M.

JULY 13, 19 76 - 1 :30 A.M.

JULY 13. 1976 - 2 :30 A.M.

JULY n. 1976 - 9 :30 A.M.

JUI Y 1 3. 19 76 - 5 :30 P.M.

JULY. 16, 19 76 - 1 :65 A.M.

J 111. Y 16, 1976 - 2 :65 A.M.

JULY l'«. 19 76 - 5 :()() A.M.

JULY 16, 1976 - 5 IV)- A.M.

JULY l'». 1976 - 7, :30 A.M.

JULY 16. 19 76 - 10 :65 A.M.

JULY 1'.. 19 76 - 17 : 15 P.r.

JUI Y 16, 19 76 - 1 :30 P.M.

JUI Y 16. 1 i 7 6 - n :6 6 P.M.

JUI Y 1'. . 1 7 76 - ) :45 P.M.

JULY lr>. T>76 -- 1 : 15 A.M.

JULY 15. 19 76 - 2: 30 A.M.

JULY IS. 19 76 - 6: 15 A.M.

JULY 15. 19 76 - 7: 30 A.M.

JIM Y 1. S , 19 76 - 10: 15 A.M.

JULY 15. 19 76 - 12: 30 P.M.

JULY IS. 19 76 - 1 : 00 P.M.

JUI Y l'>. 1976 - 3: 30 P.M.

JULY 15. 19 76 - 5: 6 5 P.M.

JULY 16. 19 76 - »: 00 A.M.

JULY 16. 19 76 - I 1 : 15 A.M.

JULY 16. 1976 - l: 15 P.M.
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JULY 17, 1976 - 12: 30 A.M.

JUI Y 17. 19 76 - 5 :6 5 A'. M.

JULY 12, 1976 - 10:65 A.M.

JULY 12. 1976 - 12:00 P.M.

JULY 17, 1976 - 1 :00 P.M.

JULY 12. 1.976 - 3:65 P.M.

JULY 13, 1976 - 2:15 A.M.

JULY 13. 19 76 - 9:15 A.M.

JULY 13, 1976 - 6:00 P.t\

JULY 1 3, 1976 - 6:0O P.r.

JULY 16. 1976 - 2:00 A.M.

JULY 16, 1976 - 3:65 A.M.

JULY 16, 1 976 - 5:15 A.M.

JULY 16, 1976 - 5:65 A. M.

JULY 16, 19 76 - 10:00 A. M.

JULY 16, 19 76 - 12:00 P.M.

JULY 16, 1976 - 17: 30 P.M.

JULY 16, 1976 - 7:00 P.tA.

JUI Y 1 6, 19 7'. - 9:1 5 P.1*.

JULY 16, 1976 - 10: 30 P.M.

JULY 1 5, 19 76 - I :30 /' . M-

JULY 15. 19 76 - 3: 30 ,. Al-

JULY 1 5? 1 976 - 6 : 30 /•. M-

JULY 15, 1 976 - 9:6 5 v »•

JULY 15. 19 76 - 12:00 p. M.

JULY 1 5. 19 76 - 12:65 r M-

JULY 1 5 . 19 76 - 2 :6 5 r M.

JULY 15, 1976 - 3:6 5 p K.

JULY 1 5, 1 9 7 6 - 6:15 v H-

JULY 1 6, 19 76 - M: 30 A. »•

I, »'JULY 1 6, 19 76 - 17: 30

JULY 16, 1976 - 1:65 P. >\



JULY 16, 19 76 - 2 :00 P.M.

JULY 16. 19 76 - 2 :65 P.M.

JULY 16. 19 76 - 7': 30 P.M.

JULY 17. 1976 - 7 i 30 A.M.

JULY 17. 1976 - a :30 A.M.

JULY 17. 19 76 - r :0() P.M.

JULY 17. 1976 - i : 30 P.M.

JULY 1 7. 19 76 - 6 : 30 P.M.

JULY 17, 1976 - 5 :15 P.M.

JULY I 7. 1976 - l(>: 30 P.M.

JULY Ift. 1976 - 10 • '♦5 A.M.

JULY IH. 19 76 - 12 rl5 P.M.

JULY Ift. 1976 - r •00 P.M.

JULY 1«. 19 76 - 7 : 15 P.M.

JULY 21. 19 76 - 11 r 30 A.M.

JULY 22, 19 76 - 7 :V> A.M.

JULY 22. 19 76 - 1 1 : 15 A.M.

JULY 22. 19 76 - I :00 P.M.

JULY 22. 19 76 - 6! 30 P.M.

JULY 22. 19 76 - 7 :65 P.M.

JULY ??* 1-3 76" - 10 :00 P.M.

JULY 2 3. 19 76 - 3 :00 A.M.

JULY 23. 19 76 - 5 :00 A.M.

JULY 7 3. 19 76 - 5 t6S A.M.

JULY 23, 19 76 - 1 1 :65 A.M.

JULY 2'*. 19 76 - 6 too P.M.

JULY 26. 1976 - 6 too P.M.

JULY 2'^. 19 76 - 2 t 30 A.M.
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JULY 16, 1976 - 7 M5 P.N.

JULY 16, 1 976 - 3 MS r.t\

JULY 16. 1976 - 7 :6 5 p.n

JULY 1 7, 1.976 - ft :15 a.4

JULY 17, 1976 - ft :65 A.*j.

JULY 1 7, 1976 - I :15 P.M-

JULY 1 7, 19 76 - 2 :()0 P.M

JULY 1 7, 19 76 - 5 too P.M.

JULY 1 7, 19 76 - 7 : 30 p.M-

JULY 17, 1976 - 10' 6 5 P.N.

JULY in. 19 76 - 11 ':00 A.M.

JULY 1ft, 1976 - 12 :65 P.M-

JULY in. 19 76 - I :15 P.M.

JULY 1«. 1 9 76 - 7 : 30 P.M.

JULY 71 , 19 76 - 1 I :6S A.M

JULY 72, 19 76 - 1 I too A.M

JULY 22, 19 76 - 12 t 15 p.M

JUI Y ??, 19 76 - 6: 15 P.M.

JULY ??* 19 76 - 6: 6 5 P.M.

JULY '?? , 19 76 - ft: 30 P.\*.

JULY 73, • 1976 - 1 7: 6 5 A.M.

JULY 7 3, 1976 - 6 ! 30 A.M.

IUI.Y 7 3. 19 76 - 5' 15 A.'*

JULY 7 3. 1976 - 6 :oo A.M

JULY 7 3. 19 76 - I ton P.M

JULY 76. 1976 - 6 : 15 P.f

JULY 76. 1.976 - 6 :l 5 P.M

JULY 79. 19 76 -- 3 :00 A.M
























































































































