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FOREWORD 

The Texas H IPLEX Program was p lanned to be a long term m u lti-phase research effort to 
develop a technology to aug ment West Texas sum mer ra i nfal l  in an acceptable socioeconomic  
man ner. The in it ia l  ph ase of  the Program incl uded col lecti ng, p rocessing,  and ana lyz ing m eteoro
logica l data to better understand the characterist ics and ra i nmaki ng processes i mporta nt to 
shower-prod ucing West Texas c louds. I n  turn, that information was to be used to develop a 
statistical design for a ra infa l l  a ugmentation experiment which is the next phase of the Program.  

D ue to Federa l fu nding cutbacks, the  t imely progress of the  Texas H I PLEX Progra m was 
severely ha mpered, leaving much a na lyses to be completed before an exper imental des ign could 
be fi na l ized .  Therefore, this report shou ld be considered a progress report of research completed 
through 1 980. The des ign docu ment wi l l  be completed at a later t ime subject to ava i lab i l i ty of 
funding.  

This report presents a summary of the Texas H IPLEX research dur ing the period 1 975 
through 1 980. Its pu rpose is to synthesize the im portant fi ndi ngs of the many i ndividu a l  studies 
which comprised the Texas H I PLEX Program and offer recom mendations concern ing the experi
menta l des ign . The reader is referred to the technical  reports for deta i l s  of a particu la r  resea rch 
study summar ized in this report. 

The information in th is document regarding com merc ia l  products orf i rms may not be used for 
advertising or promoti ona l purposes, and is not to be construed as endorsement of any product or 
fi rm by the Bureau of Reclamation or the Texas Department of Water Resources. 
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ABSTRACT 

The goa l of the Texas H I PLEX Progra m for its in it ial  peri od, 1 976 through 1 980, was to col lect 
meteorolog ica l informatio n on cloud characteristics and precipitation processes associated with 
sum mert ime clouds which develop over the H igh  Pla ins of Texas. Mesosca le and microscale 
envi ronmenta l and convective cloud data were col lected and part ial ly a na lyzed. Six summer field 
projects were organ ized and conducted dur ing which mesoscale surface and upper-a i r  data, and 
Cloud physics, radar, satel l ite, and ra ingage data were col lected a nd processed for a na lys is. 

Mesosca le a na lyses based on fi eld data have identified relationships between development 
a nd organ ization of convective c louds, low level moisture, convective instab i l ity, a nd the magni
tude of the 850-500 mb wind shear vector. Based on ana lyses of nume rica l models a nd radar 
i nformation, i nteractions between i nd ividual  cumuloni mbus clouds were observed. 

M icroscale ana lyses have indicated that the ice process is associated with s ign ificant precipi
tation. Mathematical  models suggest that seed ing for dynamic  effects may have a posit ive impact 
on West Texas clo uds. 

Recommendations for an experi menta l un it, seed ing hypotheses and response variables are 
offered for cons iderat ion for the experimenta l phase of the Texas H I PLEX Program. 
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1 .  Introduction 

1 . 1  Need for Research 

The Texas economy is d iverse, viable, and growing. The State has a total land area of 
693,233 km2 ( 26 7,339 mi2)  with a 1 980 popu lation of a bo ut 1 4. 228 mi l l ion people. The 
State's popu lation is projected to grow to 1 7 .8  mi l l ion by 1 990 and 20.9 mi l l ion by the year 
2000. 

Approximately 2 .37 x 1 010 m3 ( 1 9 .2  m i l l ion acre-feet) of Texas water (one acre-foot is 
1 ,235 m3, or  325,85 1 gal lons) a re used each year to m eet the needs of households, 
i ndustry, irr igation, steam-electr ic power generation, m in ing and l ivestock. Nearly 75 
percent of the total  water ava i lable each year, or 1 .62 x 1 010 m3 ( 1 3 . 1  m i l l ion acre-feet), is  
consumed by farmers a nd ranchers for i rr igation to produce food and fiber to meet the 
demands of both the State and the Nat ion.  By the yea r  2000, it is p rojected that 2 .  75 x 1 010 
m3 (22.3 m i l l ion acre-feet) of water wi l l  be needed to meet the demands of the State, 
assuming that agricu ltural water use is held at 1 .62 x 1 010 m3 ( 1 3 . 1  m i l l ion acre-feet). 

Though the State 's su pply of fresh water is sufficient to meet current needs, the area l  
d istr ibution o f  much of i t  does not coincide with the locat ions of Texas cities, industries, 
and agricu ltural  land. In some reg ions of the State, if additional water sources are not 
found, reg ional  water shortages wi l l  seriously affect the economy which is dependent 
upon adequate water. This scenario is clearly evident in the fert i le but semiarid Texas 
H ig h  Pla ins area where the Oga l l ala aqu ifer, the major source of mu nicipal and i rr igation 
water, is  being exhausted. Currently, the Ogal la la suppl ies irr igation water for 23,900 km2 
(5 .9 m i l l i on acres). However, at present annua l  use trends, by the year 2000the Ogal la la is 
est imated to be  able to supply i rr igatio n water for only 9,000 km2 (2 . 2  m i l l ion acres). Aside 
from the fact that ground water is becoming more scarce, it is  a lso becoming more 
expens ive to obta in  as the water table decl i nes and energy costs to pump the water 
conti nue to r ise.  

In  order to meet the water needs of the State, and specifical ly in  the Texas High Plains, 
additi ona l and cost effective fresh water suppl ies must be deve loped. One relatively new 
technique of provid i ng additional  fresh water is to tap the moisture ava i lable in the 
atmosphere which does n ot fa l l  as ra in  natural ly. The va l ue of this add itional water has 
been demonstrated by rece nt exploratory studies of the Texas Department of Water 
Resources (Al laway et a/., 1 975; Lippke, 1 976; and Kengla et a/., 1 979) wh ich reveal that 
th e net eco nom ic effects of weather modification activities in a 33,000 km2 (8. 1 m i l l ion
acre) project area of the southern High Plains, yieldi ng 1 0  percent additional ra infa l l  
dur ing the growi ng season, wou ld resu lt in  an  overal l  expansion in  reg iona l output of 
approximately $3 . 68 m i l l ion and a s imi lar  expansion in regional  income of $2 .30 mi l l ion.  



1 .2 History of Weather Modification in Texas 

Del iberate attem pts by man to change or control the weather in Texas genera l ly were 
u nregu lated and undocumented prior to 1 967. Literature conta ins records of only a few 
"ra i n making" experiments, the earl iest of which describes an experi ment carr ied out on 
the Texas H igh  Pla ins during the early 1 890's. This particu lar  endeavor consisted of 
war-ti me s imulations of heavy a rt i l l ery bomba rdment of surrounding h i l ls in an attempt to 
determ i ne if s ignificant correlations existed between the arti l lery exp losions a nd occur
rences of rai nfa l l .  

This experiment was based .on observations made by Edward Powers, dur ing  the Civi l 
War, that ra in  wou ld  develop after most major battles. He later publ ished a book (Powers, 
1 890), docu ment ing his observations. To test Power's hypothes is, Congress a pp ropriated 
$ 1 0,000, wh i le  an a dditional $2,000 were a l located by th e Department of Agricu lture, to 
support an experiment i n  the Texas H ig h  Pla i ns. The experi ment, conducted by G enera l R .  
G .  Dyrenforth a n d  a party of scientists a nd techn icians a rmed with ca nnons and  explo
s ives, ended inconclus ively after one season of test ing .  

Mr. Charles Wi l l iam Post, founder of  Post cerea ls, was a lso active in weather modifi
cation experiments in Texas duri ng the per iod between 1 9 1 1  and 1 9 1 4  (Eaves, 1 952). 
Because of i l l  health, M r. Post moved from Batt le Creek, M ich igan,  to Texas in 1 906, and 
purchased a quarter-mi l l i on-acre ranch in Garza and Lynn Counti es on the Texas H igh 
Pla i ns. H is penchant for experimentati on, coupled with h is  desire to grow g ra in  in  the 
semiarid West Texas cl imate, led to the most spectacular of h is experiments. Based on the 
Power's hypotheses, Post attempted to cause ra in  by dynamite blasts. Fifteen f ir ing 
stations were establ ished a long the edge oft he Cap Rock a bove Post, Texas, and from each 
statio n four pounds of dynam ite were exploded every fou r  m inutes over a period of seve ra l  
hours o r  unt i l  ra i n  occu rred. Altogether h e  spent over $50,000 on ra i n making exper i 
ments, the resu lts of  h is experimentation, which spanned four  years, were inconclusive. 

For several  decades subsequent to the Post experiment, no other weather modifica
tion projects in  Texas were documented in  the l iterature. However, in the mid- 1 940's, 
shortly after Vi ncent Schaefer demonstrated the effect dry ice had on super-cooled water 
drop lets and,  subsequently, on clouds, weather modification operations in  Texas resu med 
(Hear ings before the Committee on Commerce, U .S .  Senate, 89th Congress, 1 966). S ince 
th e number of com mercia l weather modification projects i n  Texas increased marked ly 
beg inn ing in the 1 950's, it soon became necessary for the State of Texas to a dopt a 
weather modification statute, not only to properly ad minister commercia l cloud-seeding 
projects but a lso to encourage research and development. Consequently, in  1 967, the 
Texas Weather Modification Act was a dopted, which charged the Texas Water Develop
ment Board (currently a part of the Texas Department of Water Reso urces)* to l i cense a nd 
permit weather modification activit ies a nd to promote research and development in  
weather modification technology. 

*To avoid co�fusion, the Texas Water Development Board will  be referred to as the Texas Department of Water Resources throughout 
this report. The Texas Department of Water Resources was created in 1977, by Act of the Texas Legislature (H.B. 1139, 65th 
Legislature). The Texas Water Quality Board and the Texas Water Rights Commission were placed in one agency-The Texas 
Department of Water Resources by this Act. 
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1 . 3 Recent Cloud Seeding Research i n  Texas 

In the decade of the 1 970's, four s ign if ica nt cloud seed ing research operations were 
i n it iated i n  the State of Texas. Three of these programs were comp leted dur ing the decade, 
whi le  the fou rth weather modification program conti nued i n  1 980. The three completed 
research operati ons were known as: ( 1 ) the San Angelo C u m u l us Project; (2) the Colorado 
R iver Mu n icipal  Water D istrict Ra in  Augmentation Program; and (3) Ha i l  Suppression 
Act ivities in  the Texas H ig h  P la ins .  

1 . 3 . 1  San Angelo Cumulus Project 

The first documented weather mod ificat ion exper iment i n  Texas, performed 
u nder the 1 967 Weather Modificat ion Act, was conducted in  the northern reaches 
of the Edwards Platea u reg ion arou nd San Angelo duri ng the summers of 1 97 1 ,  
1 972 and 1 973 (Smith et a/., 1 974). The experi ment was fu nded by the Burea u  of 
Reclamation and the Texas Department of Water Resources. 

The pr imary objective of the exper i ment was to determ i ne the feasib i l ity of 
treating sum merti me cu mulus  clouds for i ncreasi ng ra i nfa l l .  The approach was to 
treat ha lf of the sa mple cloud pop u lation with cloud seeding mater ia l ,  leaving the 
other half untreated as the co ntrol sample cloud popu lat ion for com par ison. Cl ouds 
to be treated were selected at ra ndom . Equ ipment used in the project i ncluded an  
M-33 radar system,  a seeding a i rcraft, a nd a cloud sampl i ng a i rcraft. Addit ional 
measurements were made with ba l loon-borne i nstruments (rawi nsondes) meas
ur ing tem perature, dewpoi nt. pressure, and wind d i rection and  speed as a function 
of height above the g round. Ra infal l  reach i ng the ground was measured with 
wedge-type rai ngages. 

I n it ia l ly, the San Angelo C u m u l us Project was designed to eva l uate the poten
t ia l  of two methods for seedi ng clouds. O ne method was to seed s u mmertime 
cumul us-type c louds with a materi a l  which tends to absorb moisture by accelerat
i ng the condensati on of water vapor; this process is known as hygroscopic seed i ng .  
The hygroscopic seedi ng was carr ied out either with dry salt particles or  urea .  The 
second m ethod i ntroduced surrogate ice crysta ls to absorb moistu re by accelerat
i ng the diffusion of water vapor on them; th is  process is ca l led ice-phase seedi ng. 
The ice-phase seed i ng was carried out with si lver iodide dispersed from an a irborne 
platform. Si nce only a smal l  number of test cases were obta ined dur ing the fi rst 
year of the exper iment, it was decided that only hygroscopic seeding would be 
tested further, us ing only dry salt part icles as the seed i ng materia l  dur ing the 
rema i n i ng two years of the experi ment. 

The fi ndi ngs of the experi ment were based on a total of 83 events. Ana lyses of 
the data suggested th at prec ip itation processes withi n those clouds exami ned 
were i n it iated by the coalescence process, i . e. ,  water drops growi ng by condensa
t ion a nd subsequent col l is ions with one anoth er. Subseq uent to the coa lescence 
process, the la rge drops wou ld  apparently freeze in the edges or tops of the clouds. 
The freezi ng of th e large drops was not considered an i mportant contri butor to the 
observed i n iti a l  precip itation processes . However, the experi ment concl uded that 
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l ight ice-phase seeding may play a n  importa nt role in the ra inmaking process, 
inasm uch as natural ice crystals were observed i nfrequently in the active portion of 
th e clouds measured. 

The San Angelo Cu mulus Project a lso exami ned the useful ness of a nu mber of 
mathematica l cloud models.  Th ree cloud models were used dur ing the exper iment 
as both operational tools a nd as a gu ide for data analysis. Although the mode ls 
were uti l ized dur ing the project, the potentia l  and/or shortcom ings inherent in 
each were not fu l ly eva luated . However, i n  spite of the models' l im itati ons, it was 
concl uded that they ca n provide a broad understanding of cloud behavior, though 
their useful ness as a too l  for data ana lysis is subject to ind ividual i nterpretat ion.  

1 .3 .2  Colorado R iver M unicipal Water District- Rain Augmentation Program 

The Colorado River Mu nic ipa l  Water D istr ict, hereinafter termed the D istr ict, 
located in B ig Spring, Texas, has sponsored a cloud seedi ng program to increase 
ra infal l-and part icul arly runoff-into Lakes J. B. Thomas and E. V. Spence s ince 
1 97 1 . The target area is located in the upper reaches of th e Colorado River B asin .  
The D istrict's weather modification effort was conceived in iti a l ly as an operational 
proj ect based upon the assumption that ice-p hase c lo ud seed ing, us i ng s i lver 
iodide (Agl )  d ispersed by ai rcraft at c loud base to i ncrease rai nfa l l ,  cou ld be produc
tive and beneficia l .  Two independent eva luat io ns of the effectiveness of the Dis
tr ict's proj ect were performed, one by the District and the other by the Texas 
Department of Water R esources. 

1 .3 . 2 . 1  D istrict Evaluation 

The D istrict publ ished a ser ies of five a n nua l  reports describ ing their 
weather mod ificat ion act ivities conducted dur ing each operational ra in
enhancement season.  The reports descr ibe operational  procedu res, i ncl ud
i ng f l ight operations and the use of equi pment duri ng seeding operations. 
The latest two reports (G irdzus, 1 979; 1 980) i nvestigate the programs' 
seedi ng effectiveness by a basic statist ical exami nati on of both ra infa l l  
a mounts a nd crop-yield responses. 

Ra i nfal l  comparisons were made between the unseeded peri od 1 95 1 -
1 970 and the seeded period 1 97 1 - 1 979, uti I iz ing eighteen Nationa l 
Weather Service precip itati on report ing stations. Crop yield responses to 
ra infa l l  were a lso studied by exa m i ni ng departures from norma l ,  based on 
28 years of cotton-yield data from 1 2  to 1 4  cou nt ies conta ined with in  the 
D istrict's operational area. Because cotton is the pri mary agricu ltural  crop 
of the area and is h ighly depende nt on spri ng rai ns, it was used as the 
pr imary response var iable of ra i nfal l  for the crop yield portion of the study. 

Whi le defi n itive concl usions abo ut the achieve ments of the weather 
modif ication program were n ot reached because of the relatively smal l  
sa mple s ize, when compared with the high variabi l ity of natu ral  ra infal l  
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amounts, qua l itat ive a na lyses based on percent of average precip itation 
revea led a positive a nomaly in those a reas thought to be affected by cloud 
seedi ng. A correspondi ng increase was a lso noted in the product ion of 
cotton for those counties with in  which seeding occurred, as well as those 
cou nties downwind of the seeded area, when compared to upwind 
cou nties .  

1.3.2.2 Texas Department of Water R esources-S ponsored Evaluation 

In 1 97 3  the Texas Legis lature appropriated fu nds to be adm in istered 
through the Texas Department of Water Resources, here inafter termed 
Department, for an eva l uation of the D istrict's c loud seeding program.  In 
1 97 5, additional  fu nds were provided by the Department and the Bureau of 
R eclamation, hereinafter termed Bureau, to extend the eva luation study to 
i ncl ude . a  portion of the 1 975 operational season. Administration of the 
eva luative effort, however, remained with the Department. 

The eval uat ion (Smith et a/., 1 977) exami ned seeded a nd nonseeded 
summertime shower-producing clouds dur ing the years 1 973, 1 974, and 
1 975.  A total of 66 i ndividual  events were examined. As a result of 
i mproved measurement capabi l ities, the 30 events studied in 1 975 pro
vided a more extensive set of observational data than those of the two 
preceding years. 

Observat iona l data were obta ined from q uantitat ive radar measure
ments made by an M-33 radar in Snyder, Texas, operated i n  conju nction 
with an extens ive rai ngage network which was made ava i lab le  through the 
Texas H I PLEX Progra m. 

A case-study exam ination of the individua l  events i ndicated that most 
of the events studied were parts of la rger, organized cloud systems that had 
a l ifet ime at least several t imes greater than that of individual cel ls making 
up the system. 

The seeding technique used by the District in  1 973- 1 975 was largely 
based on treatment of new cells wh ich developed around the periphery of 
an existing organized system for the purpose of extendi ng the d imensions 
and  l ifet ime of the system .  An exam ination of p i lot reports in conju nction 
with the M -33 radar data revea led that, in many cases, the cloud growth 
areas were seeded after the organ ized system had beg un a general decay 
cycl e  that usua lly led to eventua l  dissipation. U nder these conditi ons, it was 
bel ieved that the new growth areas existed i n  an environment relatively 
unfavorable for the accom pl ishment of the program objectives, and that 
l ittle positive effect from the seeding could be real ized. 

Time-history plots of precip itation tota ls and sizes of ra in  a reas were 
made to compare seeded a nd nonseeded cases . No appreciable difference 
was found .  The study suggested that possible factors contribut ing to these 

- 5 -



resu lts were the Jack of adeq uate a mounts of Agl material  i n  the cloud, 
i nsufficient t ime for p recip itation growth in the cloud, and u nfavorable 
environmental conditions for new cell growth .  

This study provided the  fi rst opportunity for a deta i led physica l exami 
nation of  seed i ng resu lts i n  the Big Spring area of Texas. Valuable insight 
i nto c loud organ ization and consequent impl icatio ns for proper seeding 
techn iq u es a nd the importance of understandi ng the ambient a i r  character
istics were ga ined as a resu lt of this work. 

The study recom mended certa in improvements in the District's seed
i ng operations. These included the fol lowi ng: ear l ier  recogn ition of orga
nized cloud systems a nd their l ife cycles; more t imely seeding to coi ncide 
with the developing stages of the organ ized system; possible increase in Agl 
burn rate, or longer burn t i me of f lares in the cloud updraft; and considera
tion of some exploratory seeding tests with Agl· re leases at cloud top. 

1.3.3 Hail Suppression Activities i n  the Texas H igh Plains 

The most recent c loud seed i ng program for h ai l  suppression in Texas began in  
1 970 when a group of  busi nessmen, ranchers, farmers, a nd c it izens from the 
Pla i nview area orga nized themselves to sponsor a program to prevent or reduce the 
occurrence of hai l  by a i rborne treatment of clouds having hai l  potent ia l .  Over the 
five subsequent years, the program grew from a 2-county target area in  1 970 to al l  
or portions of e ight counties in  1 974. The cloud seeding activities for suppressing 
hai l  were operated dur ing the months of M ay through October. 

The resu lts of this commercia l  ha i l  suppression program were eva luated by 
Henderson and Changnon ( 1 972) and by Schickedanz ( 1 974; 1 975). The resu lts of 
the eval uations, based on hai lfa ll data and/or i nsurance loss costs, i ndicated 
evidence of ha i l  suppression.  No a lterations to ra i nfa ll in and a round the target a rea 
were observed. 

In  1 974, Texas A&M U niversity eva luated the effects of the co mm ercia l  cloud 
seeding program in the Texas H igh  Pla ins over the 4-year period, 1 970- 1 973 
(Scoggins et a/., 1 975). 

The pr imary objectives of the study were to eva l uate the effectiveness of cloud 
seed ing act ivities in the Texas H igh  Pla i ns in terms of the prevention or reduction of 
ha i l  damage on the ground,  a nd the influence of commercial seeding for ha i l  
s uppression upon rainfa l l .  The study concluded, after rigorous statistical ana lys�s 
of a l l  ava i lable ra infal l  data, that cloud seeding for ha i l  suppression purposes had 
no discern ible effect on the area's ra infa l l .  Also, the statistical analyses of the 
ha i lfal l  a nd cotton loss did not indicate any sign ificant reduction in ha i l da mage at 
the grou nd due to cloud seeding. The a uthors of the study's f inal  report stressed 
that this did not prove that there was no effect from the seedi ng program,  but based 
on the ava i lable data, no effect from seeding could be discerned. 
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Eva l u at ing a commerc ia l  ha i l -suppress ion project is particu larly diff icult 
beca u se certa in  stat istica l controls a re com promised. For example, the seed-no
seed randomization is not performed beca use it wou ld negate the intended pur
pose of the com merci al project. Consequently, the eval uator has to settl e on a data 
set which introduces additional variables to the ana lyses. In the Texas study, for 
example, it was proposed that the effects of seedi ng on ha i lfa l l  cou ld  be determi ned 
from cotton- loss data . However, th is  data set introduced additiona l  variables to the 
a na lyses, such as stage of growth, and wind and water damage to the cotton crop. 

1 . 4  H ig h  Plains Cooperative Program 

1.4 . 1  Genera l  

Dur ing the  decade of the  1 970's, a new, concerted effort was u ndertaken by 
the Federa l government, in cooperat ion with various states-including Texas-and 
loca l ent it ies, to gain a better understanding of the behavior of clouds fol lowing the 
app l icat ion of vario us cloud-seedi ng techniq ues on convect ive cloud types com
mon to the High Pla ins .  This a mbiti ous progra m  of resea rch and development, 
i ncl ud ing  p hysical  and stat istica l experi mentation in weather modifi cation, is 
known as  the " H ig h  Pla ins Cooperative Program," or "H IPLEX. " Field resea rch 
s ites were located in eastern Montana, western Ka nsas and western Texas in order 
to lessen bias in the resu lts observed at one part icular reg ion of the H igh Plains.  
Th is  three s ite concept also provides a means for technology transfer fro m  o ne 
region to a nother. 

1 .4 . 2  Goals and Objectives 

The H I PLEX Program is part of the U .S .  Depa rtment of the Interior's "Proj ect 
Skywater, " which is designed to develop a n  effective tec hnology for precip itation 
ma nagement to hel p supplement the nation's fresh-water supply needs.  The 
program is  intended to be a coordinated series of studies, investigations, and 
exper iments leading to a viable water resource technol ogy. 

The objectives of the HI PLEX Progra m  are: 

(a) to i ncrease the u nderstanding of natural c loud and precipitation processes in 
convect ive c loud ent ities in the H igh  Pla ins, a nd of the a lterations in cloud 
str ucture and resu ltant p reci p itation that occur  when these processes are 
m od ified in a prescr ibed manner; 

(b) to establ ish a data bank of microscale and mesosca le c lo ud i nformation upon 
which to base an experi ment for the purpose of ident ify ing possible seedi ng 
hypotheses; 
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(c) to determi ne, through physical and stat istical eva luations, the l evel of certai nty 
with which these modifications wi l l  result in  the predicted alterations, us ing a 
ra ndom ized exper iment of s imple c lo ud systems; and 

(d) to develop the physical a nd socioeconomic basel i ne information needed for 
design ing and conducting a n  area-wide experiment. 

1 .4.3 H I P LEX Design 

The design of the fi rst five years of HI PLEX ( 1 975- 1 980) was deve loped by the 
I l l inois State Water Survey ( ISWS) (Ackerman et  a/., 1 97 1  ). The ISWS design 
a ddresses two broad areas of study: ( 1 ) atmospheric, a nd (2)  socioecono mic a nd 
environmenta l .  The avenue of completion of these areas of study consists of four  
phases, beg i nn ing with exploratory studies, and fol lowed by si ngle c loud  experi
mentation studies, a rea ra in  exper iments, a nd technology transfer. Strong overlap 
exists between the first phase-which is exploratory, and the second phase
which is experi mentat io n, implyi ng that exploratory stud ies a re on-going i nto the 
experimentation phase. 

Though the concept of H I PLEX cal led for three resea rch s ites to be l ocated i n  
t h e  northern, centra l a n d  southern reg ions of the nation's H ig h  P la ins, f inancia l  
and ma npower efforts were conce ntrated mostly i n  the northern region.  Here, 
Bureau of Reclamation personnel were stationed year-round to design a random
ized rain aug mentat ion experi ment for the M ontana H igh Pla ins su mmer shower
producing clouds, based on the recom mendati ons of the ISWS docu ment. After 
four years of meteorolog ical fact f ind ing, a deta i led design plan for the fi rst H I PLEX 
experiment in Monta na was co mpleted in early 1 979 (Bureau of Reclamation, 
1 979). The design docu ment presents the experi menta l u nit, the seeding hy
potheses, response var iabl es, and experi menta l procedures for a M ontana c loud 
seed ing experi ment. 

The Texas H I PLEX Program progressed a long with the Montana program,  but 
at a relatively reduced sca le  due to Jess funding .  The goal of t he Texas progra m was 
to accompl ish H I PLEX objectives (a) and (b) by th e end of FY 1 980. The fol lowi ng 
secti ons descr ibe the Texas H I PLEX Program and its accompl ishments relative to 
H I PLEX objectives (a) and (b) . 
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2. TEXAS H I PLEX 

2 . 1  Statuto ry R espons ibi l ity 

The Texas Department of Water Resources is charged by Chapter 1 8  of the Texas 
Water Code (formerly the Texas Weather Mod ification Act of 1 967) to regu late weather 
modification activit ies in Texas. Chapter 1 8  a lso provides that the Department promote 
resea rch and developm ent in the f ield of weather modificat ion.  To this end, the Depart
ment entered i nto a 1 976 Master Agreement (Contract N o. 1 4-06-D-7587) with the 
Bureau to conduct the Texas portion of the H I PLEX Prog ram. 

In March 1 973, the Burea u i n it iated the H I PLEX Prog ra m  as a jo int effort, i nvolving 
both Federa l ,  State and loca l partici pation. I n  November 1 973, the Department a long with 
the cities of San Angelo a nd Lubbock, the Colorado R iver Mu nicipal Water D istr ict, the 
Upper Colorado R iver Authority, Texas Tech Un iversity, and Texas A&M U niversity a l l  gave 
their  off ic ia l  endorsement to the concept of the H IPLEX Program. I n  1 974, the B ureau 
entered i nto negotiations with severa l  interested H igh  P la ins states where three experi
menta l sites, representative of the c l i mates and econom ies of the northern, central ,  and 
southern sectors of  the G reat P la ins, were to  be selected. The Governor of Texas recom
mended that four Texas cities be designated as potent ia l  southern region sites for consid
erat ion by the Bureau .  The sites recommended were: ( 1 ) San Angelo, Texas, where the 
San Angelo Cumu lus Project-a lso sponsored by the B ureau,  was carried out in the early 
1 970's cooperatively with the Department; (2) Lubbock, Texas, the home of Texas Tech 
U n iversity and a cu ltura l  and popu lation center located in  the Texas H igh P la ins; (3) B ig 
Spri ng, Texas, located on the western edge of a 3,  700 square-mi le area in  which a 
commercia l  cloud seeding project by the District had been underway si nce 1 97 1 ;  and (4) 
Amari l lo, Texas, a cu ltural and popu lation center located in the northern reaches of the 
Texas H ig h  Plains where the Bureau mainta ined one of its Reg ional offices. 

In March 1 974, the Departm ent recom mended that the B ig  Spri ng-Snyder a rea serve 
as the site i n  Texas for conduct ing a part of the H igh  Pla i ns Cooperative Experiment . Soon 
th ereafter the Secretary of the I nterior annou nced that Mi l es C ity (Montana), Colby 
(Ka nsas), and Big Spri ng (Texas) had been selected as the three research s ites for the 
H I PLEX Program.  

The Bureau then entered i nto an agree ment with the Department i n  1 974, whereby 
th e H I PLEX Progra m i n  Texas wou ld  be a cooperative effort, with State and loca l g roups 
shar ing in p lann ing, operat ing,  and supporti ng the program. The agreement stipulated 
that the Burea u wo uld provide f inancia l  and tech nical support to the Texas H I PLEX 
Progra m,  as wel l  as the overa l l  progra m design, so that the resu lts obta ined could be 
i ntegrated into the overa l l  H IPLEX Progra m in an optimum ma nner. Some equ ipment, 
inc lud ing a weather radar and rawinsonde system, recording ra i ngages, automated 
weather stations, a c loud physics a i rborne package, a satel l ite photo facs im i le receiver, 
computer termina ls, and a ground-based precipitation probe, were furnished by the 
Burea u .  

- 9 -



2 . 2  Admi nistration 

Under the terms of the Agreement with the B u reau, the Departm ent was responsi ble 
for admin istration of the Texas HI PLEX Program, inc lud ing handl i ng the fi nancing,  draft ing 
and management of contracts, a nd coordi nati on of various elements of the Texas pro
gram's research efforts. Other responsibi l it ies of the Department i ncl uded weather fore
casting services for Texas H I P  LEX fi eld operations, deve lop ing a forecasting techn iq ue for 
summ erti me rai nshower development, and exa m in ing the economic effects of weather 
modification. 

The Department negotiated, executed, and admi nistered over 35 contracts for work 
and services in support of the Texas H I PLEX Program dur ing the 6-yea r period of Federa l 
FY 1 975 throug h FY 1 980. Contracts were executed by the Department in  cooperation 
with the D istrict; Texas A&M U n iversity; Texas Tech Un iversity; Meteorology Research, 
I ncorporated; Big Spring Ai rcraft, I ncorporated; and N orth American Weather 
Consu ltants. 

As part of these co ntract negotiati ons, budgets a nd work p la ns submitted by the 
perform ing ag encies were reviewed by the Department staff in coordi nation with the 
Bureau .  A com prehensive operat ions plan for each Texas H I PLEX fi eld prog ra m  was 
developed and adopted each year. Al l reports, inc luding monthly, inter im, a nn ual ,  b ien
nial ,  f inal ,  and technica l ,  were reviewed, reproduced and distr ibuted by the Departm ent 
staff . 

2 . 3  Texas H I PLEX Design 

The design of the Texas H I PLEX Progra m  fo l lows the recommendatio n of the ISWS's 
H I PLEX design docu ment. The fi rst phase of the Texas H I PLEX Program, coveri ng the 
in itia l six yea rs and, as reported in  th is Sum mary Report, was tota l ly an exploratory 
program.  M uch of the work and fi nancia l  resources dur ing the in it ia l  phase were d irected 
at p lanni ng, equ ippi ng, and operat ing an nua I f ield projects of two to three months durat ion 
for the purpose of col lecting and processing a large enough meteorological data base with 
which to adequately document the variab i l ity of natural  convective ra infal l  development. 
The second phase of the Texas H I PLEX Program, i .e . ,  the s ingle cloud experimentat ion 
studies, would not beg in  unti l  the data were ana lyzed and i ntegrated and the statistical 
design of the Texas H I PLEX experiment was completed. 

I t  was recognized at the beg inn ing that the exp loratory phase of the Texas H I PLEX 
Progra m wou ld requ i re many yea rs to comp lete for two reasons. First, a large data base of 
rel iab le meteorolog ical informati on had to be col lected, processed a nd ana lyzed, and 
second, the majority of exploratory efforts wou ld be performed on a most ly part-t ime  basis 
by U niversity facu lty and graduate students. (Th is does not i mply that worki ng thro ugh the 
Un iversities is a bad approach . On the contrary, it is  an excel lent approach,  beca use the 
cost of manpower is s ign ifica ntly less when compared to private contractor's costs, and 
new atm ospheric sci ent ists ca n obta in  va lua ble knowledge and experience from which 
the meteorological commun ity can benefit at a later ti me . )  It was not possible to pred ict at 
th e outset whe n the exper imenta l phase wou ld beg in  because of a number of unknowns 
i n herent in th e H I PLEX Program .  Two outsta nding u nknowns were weather co nditions 
and annua l  budg et uncerta i nties. 
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2.4 Objectives 

The Texas H I PLEX objectives evolved from H IPLEX objectives (a) and  (b) (Section 
1 .4.2), with emphasis p laced on col lect ing a la rge base of qua l ity d ata. As information was 
obta ined and the data base grew dur ing the latter years of the program, the centra l theme 
of the program focused more on gai n ing a better u nderstanding of how the meteorolog ica l 
m esosca le  processes work to develop ra in  that eventua l ly reaches the ground, with 
specific attention on establ ish ing ambient a i r, ra infa l l , and cloud character istics common 
to the Texas H IPLEX region.  The approach taken to examine these natura l  processes was 
to study in it ia l ly the mesosca le  envi ron ment a nd converge on the microphysical 
processes. 

2.4.1 Technical  

The Texas H I PLEX tech nica l  objectives included the fol lowi ng: 

(a)  to col l ect and ana lyze mesosca le data , both surface and upper a i r, on a scale 
appr oach ing storm size, thereby perm itti ng more accurate a nd determi n ist ic  
studies of the interactions between convective c louds and thei r env iron ment; 

(b) to col lect and a na lyze satel l i te, radar, rai nfa l l ,  a nd a i rborne (c loud physics) d ata 
to be used with the m esosca le data in order to establ ish a deta i led description of 
envi ronmenta l conditions a nd processes associated with natura l as wel l  as 
seeded clouds; 

(c) to identify the dom i nant precipi tation mecha n ism(s) in the Texas H IPLEX 
region; 

(d) to develop a nd eva luate objective-type, operational  forecast procedures for the 
Texas HI PLEX Progra m; 

(e) to refine procedures for us ing real-ti me satel l ite data to locate reg ions of i n it ial  
convective activity, a nd to determine the movement of l i nes of convective 
activity into a nd with in  th e target a rea; 

(f) to ref ine procedures and a na lysis  of rawinsonde and surface mesoscale data to 
forecast the onset, location, a nd intensity of convective activity; a nd 

(g) to perform econom ic a nd socia l  impact studies. 

2 . 4 . 2  Delivery Techniques 

The Texas H IPLEX Progra m also focused on techniques for seed ing and mak
i ng cloud and environmenta l measu rements. These objectives incl uded the 
fol l owi ng: 

(a) to ga in  l im ited and prel imi nary experience in  the seeding of t urrets in the -4°C 
to - 1  0°C region of growi ng cumu l i ;  
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(b) to eva luate the practicabi l ity of on-top seeding; and 

(c) to eva luate the behavi or of c loud systems i n  the project a rea, u si ng measure
ment systems now ava i lab le .  

2.5 Project Area 

The proj ect area for the Texas H I PLEX fie ld project is located i n  the u pper reaches of 
the Col orado River Basin, in the southern H igh P lai ns area of Texas.  The project a rea, too, 
evolved with the req u i rements a nd objectives of the Texas H I PLEX Program . Figu re 2 . 1  
shows the 1 980 project a rea which i s  very s im i la r  to the project area of previous years. The 
project a rea incl udes all or porti ons of a 14-cou nty reg ion of the Texas H igh  Pla i ns, ly ing 
general ly i n  the area bou nded by Abilene, Lu bbock, Midla nd and San Angelo. The counties 
or porti ons of counties inc luded in  the project area are Andrews, Borden, Dawson, Ga ines, 
Ga rza, G lasscock, H oward, Lynn, Mart in, Mid land, Mitchel l ,  Scurry, Sterl ing and Terry. 

2 . 5 . 1  Terrain 

The terra i n  is characterized by broad, level p la i ns in  the west, slop i ng down
ward to rol l i ng h i l l s  in the east. The Caprock Escarpment d ivides the two types of 
terra in .  So i ls  in  the area are genera l ly red or brown sandy loa ms of several  feet 
th ickness. Whe n suffic ient water is ava i lable, th is type of soi l  easi ly supports 
extensive crop production. 

2.5 .2  Climate 

The c l imate in  the area is subtropical steppe, character ized by rapid changes in  
both temperature and  precip itation .  The  precipitat ion in the area var ies from an 
annual  mean cif  about 356 m m  (14 in)  in  the southwest, to  a bout 559 mm (22 i n) in  
the  east. Approxi mately two-thi rds of the area's tota l annua l  ra infa l l  occu rs dur ing 
the latter spri ng and sum mer months. Dur ing th is  period one- to two-day ra infal l  
peri ods usua l ly occur n o  more than fo ur ti mes per month . Ra i nfa l l  amounts per 
contiguous occu rrence are norma l ly less than 25 mm ( 1  in) .  The most frequently 
occu rri ng preci pitat ion event produces 6 m m  (0.24 in) or less. 

Dayt ime tem peratures are hot in the summer, with a da i ly maxi mum tempera
ture normal ly reaching 35°C (95°F), wh i le  cool i ng to a comfortable 21 °C (70°F) at 
nig ht.  Wi nters are m i ld duri ng the day, with a temperature range from near 1 6°C 
(60°F) to a n ightti me low of 0°C (32° F), and a re character ized by frequent cold 
peri ods that are fol lowed by rapid warming .  Preva i l i ng wind di rection is from the 
south to southeast throughout the year, a lthoug h northerly wi nds are frequent 
dur ing the wi nter. 
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Figure 2 . 1 .  Texas H I PL EX project area. 
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2.5.3 Economy 

The population of the proj ect area* decl ined from 1 28,587 in 1 970 to 1 26 , 1 91 
i n  1 980; tho ugh decl i n ing over the decade; th is popu lation change represents a 
leve l ing off of the more rapid decl i ne from 1 94,056 persons in 1 96 0. Approximately 
50 perce nt of the region's population is concentrated in the cit ies of B ig  Spri ng, 
Snyder, La mesa a nd Sweetwater. Popu lation in the project area is proj ected to 
i ncrease to 1 33, 1 35 and 1 37,284 i n  the years 1 990 and 2000, respectively. 

The region's tota l a mount of fa rmland (cropland, pasture, rangeland) is about 
3 1 ,6 00 km2 (7.8 m i l l ion acres). Between 1 96 9  and 1 978, average farm size 
increased f rom 4.3 to 5.3 km 2 ( 1 ,050 acres to 1 ,300 acres), whi le the total number 
of farms in the area decreased from 6 ,950 to 6 ,025. The harvested area for the 
region exceeded 6 ,880 km2 ( 1 . 7 mi l l ion acres) in 1 979, with about 9 percent of this 
area i rr igated with water from the Ogal la la Aqu ifer, an  exhaustible u nderground 
water supply. The average annua l  market va l ue of a l l  agricultural commod ities 
produced i n  the study area dur ing the per iod 1 970through 1 979 is $ 257.7 mi l l ion .  
Almost 1 7  percent of the labor and proprietor's income i n  the study area is  
produced by the farm sector. 

2.5.4 Water Resources and Needs 

F ive surface water faci l it ies on the Colorado R iver and its tr ibutaries are 
located i n  or near the Texas H IP  LEX project area: Lake J .  B. Thom as, Lake Colorado 
City, a nd E.  V. Spence R eservoir  on the Colorado R iver, and Champion Creek and 
Oak Creek Reservoirs on the tr ibutari es. These surface faci l it ies provide water to 
major c ities and industries i n  the region.  

G round water is the major source of i rr igation water in  the study area . Some of 
the g round water is h igh  in salts and can on ly be used for i rr igati ng sa lt-tolerant 
crops. Wel ls are chara cteristically shal low a nd weak throughout the area. These 
conditi ons substantiate the need to increase ra infall , thereby savi ng g round water 
of useable qual ity for l ater use. 

2.6 Field Operations 

2.6.1 General 

In order to ach ieve the objectives of the Texas H IPLEX Program, six summer
time field projects were conducted du r ing the 6 -year period ending i n  1 980. The 
purpose of the field projects was to gather data to provide sufficient deta ils on 
environmental, cloud and precipitation characteristics in the Texas H igh Plains 

*When t he economic studies were performed, the p roject area did not include Andrews, Gaines and M idland counties, but did include 
Fisher, Nolan and Coke counties. 
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area,  a nd to lay the fo undation for a su itable experimenta l program design. The 
field projects were conducted consecutively each summer season, beg i nn ing in  
1 975. 

The field projects expanded from a relatively s imple data-gatheri ng effort in 
1 975, to a more exhaustive and q uite soph isticated field project in 1 980. The 
marked co ntrast between the fi rst year's project to that of 1 980 may be d i rectly 
attributed to the cooperation a mong the Burea u,  the Department and other part ic i
pants in the Texas H I PLEX Progra m. 

The 1 978, 1 979, and 1980 Texas H IPLEX field project dai ly operat ions were 
documented by Department staff (R iggio and Alexa nder, 1 978; Alexander and 
R igg io, 1 980; and Alexander and R igg io, 1 98 1  ). The reports include eq ui pment 
s ummaries, s u rface ana lyses, da i ly weather and operations summaries, surface 
weather observat io ns, and ai rcraft f l i ght records a nd debr iefing notes. 

2 . 6 .2 Participants 

For the 1 975 through 1 980 period, the Texas H I PLEX field participa nts 
included the fo l lowi ng : 

Texas Department of Water Resources, wh ich provi ded the overa l l  field project 
management; 

Colorado River Municipa l Water D istr ict, which suppl ied the services of a cloud 
physics a nd seed ing a i rcraft, a meteoro logist, monitori ng radar systems, and 
i nsta l led,  mai nta ined and operated the surface rai ngage network; 

Texas A&M University, which i nsta l led, ma intai ned and operated the surface 
weather stations and rawi nso nde network, performed analyses and gave inter
pretations of mesosca le  d ata and cloud physics data; 

Texas Tech U n iversity, which operated a nd ma intained the S kywater radar, 
performed ana lyses of a i rcraft, ra infa l l  and radar data, col lected and interpreted 
visible and infrared sate l l ite imagery in rea l -ti me support of the field operations 
as we l l  as for sate l l i te ana lysis; 

Meteorology Research, Incorporated, which operated and maintained the M-
33 radar system through the 1 978 field season, and provi ded a n  instrum ented 
c loud phys ics a i rcraft duri ng the 1 978 and 1 979 field seasons; 

Colorado Internat ional  Corporati on, which provided a cloud seeding/physics 
a i rcraft dur ing the 1 978 field season, and tech nical assista nce i n  operating a nd 
mai nta in ing the a i rborne cloud physics system dur i ng the 1 979 and 1 980 fi eld 
seasons; 
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Big Spri ng Aircraft, wh ich furnished an a i rcraft for cloudbase sampl ing dur ing 
the 1 975, 1 976 and 1 977 fi el d seasons; and 

North American Weather Consulta nts, which a nalyzed M-33 radar data col 
l ected dur ing the 1 976- 1 978 period .  

2.6 .3 Instrumentation 

2 . 6 . 3 . 1  Radar 

Ra dar data were coll ected dur ing each of the s ix field seasons, with the 
M-33 radar used as the pri mary radar data-collection system fro m 1 975 
through 1 978, and the Bureau's Skywater radar, used as the pri mary radar 
data-col lect ion system dur ing 1 979 and 1 980. The D istr i ct a lso operated a 
3-cm radar u nit and a 5-cm FPS-77 radar un it in  a mon itor ing mode as 
support to proj ect a i rcraft operations. Radar data were a lso made ava i lable 
from the National Weather Service WSR-57 radar. 

The M-33 radar i s  a dua l  wavelength system capa ble of operati ng as a 
3-cm radar and/ or a 1 0-cm radar. The M-33 radar was developed and used 
for m i l ita ry p urposes, but was freed from m i l itary use and mod ified (Car
bone et a/. , 1 976) to f it the needs of the Texas H I PLEX Progra m .  The radar 
was used for data co l lection purposes dur ing the 1 975- 1 978 field projects. 
It was operated in a 360-degree vol ume scan seq uence wh ich typical ly 
began at a n  elevation angle of 1 .5 degrees, with subseq uent scans 
increased in i ncrements of 1 . 5 d egrees to a maxi mum angle general ly 
rang ing from 9 to 1 8  degrees. A vol ume scan woul d  norma lly take five 
minutes to comp lete, after which the cycle would be repeated. Radar data 
were recorded over a rad ius  of 1 36. 5  km (84.6 mi ). The rad ar was located at 
Wi nston F ield Ai rport in Snyder, Texas, dur ing the four years of its use in the 
Texas H I PLEX Program. 

D u r i ng the 1 979 a nd 1 980 f ie ld projects, the Texas H IPLEX Program 
o perated the Skywater radar that had been developed pri ncipa l ly by the 
Burea u for the H I PLEX Progra m .  The Skywater radar has a 5 .4-cm wave
length and a 1 -degree beam width .  The rada r sca nned in vol u me modes of 
360 deg rees i n  the azi m uth at e levations ranging from 1 deg ree to 1 2  
degrees in  1 -degree step i ncrements. Each vol ume scan took approximately 
5 mi nutes to comp lete. The Skywater rada r was capable of operati ng in one 
of four  scan ning m odes. The MON ( mon itor ing) m ode was used when 
a i rcraft were not flying a H I PLEX mission. The Z-R (reflectivity-rainfal l )  
mode was used in  conju nction with a i rcraft fly ing near cloud base to col lect 
data and compare observed reflectivity va lues with ra infal l  rates. The ACC 
(Ai rcraft C lose In )  mode was used when Texas H IPLEX a i rcraft conducted a 
mission with in 50 km (31 m i )  of the radar. The ACF (Ai rcraft Far O ut) mode 
was used wh en Texas H I PLEX a i rcraft cond ucted a m ission greater than 50 
km (31 m i )  from the rada r. 
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The data col lected by th e Skywater radar was d ig itized and recorded in  
a computer-compatib le format, as describe d  by Sc hroeder a nd Klazura 
( 1 978) .  Data output incl uded com posite maxi mum reflectivity and echo top 
d isplays, an eq u iva lent reflectivity fi l e, and a case study summary fi l e wh ich 
conta i ned location, a rea, vol u me, ra i n, and motion i nformation for radar 
echoes that were identified and tracked. 

Radar echo data were a lso col lected by us ing the Nationa l Weather 
Service WSR-57 radar. The radar was operated accord ing to standard 
procedu res, outl ined in the Weather Su rvei l lance Radar M a nua l .  The radar 
operated in the S-band, i .e., a 1 0.3-cm wavelength.  The antenna could 
rotate at a rate of 3 to 5 rpm, norma l ly at a 1 -degree elevation .  The beam 
width,  both vertical and hor izonta l ,  was 2 degrees .  

2 . 6 . 3 . 2  Rawinsonde 

Rawinsonde data were col lected dur ing al l  s ix Texas H I PLEX field 
seasons. The number of rawinsonde release s ites increased fro m  one in 
1 975, to four sites in 1 976- 1 978, thence to seven s ites in 1 979-1 980. 
D u ri ng 1 975, one rawinsonde site was located at Big Spring when, d ur ing 
each operational day, sondes were launched at 3-hour interva ls as long as 
operational conditions existed. From 1 976 through 1 978, rawinsonde sites 
were located at M idland, Big Spring, Robert Lee and Post, Texas. Then, 
dur ing 1 979 a nd 1 980, in order to ach ieve better spati al  resolution for 
m esoscale analyses, seven rawi nsonde s ites were used. They were located 
at M idland,  B ig S pri ng, Sterl ing City, Post, Lamesa, S nyder and Seagraves, 
Texas (Figwe 2.2). Duri ng 1 976-1 980 the rawi nsondes were n ormal ly 
lau nched at 3-hour interva ls, beg inn ing at 1 000 COT ( 1 500 G MT) on each 
operati ona l day, a nd were usua l ly termi nated no later than 2200 C DT (0300 
G MT). 

2 . 6 . 3 . 3  Surface Weather Stat ions 

I n  1 976 a network of man ual ly read surface weather stations was 
insta l led for the Texas H I PLEX Program in  support of the mesosca le analy
ses (F igure 2.2). The parameters measured at each surface station were 
temperature, rel ative h u midity, atmospheric pressure, and wind speed and 
wind d i rect ion.  Tem perature a nd relat ive h u midity were obta ined from 
hygrothermogra phs, atmospheric press ure from microbarographs, and 
wind speed and d i rection from a n  autom atic wind recordi ng instru ment. 
Ten of these surface stations were located in the f iel d dur ing the 1 976 and 
1 977 field seasons. Th is  number was increased to 1 6  dur ing 1 978 . During 
1 979 the Bureau set up a network of twenty-five (25) special  automatic 
surface weather stations with five co- located ma nual  stat ions (Figure 2. 2). 
The data col lected at each automatic stat ion consisted of 5-m inute aver
a ges of tem perature, relative h u mi dity, pressure, wi nd speed, wind d i rec-
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t ion, precip itation and battery voltag e. The data were stored in  a 
m icro-processor as they were col lected dur ing the hour for each 5-minute 
period, and transmitted to a ground rece ivi ng station via satel l ite once each 
hou r  on a predeterm ined schedu le .  The automatic weather stat ions were 
d ep loyed in the field for the fi rst t ime in Texas i n  1 979, after they were 
man ufactured. Therefore, the 1 979 season's d ata served as an in it ia l  fi eld 
test and systems shakedown, resu lti ng in  some unrel iable data . Because 
the a utomatic stati ons were neede d to support the Montana H IPLEX proj ect 
in 1 980, the automatic stati ons were not ava i lable to the Texas H I PLEX 
project. The network of 1 6  manua l ly- read surface stations, used in 1 978, 
was re instated and used in 1 980 (Figure 2 .2) .  

2.6. 3.4 Aircraft 

2 . 6 . 3 .4 . 1  Colorado R iver Municipal  Water D istrict 

Under contract to the Department, th e D istrict suppl ied the 
Texas H I PLEX Program with two a i rcraft. For the f i rst three years, 
the D istr ict operated one a i rcraft-a Piper Aztec-as a cloud base 
seeding and cloud physics a ircraft. The Aztec had an average rate of 
cl imb of 2 .5 to 4. 1 m s _, (500 to 800 ft mi n -1 ) for a ltitudes up to 3 ,660 
m ( 1 2,000 ft) above mean sea level .  Duri ng the 1 975, 1 976, and 
1 977 field seasons the a i rcraft was used to seed clouds at cloud 
base . I nformation col lected by this a i rcraft on each mission con
sisted of c loud-base height, u pdraft d iameter, and an esti mation of 
maxi mum updraft ve locity. Duri ng the 1 978 field season, a c loud
base measu rement package was insta l led on the ai rcraft. The cloud 
physics package consisted of i nstrumentatio n for measur ing and 
recording temperature, hu midity, vertical velocity a nd ra in  drop 
spectra (300 to 4,500 J.L m). Other parameters measured and recorded 
incl uded ti me, pressure a ltitude, a i r  pressure, and true a i r  speed. An 
observer accompa nied the pi lot on boa rd the Aztec to record any 
visual  cloud characterist ics pertinent to the m ission. 

Beg inn i ng in  1 978, the D istrict a lso provided the Progra m with a 
PA3 1 -P pressurized Navajo as an on-top cloud-seed ing a ircraft, and 
subseq uently in  1 979 and 1 980 as a cloud physics a i rcraft. The 
a i rcraft was powered by two turbocharged engines, rated at 425 hp 
each .  The a i rcraft was equi pped with a fuselage-mounted Agl dis
penser capable of droppi ng a tota l of 96, 30-gram Agl cartr idges at 
vari ous rates. C lo ud seed i ng performed by this a i rcraft was gener
a l ly accomp l ished by dispens ing Ag l ej ectable pyrotech n ics (or 
fla res) at the - 1  0°C level i nto growi ng turrets. The D istrict p-Navajo 
was equ ipped with cloud phys ics measurement instru ments during 
the 1 979 and 1 980 fi eld seasons. Ta bles 2. 1 a nd 2 .2 1 ist the meteo
rological var iables measured by the a i rcraft for the respective 
seasons. 
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Table 2 . 1  Va riables Measured and Recorded by the 
District's P- Navajo in 1 979 Texas H I PLEX Field Program 

Cloud l iquid water content (Johnson -Wi l l iams hot wi re) 

Tota l l iqu id water content 

Ice particle concentration ( CIC/Lawson laser device) 

Ai r temperature (Rosemount tota l temperature probe and NCAR-type reverse flow probe) 

Dewpoint (E .G .  & G. hygrometer) 

Absolute pressure (Cogn ition absolute pressure transducer) 

True a irspeed (Cog nition differential  pressure transducer) 

Location ( HT Instruments VOR; aircraft avionics DME) 

Table 2 . 2  Va riables Measured a nd R ecorded by the 
District's P-Navajo in 1 980 Texas H I PLEX Field Program 

Meteorological Sensors 

Air Temperature probes; Rosemount Model 1 01 E, Reverse Flow Housing with Plat inum Element 
Dew Point Temperature: EG&G Model 1 37 
Johnson-Wil l iams, Liquid Water Content 
CIC/Lawson, Cross-Polarized Ice Crystal Counter 
Total Water C ontent Device (NOAA version) 
PMS 2-D particle probe (25 to 800 p. m) 
PMS Forwardi ng Scattering Spectrometer Probe ( FSSP) (2 to 3 p. m or 3 to 45 p. m) 
Accelerometer (Sunstrand) 

Aircraft Sensors 

Aircraft Position: 
Air Speed: Rosemount 506 

Altitude: "Pick-Off" from Aircraft Alt imeter 
VOR/DME; "Pick-Off" from Aircraft Avion ics 

Microprocessor /Display I Recorder 

M icroprocessor/ 1 6 K core: Z-80 with S- 1 00 boards 
Sony 7- inch Cathode Ray Tube (CRT) 
Sony Audio Cassette Recorder 
Axiom D ig ital Printer 
9-Track I ncremerita I Recorder 

The crew on board the Aztec and p-N avajo dur ing each Texas 
HIPLEX fl ight co nsisted of a pi lot and an observer who documented 
cloud features a nd who made wr itten records of oth er meteorolog i 
ca l  data pertinent to. the mission. 
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2 . 6 . 3 .4.2 Meteorology Research, I ncorporated 

Meteorology Research,  I ncorporated (MRI ), o perated a cloud
physics a ircraft dur ing the 1 978 a nd 1 979 f ield seasons. The MRI 
Piper N avajo was an unp ress ur ized, de-iced a ircraft, powered by two 
300-h p  turbocharged eng ines.  It had the capa bi l ity of operating at 
a lt itudes up to 7,600 m (25,000 ft), with a i r  speeds between 1 50 a nd 
400 km h -1 (80 and 220 Kts). The range of the a i rcraft extended to 
about 2,400 km ( 1 ,500 mi). The crew on boa rd the a i rcraft consisted 
of a p i lot, a scie ntist, and an equ ipment technic ian .  

The instrument package was desi gned to take measurements of 
cloud physics, env i ron menta l ,  and a ircraft state para meters. The 
measu rements made by the respective sensors a re l i sted in Table 
2.3. 

In  addition to the sensors, the scientist used two 35-mm ca m
eras to take cloud and on-board radar screen photographs. An event 
box was located i n  the cockpit for marking the important  events on 
the data tape. 

2 . 6 . 3.4 . 3  Colorado International Corporation 

Colorado Internationa l Corporation (CIC) operated a Learjet 
( Mode l 23) duri ng the 1 978 Texas H I PLEX Program.  Th e a i rcraft was 
equ ipped with a cloud physics data acq u isit ion system and ejectable 
Ag l pyrotec hn ic flares. The cloud physics para meters measured by 
the a i rcraft are l isted in Tab le 2 .4. 

The Learjet was used dur ing the 1 978 f ield project to ( 1 ) help 
se lect su itable c louds for seedi ng, (2)  conduct cloud-seed ing opera
t ions near the -1 0°C level,  a nd (3) make repeated penetrations of the 
treated c loud(s) at a ltitudes around the -1 0°C level ,  whi le  a nother 
cloud physics a i rcraft penetrated the cloud at lower a lt itudes. If the 
cloud top did not extend above the -1 0°C level,  the Learjet would 
obta i n  data on the cloud environment a round cloud top, take photo
graphs and record verba l comment, and penetrate untreated clouds 
for comparative data .  D u ri ng a few missions when the Learjet was 
the only a ircraft used, it treated a target cloud a nd then rapidly 
descended or ascended, as deemed appropriate, up  to 60 m s -1 
( 1 2,000 ft m i n  -1 ) descent a nd 25 m s -1 (5,000 ft m i n -1 )  ascent, to 
col lect cloud physics data . O n  one occasion (June 28, 1 979), the 
Lea rjet conducted a low- level (300 m [1 ,000 ft]), above ground, 
h igh-speed (460 km h -1 [285 mi h -1] )  mapp i ng m ission over the 
surface recordi ng and rawi nsonde network. 
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Cloud Physics 

Table 2 . 3  Variables Measured by M R I  C loud Physics Package 
During the 1 978-1 979 Texas H I PLEX Field Program 

Particle size and d istribution 
PMS Axial ly Scattering S pectrometer Probe (3 to 45 J.L m) 
PMS Cloud Particle Spectrometer Probe (20 to 300 f.l. m) 
PMS Precipitation Particle Spectrometer (300 to 4,500 J.L m) 

Ice particle concentration 
Continuous Ice Crysta l Counter (Turner-Radke type) 
( 1 00 to 600 f.l. m); 0 to 5,000 particles s - 1 

Nuclei concentrations 
M i l lipore Fi lters 
CCN Bag Samples 

Particle Repl icators and Imaging 
MRI  Foi l  I mpactor 
2- D Cloud Particle I mag ing Probe (25 to 800 J.L m) 

Liqu id Water Content 
Johnson-Wi l l iams Liquid Water Content I nd icator 
Bu lk  Water Sampler 

Photos and Fi lm 
Record ing Bendix RDR-1 30, X-Band Weather R adar 
Super 8-mm Time Lapse Movie Camera 
35-mm Cloud Photos 

Environmental 

Air temperature 
Rosemount 1 02 Total Temperature Probe (+50°C) 
MRI  Axial Flow Vortex Thermometer (-30 to +50 °C) 

Dewpoint 
EG&G Model 1 37 -C1  Hygrometer (-57 to + 71 °C) 
MRI  Lyman-Alpha Hygrometer (-35 to +30°C) 

Turbulence 
MRI Universal indicating turbu lence system (0 to 1 0  R un its) 

Aircraft State 

Altitude 
Va lidyne Absolute Pressure Transducer 0 to 1 01 x 1 03 Pa (0 to 1 4.7 1b in - 2) 

Airspeed 
Validyne Differential  Pressure Transducer O.O to 4.8 x 1 03 Pa (0.0 to 0.7 lb in - 2) 

Rate of c l imb 
Bal l  Brothers Variometer + 7 .6  m s- 1 (+1 ,500 ft m i n - 1 )  

Navigation 
Dual Digital  VOR/DME 0 to 359° and 0 to 1 85 km (0 to 1 00 nmi); Scann ing DME 

Compass Head ing 
Humphrey's DG04 North-Seeking G ryo Compass (0 to 359°) 
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Parameter 

Static pressure 

Dynamic pressure 

Total pressure 

D ew Point 

H eading 

Pitch 

Rol l  

Angle of attack 

Vertica l acceleration 

DME range 

VOR azimuth 

L iquid water content 

Cloud particle size and 
concentration 

Ice crystal concentration 

C02 seeding rate 

Agl f lare nu mbe r  

D iscrete events 

T ime 

Ta ble 2.4 Variables Measured by the C IC Learjet 
D uring the 1 979 Texas H I PLEX Field Season 

Manufacturer 

Rosemount 

Rosemount 

Rosemount 

EG&G 

Lear Sigler 

Lear Sigler 

Lear Sigler 

Rosemount 

Su ndstrand 

King R adio 

Wilcox Radio 

Johnson-Wi l l iams 

PMS-2-D 

CIC 

CIC 

CIC 

CIC 

PMS 

Sample R ate 

1 0  s - 1  

10  s -1 

1 0  s -1 

1 s - 1  

1 s - 1 

1 0  s - 1  

10  s - 1  

1 0  s - 1  

1 0  s - 1  

1 s - 1  

1 s - 1  

1 s - 1  

Continuous 

Continuous 

1 s - 1 

Continuous 

Continuous 

Continuous 

35-mm ha nd-held photos 

2 . 6 . 3 .4 .4 Big S pring Aircraft 

A Big Spri ng-based company, Big Spring Ai rcraft (BSA), oper
ated a cloud base monitor ing ai rcraft dur ing the fie ld  programs of 
1 975- 1 977. Duri ng 1 975 and 1 976, BSA used a Cessna 206 for 
col lecti ng and manua l ly record ing data on clo ud base height, 
temperature, dew point, u pdraft speed and d iameter, and making an 
est i mate of maxi mum updraft velocity. Dur ing the 1 977 field sea
son, BSA operated a Ch erokee PA-32-300, which was eq ui pped 
with a data recording system whereby dew-point temperature, 
temperature, pressu re and rate of c l imb were automatica l ly 
recorded. 
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2 . 6 . 3 . 5  Ra i ngages 

The Texas HI PLEX Progra m operated a concentrated raingage network 
throug hout the 6-year duration of its f i rst phase. The ra ingage network 
co nsisted of two d ifferent types of rai ngages: a fence-post wedge raingage, 
a nd a we igh ing-bucket recording raingage. The nu mber of recordi ng ra in 
gages located i n  the  field i ncreased from a tota l of 26 rai ngages used dur ing 
the 1 975 field season to 1 06 ra ingages used dur ing the 1 980 season. 

Dur ing the 1 975 field season, 1 2  of the 26 recording rai ngages were 
clustered together in groups of three, in tr iangles, separated by 1 km on a 
side. The purpose of c luster ing the rai ngages was to provide a spatial  
ra infa l l  measurement average, as opposed to a point source measurement. 
However, as more ra ingages were added to the network and the rai ngage 
density increased, this type of grouping beca me u nnecessary. 

Forty-n ine recordi ng raingages were used to obta i n  ra infa l l  data in 
1 976; of this tota l ,  41 were insta l led withi n an area rough ly 24 km x 28 km 
sq uare ( 1 4.9 mi x 1 7 .4 mi square), a nd centered near Vincent, Texas. Also, 
94 nonrecording wedge-type fence post raingages were insta l led by the 
D istri ct throug ho ut the study area. These ra ingages furnished data of dai ly 
ra infa l l  accumulations. The nonrecord ing ra ingages were read by D istrict 
staff after each rai nfal l  event. 

A network of 68 record ing ra ingages was operated in the Texas H I PLEX 
reg ion dur ing the 1 977 field season . The density of this network was 
approximately one ra ingage per 1 04 km2 (40 m i2). All 68 ra ingages had a 
da i ly chart rotation. Wedge-type, fence-post raingages were a lso col located 
by the D istrict with the recording rai ngages, and an addit ional 8 1  wedge
type rai ngages were placed at new locat ions with in  the project a rea. 

The 1 978 Texas H I PLEX Progra m uti l ized an even larger record ing 
ra ingage network. The density of the network remai ned the same as the 
previous year, but th e coverage a rea was i ncreased. Each of the 81 record
ing ra i ngag es used had a dai ly chart rotat ion. Data were a lso col lected from 
8 1  wedge-type fence-post raingages that were spaced approximately 5 km 
(3 m i )  apart a long various h ighways that traversed the project a rea. 

The recording raingage network for the 1 979 and 1 980 Texas H IPLEX 
seasons was increased to 1 06 rai ngages, capable of measur i ng u p  to 305 
m m  ( 1 2 in )  of rai nfa l l  on a 7-day chart. F igure 2 .3 shows the 1 980 Texas 
H IPLEX recordi ng raingage network. As in 1 978, the recording ra ingage 
network was augmented by an 81 wedge-type raingage network. The 
wedge-type rai ngages were read after each ra in  event. Near the center of 
the Texas H IP  LEX project area, around Lake J .  B .  Thomas, the density of the 
recording rai ngage network was i ncreased from one raingage per 1 04 km2 
(40 mi2)  to one ra ingage per 25 km2 (9 m i2) during the 1 979 a nd 1 980 field 
seasons. Approximately 39 recording ra i ngages were located in th is center 
gr id pr imar i ly for the purpose of better documenti ng gro und-truth rainfa l l  
rates for comparison with radar-reported ra i nfa l l  rates. 
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Figure 2 . 3 .  1 980 Texas H I PLEX recording rai ngage network with 
approximately 1 0 km (some closer) spacing between 
raingages.  
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Before and after each season, each record ing ra i ngage was ca l ibrated 
at 1 - inch interva ls by Department a nd D istrict tech nic ians. All ra ingage 
d ata were processed and archived with the Burea u .  

2.6 . 3 . 6  Satel lite Laserfax 

Laserfax sate l l ite imagery was coll ected dur ing the 1 979 and 1 980 
Texas H I PLEX field program.  These data were provided by Geostati onary 
Operational Environ menta l Satel l ites (GOES) at 30-m inute interva ls each 
day; the types of i magery received a lternated between visi ble and i nfra red 
data d ur ing the dayl ight hours, wh i le at n ight infrared data were col lected. 
These data were used in near rea l  t ime in support of forecast ing and  a ircraft 
operati ons. 

2 . 6 .4 Data Inventory 

Al l data col lected during the Texas H I PLEX field seasons were forwarded to the 
Bureau and incorporated into the H I PLEX Data Bank. These data ca n be requested 
from the Burea u by writ ing to: 

Bureau of Reclamati on 
Attn: Data Manager, Code D- 1 220 
P. 0. Box 25007, Denver Federa l Center 
Denver, Colorado 80225 

Inventory documents of data col lected dur ing the 1 975, 1 976, 1 977, 1 978, 1 979, 
and 1 980 H I PLEX field seasons are also ava i lable through the B ureau .  These 
documents are intended to acq ua int the resea rcher with the type, format a nd 
period of record of the data ava i lable. 

2 . 6 . 5  Reports 

Throughout the Texas H I PLEX Progra m, the Department submitted n um erous 
reports to the Bureau for the purposes of keepi ng the Bureau informed about Texas 
H I PLEX activ ities, coordi nating Texas H I PLEX work with other H IPLEX stu dies, a nd 
docum ent ing ach ievements, techn iques and conclusions of Texas H I PLEX 
research. These reports i ncl ude monthly progress reports describi ng work per
formed, travel,  and personnel changes duri ng each month; i nteri m progress 
reports, prepared every six months, conta i n ing a l l  work, data, and resu lts obta i ned 
dur ing the report ing period; a nd fi nal  reports, documenting specif ic areas of Texas 
H I PLEX research, i nc luding a l l  techn ical data relevant to the part icu lar  a rea of 
research,  the tech niq ues developed, analyses performed, and the conclusions a nd 
recom mendations derived . 

Heretofore, a l l  Departmenta l reports subm itted to the Bureau were either 
individua l  reports that focused on one element of the Texas H IPLEX Progra m,  or 
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were col lections of reports submitted to the Department by i nd ividual  subcontrac
tors. These reporti ng procedures were fo l lowed beca use the major thrust of the 
Texas H I PLEX Program has been th e col lect ing and process ing of data, and subse
quently reporting these data to the Bureau.  O nly d u ri ng the last few years when the 
data base was relatively l a rge, exploratory studies were beg un for the purpose of 
ana lyzi ng the data. These exploratory stud ies i ncluded analyses of thermodynamic 
and kinematic propert ies of the environment of convective activity, radar echo a nd 
ra i nfa l l  characteristics needed to define seeding hypotheses and response varia
b les, and the development of measuri ng and seeding tech niq ues. 

2.6 . 6  Summary 

A co mprehensive table (Table 2.5)  of a l l  Texas H IPLEX operations from 1 975 
throug h 1 980 fol lows. It provides documentation of a l l  operationa l days dur ing the 
years reported on a nd su mmarized in this report. 
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3. TEXAS H I PLEX STU D I ES 

3 . 1  General 

At the beg i nn ing of the Texas H I PLEX Progra m it was decided that to fu l ly unde rsta nd 
the meteorolog ica l  processes i nvolved in cloud and subsequent ra i n  development, it would 
be necessary to col lect observationa l data at the m esosca le and at the m icroscale. It was 
recog n ized that the mesoscale environm ent has a substa ntia l effect on the convective 
cloud and  microphysica l properties with in  th e c loud.  A total integration of the effects of 
th ese processes at the two scales is i mporta nt to understand better the vari ab i l ity of 
natura l  cloud development. The effects of the mesosca le env i ronment on the variab i l ity of 
natura l development have been reported by Chen et a/. ( 1 978), Matthews a nd S i lverman 
( 1 980), Tri po l i  and Cotton ( 1 980), Chen a nd Orvi l le ( 1 9 80), a nd others. 

Therefore, the Texas H I PLEX Prog ram establ ished a measurement network to exam
i ne the mesosca le physical properties of the environment with in which c louds devel op.  
Pr imary em phasis of Texas H I PLEX was d i rected at u nderstand i ng the rel ationships 
between the dyna mic envi ronmenta l propert ies and convective deve lopment. As the 
mesoscale program evolved over the in iti a l  years, secondary emphasis was placed on 
understanding the cloud microphysical processes. 

T he defi n it ion of mesoscale and microscale used throughout th is report fol lows 
Orla nski ( 1 975) .  The mesoscale ra nges i n  hor izontal scale fro m 2,000 km to 2 km.  To 
further refine the mesoscale, it was subdivided i nto three divisions: the meso a -sca le, 
ra ng ing from 2,000 km to 200 km; the meso f3 -scale, ra nging fro m 200 km to 20 km; and 
the meso ')'-scale, rang ing from 20 km to 2 km . The m icrosca le fa l ls  i nto a range less than 2 
km.  Table 3 . 1  deta i ls the di mensions of each sca le .  

Sate l l i te, radar a nd networks of g rou nd-based and upper-a i r  recordi ng devices 
(rawi nsondes) are the pr inci pal Texas H I P LEX tools for acq u i ri ng mesosca le data . The 
m icroscale, which encompasses meteorolog ica l events that transpire with in convective 
e lements, req u i res radar and internal cloud sensi ng instrumentati on to acqu i re data. 

Acq u ir ing basic knowledge of the events cha racteristic of each scale is fu ndamental 
to interpreti ng the i r  i nterrelat ionships, and he nce is the key to developi ng the science of 
precip itation a ug mentation and manag eme nt .  The background observations col lected 
dur ing the exp loratory phase of the Texas H IPLEX Progra m consisted of data with which to 
measure and study the mesosca le cloud environment (Scoggins et a/., 1 978, Chen et a/. , 
1 979; Scogg i ns et a/., 1 979; Wi l l ia ms and Scogg i ns, 1 980; and Sienkiewicz et a/. , 1 980). 
Concurrent observations have been made in cloud (Long, 1 980; Takeuc hi ,  1 980), by radar  
(Sm ith et a/., 1 977; Dr isco l l  1 978; H u mbert et a/., 1 978; Dr iscol l 1 980; and Haragan et a/. , 
1 980), at grou nd level (Ha ragan, 1 978), and by sate l l ite (Ju rica, 1 979). 
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Time 

Table 3 . 1  Texas H I PLEX Scale Definitions 

Horizontal Precipitation 
Scale (h)  (km) Area ( km2) Phenomena 

Microscale < 1  < 2  < 30 Cloud properties updraft/downdraft, turbu-
lence, thermal ,  cloud tower 

Meso 'Y -scale 1 - 6 2 -20 30- 1 02 Raincell, smal l  convective complex, c loud 
cluster, congestus, thu nderstorm, gust front 

Meso f3 -scale 6- 1 2 20-200 1 03- 1 04 Cloud ensemble, convergence l ine, squal l  l ine, 
mountain/valley circu lation, low-level jet, 
vorticity sheet, inertial wave, jet streak, dryl ine 

Meso a -scale > 1 2  200-2 ,000 > 1 04 Large cloud clusters, front, hurricane, baro-
cl inic wave, mid-tropospheric wave, low east-
erly wave 

Note: A certa in  amount of flexibil ity must be accepted when categorizing rea l  atmospheric events. A given cloud 
grouping may have the time characteristics of one sca le but the horizonta l extent of another scale. For 
example, a grouping may be c lassified as a c loud ensemble even though it exists for less tha n 6 hours. 

In su m mary, the first s ix years of th e Texas H I PLEX Program consisted m ostly of 
exp loratory research, i .e .  data col lection and some i n it ia l exp loratory a nalyses. D ur ing the 
last year of the Texas H I PLEX Program i ncreased ana lysis efforts were directed at unde r
stand i ng the mesosca le controls of convective cloud development and the microscale 
propert ies of the cloud and precip itation processes. No attempt has been made to offer a 
stat istical design for the Texas H I PLEX experi ment because the degree of ana lyt ic effort 
has not reached that level .  The a na lyses presented in th i s  Summary Report on ly repre
sent the findings derived from the i nitia l  exploratory studies.  The future work of the Texas 
H IPLEX Program wi l l  focus on the stat ist ica l design of the cloud exper iment thro ugh a 
greater ana lysis  effort of data col lected. 

The various i n it ia l  exploratory studi es reported are categorized accord ing to meteoro
logica l  scale. The meteo ro log ica l sca les with in wh ich the stud ies reported in th is Sum
mary Report are presented include the  meso a -scale, meso f3 -scale, meso Y -scale, and 
microscale.  The reader is encouraged to review any of the many referenced reports for a 
more com prehens ive a nd complete presentation of any of the individual  studies which 
compr ise the S u m mary Report. 

Meso a-scale systems are responsible for tra nsport ing mo isture into the Texas 
H I PLEX area, and for establ ish ing the average wind field and stab i l ity conditions over the 
area; meso {3 - and meso y-scale systems are responsible for in it iat ing convective activity 
a nd for modifying the enviro nment near (with i n a few cloud d iameters) the convective 
activity; a nd microsca le systems a nd processes with in  the clouds are responsible for 
droplet formation,  the formation of ra in, and the exchange of mass at the cloud bou ndary 
between the c loud and its envi ronment. Whi le  it appears that mesosca le systems control 
the development of convective cloud systems, it is the integrated effect of systems at a l l  
sca les and their interactions which ult i mate ly affect precipitation mechanisms and  lead to 
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ra i n  on the ground .  The h igh variabi l ity of ra infa l l ,  both amount and areal coverage, attests 
to th e complexity of the integ rated effects. 

Based on resu lts of the in it ia l  exp loratory studies and other weather modification 
resea rch, some h ig h ly tentat ive ideas of the statistica l experi menta l  design  have evolved 
a nd are presented in the Sum mary Report .  S ection 3 ofthe Report summar izes the in itia l 
exploratory studies. Section 4 attempts to br ing together the sa l ie nt f i ndings in terms of 
convective development and subseq uent precip itation. Sect ion 5 offers tentative experi 
menta l u nits, seeding hypotheses a nd response var iables. 

3 . 2  Meso a -scale Observations 

3 . 2 . 1  Satell ite 

Am ong the many contem pora ry tools used by th e Texas H IPLEX Program, the 
weather satel l ite has proven to be a va luable sou rce of i nformation to proj ect 
scientists. Data provided by these orbit ing systems offer researchers a u nique vi ew 
of the behavior of interacti ng c loud systems over the Texas H igh P la i ns. Measure
ments made rout inely by these sate l l ites q ua ntify elements of the atmosphere, 
such as profi les of vertical tem perature and water vapor, l iq u i d  water content, 
land/water surface temperatu re, c loud heig ht and m ovement, a nd total outgoi ng 
longwave rad iation flux. 

Dur ing the 1 975 - 1 980 six-year period, the Texas H I PLEX Progra m has uti l ized 
two different types of data from GOES :  visi b le a nd infrared p hotographic imag ery, 
and vis ib le and i nfrared radiance data . Using these sets of data, proj ect scient ists 
have been able to determ ine the a mount, distribution, temperature, height, and 
movement of various kinds of c louds that enter the Texas H I PLEX project site. 
Preparation  of the data for ana lysis was conducted with the ADVISAR (All Digital 
Video I magi ng System for Atmospheric Research), developed at Col orado State 
U n iversity a nd descr ibed by Reyn olds and S m ith ( 1 979). Res u lts are presented i n  a 
Texas H I PLEX study by Ju rica and Chi  ( 1 979), entitled Determination of Cloud 
Properties from Bispectral Satellite Measurements. 

Bispectra l radia nce data from the weather satell ites were analyzed i n  relation 
to meso a -sca le weather features as a case study for June 22, 1 976. A crit ica l  
visi ble (VIS)  rad iance va lue  was der ived for d isti nguishi ng clo uds from the underly
i ng noncloud surface. Then the i nfrared and vis ib le data were exam i ned thoroughly 
to ascerta i n  cloud properties, such as cloud populations, percent cloud cover, cloud 
a lbedo, cl oud height, a nd cloud movement. S ince the reso lution of the satell ite data 
is we l l  with i n  the meso ,B -scal e, th e resu lts of the ana lyses a re g iven i n  Section 
3 .3 . 1 . 

Matthews ( 1 980) made co mparisons of t he 1 976- 1 977 geosynchronous satel
l ite imagery a mong the three H I PLEX sites. He analyzed the da i ly frequency of 
occu rrence of vari ous cloud types and  mesosca le tr igger ing mechanisms of con
vective development at each of the HI PLEX s ites. 

- 31 -



From this l im ited 2-year data base it was surm ised that certa i n  s imi larit ies and 
d ifferences were evident among the H I PLEX sites. Al l  the s ites exh ibited a large 
number of days whe n convective clouds were observed by sate l l ite. Also the most 
intense convective clouds occurred with mesosca le forcing.  Each s ite d id show 
some d ifferences in  c loud orga n ization. The M ontana site was characterized 
mai nly by orograph ic  c louds and cl oud l i nes. Cloud l ines and cloud c lusters were 
predominate at the Kansas site, wh i le the sate l l ite imag ery revealed mesoscale 
l i nes, c lusters a nd a i rmass-isolated convection at the Texas s ite, with a irmass-type 
convection bei ng the most com mon. 

3 . 2 . 2  Radar Echo C haracteristics 

3 . 2. 2 . 1  Radar Echo Climatology 

Analyses of weather data, col lected by the M -33 radar system dur ing 
the 1 976, 1 977, a nd 1 978 Texas HI PLEX fi eld seasons, exami ned the 
re lationsh ip  between meso ex -scale atmospheric patterns and radar echo 
characterist ics. These ana lyses are reported in two Texas H I PLEX publ ica
tions. One study was by S utherland et a/. ( 1 980), entitled A nalysis of 
Digitized M-33 Radar Data From Texas HIPLEX, 1976- 1978, a nd the other 
study was by H u m bert et a/. ( 1 978), entitl ed Development and Interpreta
tion of a M-33 Radar Climatology for the H/PLEX Region. 

The sou rce of the synoptic information used in both stu dies was prim
ar i ly from NWS surface charts and upper air 500 mb charts. Days were 
subject ively categorized in terms of meso ex -scale features, i .e .  the pres
ence of fro nts, troughs, inverted troug hs, and ridges. The meso ex -scale 
properties h ad a spatia l  d i mension of abo ut 700 km (430 mi), and a tempora l 
d imension of about 1 5  hou rs. Ra dar data used in the analyses were taken 
from Plan Posit ion Ind icator d isplay. 

The genera l results from both stud ies were s imi lar .  The most frequent 
weather pattern observed dur ing the period was a day that had no fronts in 
the target area with a 500 mb r idge overhea d. Only 1 5  perce nt of the days 
with th is synopt ic  featu re had radar echoes. The most favorable meso 
ex -scale  patterns for rada r echo occurrence were prefronta l or fronta l days 
under the inf luence of a trough at 500 mb. Al l  of the days with th is pattern 
had echoes. A categorical breakdown of radar echo occurrence by surface 
features only revea led that the percentage frequencies of fronta l days, 
post-fronta l days a nd no-front days with echoes were 79 percent, 44 
percent and 27 percent, respectively. For u pper-a i r  features only, echo 
freq uencies of tro ugh, r idge, and inverted trough days with echoes were 80 
percent, 20 percent, and 33 percent, respective ly. 
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3 . 2 . 2 . 2  Radar Echo Orga nization 

Ra dar-echo organizat ion with respect to mesosca le motion was exam
i ned by using M-33 radar data with echo intensity contours, NWS s urface 
charts, N WS hourly radar summar ies, d ata from a network of mecha n ica l 
surface weather stations, and a rawi nsonde ar ray. These data were col
lected dur ing the 1 976 and 1 977 Texas H IPLEX field seasons. A report 
d escr ib ing this exa m i nation was prepared by Chen et a/. ( 1 979), entitled 
Radar Echo Organization and Development in the Mesoscale En vironment, 
A Case Study Approach. 

Two scales of atmospheric moti on were defined and addressed. Fi rst, 
the m eso a -scale i nc luded the evo lution of echo systems i n  relation to 
synoptic features, such as fronts, troughs (at surface and upper-ai r), l arge
sca le convergence zones, and m oisture advection. Second, the meso {3 -
sca le addressed cloud and wave dynamics. 

The pr imary objective of th is study was to examine the effects of 
atmos pheric parameters on the organization and development of radar 
echoes. On ly the meso a -scale envi ronmenta l effects upon the radar echo 
organ ization wil l  be d iscussed in this Section. The reader is referred to 
S ection 3 .3 .2  for a dditional discussions of the effects of the meso {3 -scale 
para meters on radar echo organ ization. 

The radar echo organization used in this study was categorized as 
isolated cells, clusters a nd squal l  li nes. The meso a -sca le  envi ronmenta l 
effects, or the evo lution and organization of three types of convection, were 
exam i ned by us ing a case study approach.  S ix case stud ies were presented 
by Chen ( 1 979), a nd are d iscussed below. 

The Chen report examined only one case study when isolated cells 
were observed.  Isolated cel ls were recorded by radar dur ing the late after
noon on June 9, 1 977, in association with the passage of a surface trough 
throug h  the Texas HIP LEX area. The atmosphere was convectively unstable 
d u r i ng the late afternoon and early even ing, becoming nea r-neutral by 
2 1 00 COT (0200 G MT). At 500 mb, a north-south zone of confluence was 
evident in western Texas, accompanied by a pocket of cold a i r  (- 1 0°C) 
a pproaching from the west. Low level winds were southerly with south
westerly flow in the mid a nd upper levels. The upper a i r  sounding analysis 
indicated that tropica l marit ime a i r  was overrun by trop ica l conti nenta l a i r .  
An upper level trough was west of the target a rea, and a surface troug h was 
i n  the project a rea .  The tr igger ing mechanism appeared to be loca l 
convergence.  

The second type of convective entity, a convective complex of cells, was 
studied by mea ns of data based on three case study days. The three days 
were July 1 0, 1 976 , June 23, 1 977, a nd July 8, 1 977. Am ong the three 
case stud ies no single com mon meso a -scale envi ronmental characteristic 
was noted, except th at the atmosphere was convectively unstable in a l l  
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cases. Surface a nd upper a i r  troughs were observed either i n  the Texas 
HI PLEX proj ect a rea or i n  the vicin ity of the project a rea to the west for a l l  
three cases. The triggeri ng mechanism for each of the three case study days 
was different and was the result of either mesoscale dynamics, large-scale 
convergence or surface heati ng. 

Two squal l  l i ne case-study days were ana lyzed. The days were charac
terized by a convectively u nstable atmosphere, but not of sufficient magn i 
tude to  support la rge-sca le convection without additional dynamic support. 
It appeared that the d evelopment and maintenance of the squal l  l ine was 
a ided by the 850-500 mb wind shea r  vector. Th e mag n itude of the shear  
vector was greater on the convectively act ive days when squa l l  l i nes deve l 
oped than on days when complexes or isolated ce l ls  were observed .  A lso, 
the orientation of the l i nes was sensit ive to the vertica l shear of the horizon
ta l winds. 

O nly d uring one case-study day was convection triggered by i ntense 
surface heating. As descr ibed by Chen et a/. ( 1 978) in  the case study for J u ly 
1 0- 1 1 ,  1 976, s urface features indicated the presence of a general conflu
e nce pattern in West Texas, with surface flow directed (arou nd the western 
side of a h igh-pressure cel l )  i nto the Texas H IPLEX area from the east and 
east-southeast; no predomi nant fronta l system or other meso a -scale 
orga nization was evident. At the 500 mb level, a low-pressure area existed 
above the Texas H IPLEX area. Upper-ai r  sound ings at B ig Spri ng indicated 
that convective i nstabi l ity was present to some exent du r ing the late after
noon, but then greatly increased through deep moist layers after the peak 
heating period .  Accordi ngly, convective activity was triggered by surface 
heating wh ich resu lted in the formation of a convective complex that 
rema i ned active for a three-hour  period. 

A summary of meso a -scale  envi ronm ental para meters infl uenci ng 
radar echo organizati on is presented i n  Ta ble 3 .2 (reproduced direct ly from 
Chen et a/. [ 1 978]), and is in agreement with the resu lts of Sutherland et a/. 
( 1 980), and H u mbert et a/. ( 1 980). At the meso a -sca le, the major ity of 
radar-echo formations were associated with the presence of a surface front 
or an upper-air  trough located to the west of th e Texas H I PLEX a rea. The 
case studies revea led that low- level convergence of m oist a i r  was impor
tant to the i n itiati on and development of a l l  three types of radar echoes, and 
that the magnitude of the 850-500 mb wi nd shear was directly related to 
echo organization. Only the Ju ly 1 0, 1 976, case study was init iated by 
surface heati ng.  
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w (11 

1 976 
June 22-23 
July 1 0- 1 1  

1 977 
June 9- 1 0  
June 1 1 - 1 2 
June 23-24 
July 8-9 

Table 3 . 2  Summary of Case Study Events During 1 976-1 977 Texas HIPLEX Field Seasons 

Troughs2 

Time1 sfc 

N w 
D w 

N I 
N w 
D w 
D I 

Key: 1 N-N ight, D-Day 
21-l n-site, W-West 

Upper air 

I 
I 

w 
w 
w 
I 

Feature3 

SQ-LN 
CMPX 

IC, (LN) 
SQ-LN 
CMPX(SQ-LN) 
C MPX 

3Sq-LN -Sq ua i i-Line, CM PX-Complex, IC- Isolated cells 
4U-Unstable, N -Neutra l 

lJe-Sounding4 LOC5 

U-N p 
u BS 

u p 
u MAF 
u BS 

u RL 

5LOC-Location of storm: P-Post, BS-Big Spri ng, RL- Robert Lee, MAF-Midland Air Force Base 

Windshear6 

t..:.L (m sec -1 ) 

1 1 3 1 3. 2  
98 4. 2 

1 2 1 9. 1 
1 60 1 1 .0 

98 1 0.0  
2 1 5  5.4 

T.M.7 

MESO-DYN 
S FC-HT 

CONV 
MESO-DYN 
MESO-DYN 
L. S. CONV 

6Shear is ca lculated at the observation station closest to echo activities (expressed in vector direction and magnitude, 
500-850 mb) 

7T.M.-Triggering mechanism of cloud formation; MESO-DYN - Mesosca le dynamics 
SFC-HT - S urface heating 
CONV - Local convergence 
L.S. CONV - Large scale convergence 



3 . 2 . 3  Precipitation 

3 . 2. 3 . 1  General 

Of crucia l sign ifica nce in desi gni ng a nd ultimately eva luati ng a c loud 
seedi ng program for ra infal l  aug mentat ion in the Texas H I PLEX project a rea 
is a sufficient understa ndi ng of the natural  var iabi l ity of precipitat ion that 
characterizes the area. Prior to 1 978, a c l imatography of the Texas H I PLEX 
a rea which descr ibes as com pl etely and concisely as possib le the pattern of 
rainfa l l  occu rrences that typify the reg ion, d id  n ot exist. In Apri l 1 978, 
however, Ha ragan ( 1 978) of Texas Tech U n iversity publ ished a cloud a nd 
precipitation cl i matology of the H IPLEX region, entitled Precipitation Clima
tology for the HIPLEX Southern Region. 

I n  providing an adequate statistica l base for ascerta i n ing "nat u ra l  
var iab i l ity" of ra i n-produci ng c louds in  the Texas HI PLEX area, t h e  study 
enhances the capabi l i ty of scientists to judge the effects of cloud-seedi ng 
activities on ra inc louds. It serves as one of the tools for proper ly and 
accurately responding to the question, "Are the ra infal l  patterns observed 
when cloud seedi ng is perform ed due to the effects of the seeding, or a re 
they merely a part of the natural var iabi l ity of ra infal l occurrence i n  the 
reg ion?" 

3 . 2 . 3 . 2  Ra i nfall D istribution 

As is well known to cl i matologists and  to residents of the southern H igh  
Pla i ns region of Texas, the  weather i n  the  Texas H IPLEX area i s  character
ized by rapid changes and marked extremes, as wel l  as  large ranges i n  
temperature from day-to-day a n d  month-to-month . Approximate ly two
th irds of Big Spri ng's mean annua l  ra i nfa l l  of 441 .7  mm ( 1 7.4 in )  is 
observed dur ing the six warmest months of the yea r, or typical ly  from Apri l 
th roug h September. The spr ing and sum mer rai nfa l l  common to the area 
resu lts from severa l relatively large storm systems that migrate across the 
reg ion, wh i le  often in September substa ntia l  ra ins in the a rea reflect the 
flow of moist, tropical air into the reg ion from the G u lf of Mexico.  Da i ly 
precip itation data for the months of Apri l throug h September, col lected over 
a 55-year period at B ig Spri ng and S nyder, Texas, were exa m i ned fi rst, 
using a stat ist ical  procedure th at ca lcu lated " 7-day runn ing means" (F ig
ures 3 . 1  and 3 .2) .  I t  was learned that from a mi n i m um in late J une, ra infa l l  
characterist ica l ly i ncreases to a maximum in  early J uly. Then from a low i n  
early Aug ust it aga i n  increases to a broad period of maxi mum ra infal l  i n  late 
August a nd ear ly September. 

The study by the Texas Tech U n iversity grou p a lso showed the spatia l  
d istribution of ra infa l l  c ha nges during each of the five months of May
September (F igures 3.3 through 3 .7). For example, for ra i nfal l  d istribution i n  
May shows a rather un iform decrease i n  precipitation a mo unts from east to 
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west across th e Texas HI PLEX area.  In  June, tota l amounts of precipitation 
area-wide are less, but the variation across the H I PLEX region is about the 
same as in M ay, except for a sh ift to a more northeast-southwest orienta
t ion .  The J uly pattern is much less organ ized, reflecti ng th e scattered 
nature of precip itati on characterizi ng the summer.  August is a bit more 
orga nized, with a broa d maximum runni ng from Mu leshoe to Seymour and 
genera l ly lesser amou nts of rai nfa l l  than in  July. Preci pitati on amounts 
i ncrease in September, a nd once aga i n  exh ibit a defi n ite east-west 
gradient. 

Space-autocorrelation a na lyses were used to ga in  further i nsight to 
the nature of the spat ia l change i n  d istr ibution of ra i nfa l l  over the Texas 
H IPLEX area (Longley, 1 974). The resu lts poi nt to a track-oriented south
west to northeast a long wh ich many of the ra i n  producing storm systems 
move dur ing May (F igure 3. 8), whi le  in June the track becomes ori ented 
more i n  a northwest-southeast d i recti on ( F ig ure 3 .9). They a lso substan
tiate the observation that ra i nfal l  in J u ne is more spotty, with a preponder
a nce of loca l ized showers often the rule .  

3 . 2 . 3 . 3  Rai nstorm Characteristics 

I nvestigators at Texas Tech U n iversity (Jur ica et a/., 1 98 1 ) performed a 
series of ana lyses of rai nfall data to descr ibe th e natural var iabi l ity of 
certa i n  rai nstorm characteristics i n  the southern H igh P la i ns region of 
Texas. The exami ned data consisted of rainfa l l  tota ls at 1 5-m i nute i nterva ls, 
col lected during four  summer field programs ( 1 977- 1 980), us ing a network 
of weigh i ng-bucket recordi ng rai ngages. Whi le the density of the raingage 
network was a ltered from season to season, conti nuous data were obta i ned 
for the period Apr i l  through S eptember of eac h  of the four years. A rain
storm was defined as a "ra i n  period of at least 0.5-hour duration, separated 
from precedi ng and succeeding ra i n  periods by at least one hou r." In a l l ,  
1 20 ra i nstorms were identified for further study. 

I n it ia l ly, subjective isohyeta l ana lyses were performed, using ra infa l l  
data for the  1 979 and  1 980 fi eld seasons. From the  spat ia l  patterns that 
were generated, it was possible to esti mate relationships among such 
parameters as storm depth ,  storm area, and storm duration . The maximum 
i ntens ity of each rai nstorm event was computed as a function of  ti me and 
storm velocity. Furtherm ore, volu metric ana lyses were performed to com
p ute storm area, i ntegrated storm ra i nfa l l ,  and mean ra i nfa l l  depth for each 
ra i n  event. From th is exercise, it was demonstrated that the calculation of 
ra i n  vol umes de l ivered acceptable results when a dense network with 
regu lar spac ing was used. 

The types of ra instorms observed in  the southern H igh Pla ins of Texas 
were found to have a great deg ree of var iabi l ity i n  intensity; ra in  volumes 
ra nged from as much as 5 . 1 7  x 1 08 m3 (41 9 thousa nd acre-feet) to as l ittle 
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Figure 3.3. Mean monthly precipitation (inches)-May. 
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Figure 3.4 Mean monthly precipitation ( inches)-June. 
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Figure 3.5.  Mean monthly precipitation (inches)-July. 
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Figure 3.6.  Mean monthly precipitation (inches)-August. 
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Figure 3.7. Mean monthly precipitation (inches)-S ept�mber. 
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as 1 .07 x 1 05 m3 (87 acre-feet). This variation warrants the need for a 
systematic strat ificati on of ra infal l  events. So, usi ng Skywater radar (5 .4 
em) data , the researchers then establ ished four  categor ies of convective 
e lements, based u pon the stage of growth and scale  of organizati on: ( 1 ) 
convective cel ls, (2) sma l l  convective cl usters, (3) la rge convective c lusters, 
a nd (4) nested convective c l usters. A boundary between sma l l  and la rge 
convective cl usters was establ ished near 1 00 km (62 m i ). Examples of these 
classifications are shown in Section 5 .2 .  

The fol lowi ng characteristics were assi gned to  each of the categories: 

cel l conta ins a si ng le  refl ect ivity maxi m um. 

sma l l  c luster - contains two or more maxi ma, genera l ly with in  a com
mon echo boundary, but having no hor izonta l d imen
sion greater tha n  1 00 km (62 mi) .  

large cluster - has two or more maxi ma, genera l ly with i n  a com mon 
echo boundary, but having at l east one horizonta l 
di mension greater than 1 00 km (62 mi) .  

nested cl uster- an orga nization too large to be fu l ly dep icted by radar. 

A comparison was made, us ing these statistics and those generated by a 
study performed in 1 980 by N orth American Weather Consu ltants, Inc. 
(NAWC). * Some d ifferences between the two distributions were observed, 
but they were n ot substa ntia l  enough to warrant concern. 

The TTU ra infal l  ana lyses found that a few ra i nstorm events were 
responsible for producing a la rge percentage of the Texas H I PLEX area's 
tota l ra infa l l .  Using ra i ngage data for the per iod 1 978- 1 980, the fol lowing 
percentages of tota l rai nfa l l  were attr ibutable tothe four radar echo catego
ri es def ined earl ier :  

cells  

c lusters 
sma l l  
large 

0 . 1  percent 

- 4.3 percent 
- 27.5 percent 

nested clusters - 67.9 perce nt 

Since smal l  c lusters generated only 4 .3 percent of the tota l H I PLEX 
ra infa l l  i n  1 978-1 980, a 20-percent i ncrease in ra infa l l  effected by cloud 
seedi ng wou ld yie ld an additi onal 0. 1 8  i nch, which is an apparent smal l 
percentage increase in  the tota l ra infa l l .  However, s ince large c lusters are 
responsible for g ivi ng 27. 5 percent of the tota l 3-year ra i nfa l l ,  it was 

*The reader is rem inded that TTU rainfall amount was based on raingage data, whereas NAWC rainfall amount was based on Z-R 
relationsh ips. Also, TTU used 5.4 cm radar data, and NAWC used 1 0  em radar data. 
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concluded that if smal l  cl usters could be induced to develop into la rge 
c lusters the increase in ra infa l l  through cloud seed ing would be substan 
tia l .  Consequently, i t  was suggested that further i nvestigations should be 
d irected toward d iscerning the feasibi l ity of ind uc ing sma l l  c lusters to 
intensify into large c lusters. 

Fol lowing the technique used by Huff ( 1 967) to study I l l i nois convective 
storms for the per iod when the storm passed over the ra i ngag e network, 
tempora l ra infal l  characteristics were ca lcu lated to determine if re
d istr ibution of the time element of ra infa l l  occurrence would  resu lt in a 
sig nifi cant i ncrease in  rain vol ume over the H I PLEX site . This procedure 
indicated "a greater tendency for the h eaviest ra i n  to occur  near the m id
point of the storm's l ifeti me in the network in Texas." However, th e study 
emphasized the fact that, when sm al l -sca le precip itation networks l i ke that 
of Texas H IPLEX are used, the tota l storm duration is not always measured. 
This is because many ra in events are present over the ra ingage network 
only for short segments of their  l ifet imes. Hence, the rate of advection of the 
storm system is a major determ i na nt in the tempora l d istr ibution of ra infal l  
occu rrence .  The TTU ra infa l l  study cou ld not substantiate t h e  possi bi l ity 
that rai nstorms in  Texas H I PLEX yie lded more ra i nfa l l  i n  the second and 
th ird q uart i les of their existence than i n  the fi rst or fou rth .  

Comparisons of the tempora l d istr ibutions of  Texas and I l l inois ra in
storm events were performed (F igure 3. 1 0  a nd 3. 1 1  ) .  I nterpretation of 
Figure 3. 1 0  is as fol lows: for third q uarti le storms there is a 0. 1 0  proba bi l ity 
that 70 percent or more of the ra infa l l  occurs during the fi rst 60 percent of 
the storm's network l ifet ime. The greatest d ifferences in  the 1 0-percent 
probabi l ity curves between the two classes of ra instorms were observed in  
third q uarti le storms (F igure 3. 1 0). With I l l i nois storms, a rapi d r ise in  
cum u lative ra infa l l  occu rs fair ly early in  their l ife cycle, fo l lowed by  leve l i ng 
off, and then a second rapid r ise. Texas storms displayed a smoother 
transit ion throughout their l ife cycles. The percent frequency of occurrence 
of second a nd th i rd quarti le storm events in  Texas (Table 3 .3)  demonstrated 
clearly the var iabi l ity of precipitation in the southern H igh  P la ins reg ion.  
Composite d istri butions, usi ng a l l  second and th i rd q uarti le  storms in Texas 
(F igure 3 . 1 1 ), a lso show the h igh  degree of var iabi l ity that typifi es preci pita
tion occurrences in  Texas, though a tendency for large c lusters to occur  
most frequently was observed. When conditions are unfavorable for strong 
co nvection, l ittle ra in is generated. 

F ina l ly, the TTU rai nfa ll study descr ibed storm propert ies of each con
vect ive category to show the va lue  of convective strat ification as a powerfu l  
eva l uative tool . Table 3.4 l ists the first four  stat ist ica l mo ments for each 
Texas H IPLEX convective category for ra instorm durations a nd volu mes. 
The Student's t-test showed statistica l ly significant differences at the one
percent level between small cl usters and la rge c lusters, a nd large c lusters 
and nested c lusters in both ra instorm durations a nd volu mes. Between 
ce l ls and smal l  clusters the ra instorm du rations a nd vol u mes did not prove 
to be sign ificantly d ifferent through the 1 0-percent sign if icance leve l .  How-
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Table 3 . 3  

Category 

Cell  

Small  C luster 

Large C luster 

Nested Cl uster 

Unclassified 

ever, th is may be a result of the cel ls' smal l  sam ple s ize . I ndeed, exam i na
t ion of Table 3.4 shows storm vol u mes to differ by a factor of approximately 
five between categories. Storm du rations do not appea r to show as clear a 
separati on. However, the fact that on ly fou r  cel ls were found to be ra in ing 
suggests that ther� are some differences betwee n the two categories. 
Aga i n, this indicates that when u nfavorable conditions exist which l im it 
d evelopment of ce l ls, l ittle ra i n  is produced . 

Frequency of Occurrence of Convective Categories for Texas Storms 

2nd Quartile 3rd Quartile ComE!osite 

N umber Percent Number Percent N umber Percent 

0 0 2 5 2 3 

1 2  25 1 4  37 26 30 

22 46 1 4  37 36 42 

1 2  25 8 2 1  20 23 

2 4 0 0 2 2 

48 1 00 38 1 00 86 1 00 

3 . 2. 3 .4 Resu lts 

An exami nation of precip itat ion data co l lected on the meso a -scale 
revealed that dur i ng the peri od mid-May to mid-J u ne the efficiency of 
natural ra i n  is quite h igh .  This deduction was based on the observation that 
the peak of rai nfal l  occurrence is associated with relatively large storm 
systems (cl usters) that m igrate across the reg ion most frequently i n  m id
May. Ra instorms that occur  later i n  the Apri l  to September warm season 
genera l ly are more scattered and cel l -type, and stem from showers that 
resu lt from dayti me heati ng of a moist layer of a i r  near the surface. The 
study revealed that upper-atmospheric weather systems migrati ng i nto the 
H I PLEX region from the west and from the east are responsible for about 
three-fo urths of a l l  precipitat ion that occurs dur ing the warm season. 

The TTU study was not a ble to determi ne when, dur ing its l ifeti me, the 
ra i nstorm yielded max imum ra i nfa l l  a mounts. The study did suggest, how
ever, that th e greatest ra i nfal l  amou nt recorded appeared to occur near the 
m id-po int of the rai nstorm 's l i fe spa n.  Yet due to the size of the ra ingage 
network, the entire l ife span of th e rai nfa l l  event was not a lways recorded 
by the ra ingages. It was learned that a few l arge convective storms pro
duced most of the summer ra i nfa l l .  Also, sig n if icant d ifferences were noted 
a mo ng cel ls, cl usters and nested c lusters relative to ra i n  vol u me produced 
a nd storm lifeti me, as measu red by the Texas HIPLEX ra ingage network. 
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Convective Mean 
category (hours) 

Cel ls  1 .88 

Small Clusters 2.67 

Large Clusters 4.54 

Nested Clusters 9.72 

' 

(11 N 

Table 3.4 Statistical Moments of Texas H I PLEX 
Convective Category Rainstorm Durations and Volumes 

Duration 

Number 
Standard of Mean Standard 
deviation Skewness Kurtosis cases (km3) Deviation 

1 .2 0.38 1 .06 4 0.0941 0 . 1 047 

1 .88 2 .06 8 .53 40 .44 1 3 1 .0859 

3.47 1 . 1 9  4.84 49 2 . 1 459 3. 1 442 

9.51 1 .86 6.38 23 1 2. 1 724 1 5.4397 

Volume 

Skewness Kurtosis 

0.25 0.84 

3 .21  1 2.37 

1 .54 4.54 

1 .74 5 . 1 3  



3. 3  Meso {3 -scale Observations 

3 . 3 . 1  Satell ite 

The resolution of data provided by the G eostationary Operationa l Environmen
ta l Satel l ite (GOES) is of such qua lity as to a l low Texas H IPLEX researchers to focus 
on th e natu re and behavi or of i ndividual clo ud masses whose d imensions lie wel l  
with in  the mesosca le range. Consequently, i t  has been possible, us ing photogra
phic i magery with both vis ib le and infrared radia nce data from the sate l l ite, to 
compute a n  assortment of va lues of var ious c loud systems i n  the Texas H I PLEX 
region that a l low researc hers to gage the development and growth of ra in
producing c louds potentia l ly treata ble by c loud seeding techn iq ues. This was done 
as part of a study performed by J u rica and Ch i ( 1 979) at Texas Tech U n iversity, a nd 
documented i n  a report e ntitled Determination of Cloud Properties from Bispectral 
Satellite Measurements. The fol lowi ng descr ibes some of the cloud properties 
derived through extens ive a nalyses of the two different kinds of weather sate l l ite 
d ata .  

3 . 3 . 1  .1  Albedo 

The "albedo"  of a part icu lar  c loud is def ined as "the ratio of the 
radiation reflected by a surface to the amount i ncident upon it ." I t  is  usual ly 
expressed i n  the form of a fraction, with 0 representing a perfect a bsorber of 
radiation; a nd, at the other extreme, 1 indicating a perfect reflector of 
radi ation .  For example,  the "albedo" of water bodies (r ivers and oceans) 
ranges from 0.03 to 0. 1 0, whi le  dry land surfaces usual ly a re in the category 
of 0. 07 to 0.20. For clouds the range is typical ly 0.05 to 0.84. 

It was observed that, late i n  the afternoon as the zenith angle of the sun 
grew so that g reater shadowing effects occurred in the nonuniform cloud
top surfaces, these shadows reduced the overal l  brightness of the clouds, 
with the resu lt that a low a lbedo val ue was obta i ned.  By match ing  the 
satell ite data with concurrent radar data, strong convection late in the day, 
associated with sh adowi ng of adjacent lower c louds, was read ily discern
ible. Strong convection produces c i rrus outfl ow in the upper atmosphere 
which blankets lower cloud forms. Subseq uently, a m in imum mean cloud 
a lbedo was observed at the time of strongest shadow effect, or at about 
01 1 5  GMT ( 20 1 5 COT) i n  the evening .  S i nce very low temperatures a nd low 
a lbedo va l ues are associated with c i rrus clouds, the determination of 
a lbedo va l ues is i mportant when addressing the distri bution of those h igh
leve l c louds composed of ice . 

3 . 3 . 1 . 2 Brightness Analysis 

The data from the GOES were a lso used to determi ne the va lues of 
brig htness of i ndividual  c lo uds and their  noncloud backgrounds. One fi nd-
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ing of th e research confi rmed that it is difficu lt to d ist i ng u ish cloud from 
noncloud background late in the day (or at low s u n  ang les). Cloud bright
ness was found to va ry widely with cloud size; the correlation  between the 
two characteristics was not h igh .  

3 . 3 . 1 . 3 Populations and Cloud Cover 

After separati ng various types of clouds into several categories accord
ing to th ei r size, the use of both visible and i nfrared sate l l ite radiance data 
showed that, at most t imes of the typica l H I PLEX day, a n umber of mediu m  
isolated convective clouds (those with a diameter between 4.7 k m  [2.9 m i] 
and 1 0  km [6.2 mi] known mostly as cumulus congestus), dominated the 
total n umber of clouds. Exceptions to this ru le were at 1 945 COT (0045 
G MT) a nd 201 5 COT (01 1 5  G MT) in the even ing when the smal l  isolated 
clo uds (those with a d ia meter of less than 4. 7 km [2. 9  m i] and known as fa i r  
we ather cumulus c louds) were most nu merous. Although "wides pread 
area clouds" (those with a d iameter of more tha n 20 km [1 2.4 m i] and 
known as deep convective clouds) represented on ly  a bo ut 10 percent ofthe 
tota l n u mber of clouds, those "few" clouds were responsible for 80 to 90 
percent of th e cloud cover in  the study reg ion .  

Whi le the vast maj ority of the clouds in  the H I PLEX area are i solated 
convective c louds, th eir size is such that they constitute only a sma l l  
percentage of the  tota l cloud cover .  A relatively sm al l  n u mber of  m uch 
larger, widespread convective c lo uds accou nts for u p  to 96 percent of  the 
cloud cover just before dusk on  a typical sum mer H I PLEX day. Wh i le  cou nts 
of cloud popu lations made from both imagery and radia nce data were 
nearly the same, the study found that the rad iance data gave more rel i a ble 
co unts "because of the a bi l ity to use a t ime-dependent cloud/noncloud 
critical brig htness va l ue ."  Th ese res ults confirm the rel i abi l ity of c loud 
cl i matolog ies derived for H IPLEX s ites, uti l iz ing the objective tech niques of 
the AOVISAR at Colorado State U n iversity (Reynolds and Vonder H aar,  
1 979) .  

3.3 . 1 .4 Satel lite-Tracked Cloud Movement 

O ne other product of the a na lyses of satel l ite radiance data is an  
esti mate of  the  movement of cloud masses through the Texas H I PLEX area. 
The study fou nd that by compar ing the est imate of c loud m ovement derived 
from the satel l ite data with the esti mate using rawi nsonde and radar d ata, 
the precision of measur ing the direction of cloud motion was with in  ± 5 
degrees. The precision for measuring speed of c loud movem ent was est i 
mated at 5 .8  km h r -1 (3 .6  m i  h r -1 ); the speed obta ined from the satel l ite 
radiance data was larger tha n that measured with the radar, sate l l ite
visible imagery or rawinsonde. Little success was made in estimating a ccu
rately cloud movement by  us ing visible imagery. 
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O ne important factor that i nfl uenced the re l ia bi l ity of the measure
ments of cloud motion was the cha nge in  cloud patterns that typi ca l ly 
occurred between tim es of measurement. This may be due to variations in  
speed of  movement at  different levels of  the atm osphere; for  i nstance, the 
presence of cirrus clouds located above the convec�ive cloud of  i nterest to 
the observer frequently posed problems. Too, further development or even 
d issi pation of clouds from one ti me period to the next a ltered not iceably the 
shapes of the cloud masses bei ng st udi ed .  

The study recommended the use of  short t ime interva l (or  "rapid sca n")  
satel l ite rad iance data to help overcome the probl ems cited above . 

3 . 3 . 1 . 5 Satellite- D erived Cloud Top H eights 

Radi ance data obta ined from weather sate l l ites a l lowed Texas H I PLEX 
resea rchers to esti mate the temperature of tops of c louds in the H I PLEX 
area and, by relati ng the temperature to measurements made by rawi n
sondes, to est imate the heights of the tops of the same clouds. By compar
i ng th ese estim ates of c loud top heig hts with those obta ined by radar, 
a greement between the two was fo und to be q uite satisfactory, a lthough in 
a l l  cases the sate l l ite esti mate unde rsta ndably was greater than that 
derived from radar (si nce radar detects prec ipitation-sized particles, where
as the satel l ite detects cloud droplets which exte nd higher i nto the cloud 
turret). As i n  previous studies of cloud top temperatures and heights using 
sate l l ite data, th e presence of cirrus clouds presented speci a l  p robl ems. In 
more than one i nstance, c i rrus c lo uds detected at ground level by weather 
observers early in the day we nt u ndetected by the weather sate l l ite. 

3 . 3 . 1 . 6 Satellite Analyses Com pared with Radar and Raingage Data 

An extension of the satel l i te-derived determi nation of cloud properties 
involved i ntercompar ison of the satel l ite resu lts with both radar and ra in 
gage data . The study focused on four  days i n  the 1 977 Texas H IPLEX field 
program (June 22, 24 and 27, and J u ly 8); the complete results a re ava i lable 
i n  a report by Jur ica and Ch ao, entitled A Study of Clouds Using Satellite 
Radiance Data in Comparison with Raingage Network and Radar Observa
tions. A brief summary of the resu lts fo l lows . 

The latitude and longitude coord inates of each rai nga ge station have 
been located in  the satel l ite rad iance data arrays. After plott ing the ra in
gage data , isohyeta l patterns were constructed in  the transformed coordi 
nate system for com parison with the  satel l ite rad iance data . Note that the 
reference coord inate system was sel ected to be the rectangular  array of 
vis ib le sate l l ite rad iance data . Fig ure 3 . 1 2 shows the rel ative location of 
cloud a lbedo, c loud top temperature and the ra in  area. Note that only the 
co ldest isotherm is shown . 
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Figure 3 . 1 2.  Cloud albedo, cloud top temperature and rainfall i ntensity at 
201 5  G MT on 8 J uly 1 977. The paral lelogram delineates the 
extent of the raingage network. 
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At 1 5 1 5  COT (201 5 G MT) th e ra ingage network was tota l ly covered by 
br ight and h igh-topped clouds with a lbedos over 0.63 and top heights above 
1 5  km. The PPI dig ita l radar  a nalysis a lso indicated that the reflectivity 
gradients with i n  the ra i n  ba nd became q u ite sharp. The rainfa l l  i ntensity 
decreased rapidly after the precipitation peak, a nd l itt le precip itation was 
recorded after 1 700 COT (2200 GMT). I n  addit ion, the bright cloud a rea 
decreased a nd the cloud tops became lower, as seen in the sequence of 
sate l l ite visible and i nfra red data following 1 6 1 5  COT ( 2 1 1 5  G MT). F ina l ly, 
the PPI d igital plots i nd icated that the ra in  ba nd structure broke up, and 
reflectivities weakened after 1 6 1 4  COT (21 1 4  G MT). 

The isohyeta l pattern for the period 1 5 1 5- 1 530 C OT (20 1 5-2030 G MT) 
on J u ly 8, 1 977, is shown in F igure 3 . 1 3 . Four RH I  cross sections at 1 5 1 8  
COT (201 8 G MT) a long azi muth angles 2 1 1 degrees, 223 degrees, 253 
d egrees, and 259 degrees were stud ied beca use each of them passed 
through an intense storm (F igure 3 . 1 3). 

The radar cross section at an azim uth angle of 253 degrees, shown by 
l i ne  FF'  i n  F igure 3 . 1 3, is presented in Figure 3. 1 4. This l i ne  passed through 
the most i ntense ra infa l l  a rea at th is t ime.  Th e tota l preci pitat ion measu red 
in th e center of this cel l  over 1 5  mi nutes was 22 .6 mm (0.89 i n), wh i le the 
reflectiv ity there was close to 60 dBz. The satel l ite-der ived cloud heights 
were q uite un iform over the i ntense reflectivity area, but decreased rapid ly 
beyond the storm. Th e sate l l ite cloud heights a nd rada r echo tops over
lapped withi n th e i ntense radar reflectivity ce l ls. However, the overlap was 
with in  the u ncerta i nty of the sate l l i te-der ived cloud top heig hts. The gra
d ient of precip itat ion intensity u nder the strong storm ce l l  was sh arp, with 
the heaviest ra i n  occurr ing i m medi ately u nder the i ntense reflectivity core. 
The radar reflectivity u nder that strong storm ce l l  was about 55 dBz, 
i nferri ng 24.9  mm (0. 98 i n) of rai n with in 1 5  m inutes from the assu med Z-R 
relation. 

One case of specia l  i nterest is the cross section a long the l i ne  GG', for 
an azimuth a ngle of 259 deg rees (Figure 3. 1 5). This case is discussed 
because the most i ntense radar reflect ivity at 1 5 1 8  C OT (201 8 G MT) 
occu rred a long th is l i ne. The structure was s imi lar  to the previ ous case 
a long the FF' .  A strong storm ce l l  with large reflectivity g radients was 
located 35 km ( 2 1 . 7 m i )  from the radar site. Th is cross section was a long the 
edge of a strong ra i n  ba nd which passed through the a rea . The c loud top 
heig hts from the i nfrared rad iances var ied from 1 1  to 1 2 .5  km ( 6.8 to 7.4 mi)  
over two intense storm cel ls, but decreased rapid ly beyond the third storm 
ce l l  which was located about 80 km (49. 6  mi) from the radar. The agreement 
between the satel l ite cloud top h eights and radar ref lectivity was good 
a long this cross sect ion.  A strong reflectivity maxim u m  of more than 60 d8z 
was located 35 km ( 2 1 . 7 m i ) from the radar  s ite. lt is proba ble that heavy ra in  
fel l  u nder th is i ntense echo which occurred with i n  the rai ngag e network, 
but there was no rai ngage located exact ly a long this d i rection .  This example 
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Figure 3 . 1 3. lsohyet pattern for the period 201 5-2030 G MT on 8 July 1 977. The 
dashed line is the isohyet for 0 .01  inch, and the sol id  l ines are contoured 
with a threshold of 0. 1 inch and given in 0. 1 inch i ncrements. Raingage 
locations are shown as open circl es .  
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i l l ustrates the restr ictions assoc iated with i nterpret ing rai nfa l l  measure
m ents even from a ra i ngage network with rath er dense spaci ng, and  poi nts 
to the desirabi l ity of h i gher reso lut ion data sources, such as radar or 
satel l ite measurements. 

Meso a - , meso {3-, and meso -y-features were uti l i zed to fol low the 
development of th understorm activity, as wel l  as  to offer evidence regard
ing the mechan isms of precip itation formation dur ing the severa l case 
study days. Convective clouds ca used by the cold front on J u ly 8 ,  1 977, a nd 
by the passage of a squa l l  l i ne on J une 22, 1 977, produced the observed 
precipitation. There were no s ign ificant features to ca use ra i nfa l l  i nside the 
rai ngage network on J une 24 and 27, 1 977, a lthough thunderstorms d id 
m igrate i nto the study area i n  the late afternoon on both days. 

Two sou rces of ver ification for the sate l l ite-derived results were ra i n 
g age a n d  radar measu rements. The heavy ra i nfal ls  observed o n  J u ne 22, 
1 977, and Ju ly 8, 1 977, occurred under those high a lbedo a nd cold c loud top 
temperatu re areas of the c loud systems present. Th e c loud top heig hts, 
d erived from infrared satel l ite rad iance data and radar echo tops, showed 
real istic correlations, except for those narrow h igh cel ls which were aver
aged out by the large spatial reso lut ion of the i nfrared sensors. The compar
isons made in this study de monstrate the consistency of results derived 
from satel l ite rad iance measu rements with ana lyses of radar and ra ingage 
d ata, thereby esta bl ish i ng the useful ness of sate l l i te data i n  the absence of 
radar or ra i ngage measurements. 

3 . 3 . 1 .7 Results 

Using visible a nd i nfrared radia nce data from the GOES, a n umber of 
characterist ics were identif ied, such as cloud amount and brig htness, 
a lbedo and height as wel l  as movement of convective clouds that typical ly 
form in the Texas H IPLEX area . Usi ng data from the orb iting weather 
satell ites, it was found that th e sate l l ite cou ld resolve a sma l l  isolated cloud 
with a d iameter of as smal l  as 4 .6 km (2 .9 mi ) .  Whi le  the number of clouds 
a nd perce nt c lo ud cover gaged by the radiance data closely matched the 
va l ues obta i ned with the visible imagery for the early afternoon hours, it 
was d iscovered that later in the day, as the solar  zen ith angle increased, 
n umbers from the two data sources differed apprec iably. In other words, "it 
becomes more diff icult to disti nguish cloud from underlyi ng noncloud back
ground late in the day. " Later work managed to e l im i nate the problem by 
usi ng the radiance data . Such esti mates from rad iance data for a l l  hours of 
the afternoon and even ing are considered more rel iable than those using 
the vis ible imagery. 

In brief, the fi ndi ngs derived from the four case stud ies i ndicated good 
a greement among the sate l l ite, rada r and ra ingage data .  The heavy ra infal l  
a reas, as measured by rai ngages, were found to occur under the br ightest 
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3.3.2 Radar 

a n d  h ighest clouds. Qu antitatively, the ra i nfa l l  was genera l ly located u nder 
clouds with a lbedo val ues which measured greater than 0.44, and with tops 
h igher tha n 1 0  km (32,800 ft), as derived from the sate l l ite data . Conversely, 
there were no ra i n  areas observed u nder clouds with a lbedos l ess than 
0. 24. 

I n  ana lyz ing various properties of the c louds, it was learned that the 
mea n brightness, or "a lbedo, " of a c loud showed real istic corre lations with 
cloud size, except for those narrow h igh cells which were averaged o ut by 
the large spatial resolution of the infrared sensors. The cloud top heig hts 
were determ i ned by us ing the rad iance data jo intly with rawi nsonde d ata, 
a nd it was fou nd that cloud top heig hts obta ined from the radiance data 
were consistent but genera lly exceeded those der ived from co nventiona l 
radar.  This wou ld be expected because the radar is observing ra i ndrops, a nd 
the sate l l ite is observi ng ice crysta ls. Radia nce data were found to be the 
best i nd icator (a mong a set of other data sources, such as visible i magery, 
radar data and  rawinsonde data ) of cloud movement in the Texas H I PLEX 
area . 

Based on the f indi ngs that active convective reg ions of rainfa l l  a re 
br ig hter and colder  on the sate l l ite imagery, G riffith et a/. ( 1 980) developed 
an empi r ica l  relat ionship to esti mate convective ra i nfal l  usi ng satel l ite data. 
Th is  techn ique,  which  was or ig i na l ly developed for and tested on Florida 
ra i nfa l l ,  was appl ied to Texas H I PLEX data. No attempt was made to rederive 
the empir ical relationsh ip. F ive Texas H I PLEX case-st udy days were 
selected to test the empir ical techn ique. And as was found in the F lorida 
est i mates, the Texas rai nfa l l  relat ionsh ips ge nera l ly resulted in overest i 
mates of the heavy rai nfal l vol u me events, and underest imation of the l i ght 
rainfa l l  vol u me events. 

The fol lowi ng subsections br iefly describe meso ,8 -sca le radar echo features 
wh ich have been identified by radar i n  and near th e Texas H IPLEX area. 

3 . 3 . 2 . 1  . Radar Echo Cl imatol ogy 

3 . 3 . 2 . 1 . 1  General 

A study, entitled A Radar Echo Ciimatology for Southern HIPLEX 
(Dr iscol l ,  1 978), uti l ized WSR-57 radar f i l ms col lected by the 
National Weather Service at M idland, Texas. The t ime of year 
selected included the months Apr i l  throug h Septem ber for the 
1 973- 1 976 period. Th is study docu ments radar echo cha racteristics 
of the area with respect to variat ion in  space and t ime.  The 1 0-cm 
radar system from wh ich the data were gathered can not identify 
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i ndividu a l  cel ls with in  radar echoes. Echoes were defined as single 
entities which were disti nguishable from others. The reader is ca u
t ioned that  cold fronts a nd squa l l  l i nes may comprise a s ing le echo. 

3 . 3 . 2 . 1 . 2 R esults 

An annua l  and month ly sum mation of the freq uency of radar 
echoes is g iven in Figure 3 . 1 6. Th e nu mber of echoes by month is 
g iven with i n  th e colu mns. The year of m i nimum rada r echo occur
rence duri ng the per iod of study is 1 973, whi le  1 975 experie nced 
the max imum radar echo occurrence. On a monthly basis, J u ly has 
the maximum n umber of radar echo occu rrences, (75 percent of the 
data set), while Apri l  has the min imum number of radar echo 
occurrences. 

Di urnal  variation of radar-echo occurrence is i l l ustrated for 
each of the months i n  Fig ure 3 . 1 7 .  Some of the more im porta nt 
character istics of d i u rna l  variations which are evide nt i n  the figure 
incl ude: 

a sharp increase in echo occu rrence takes p lace between 
1 200 and 1 400 COT ( 1 700 and 1 900 G MT); 

the maxi m u m  n umber of echo occurrences is between 1 500 
and 1 700 COT (2000 a nd 2200 GMT), fol lowed by a gradual  
decrease in n u mbers to 2300 COT (0400 GMT); 

echo occu rrence duri ng the per iod 0000 to 1 300 COT (0500 
to 1 800 G MT) is i rregu lar; 

a seconda ry maxi mum is evident in Ju ly between 0200 and 
0500 COT (0700 and 1 000 G MT), a nd a pronounced min
imum occurs at  2300 COT (0400 G MT); 

d i urna l variat ions are most pronounced i n  Ju ly and August, 
the hottest months; and 

the t ime of day of maxim u m  occurrence for al l  months is 
1 600 COT (2 1 00 GMT). 

Radar echo f i lms were studied u nti l echoes either reached an 
8-km (5 m i )  d ia meter in size or atta i ned maxim u m  size. The 8-km 
dia meter criterion was selected as a stoppi ng po i nt because this 
d ia meter appeared to be an  upper l imit for treata ble (seedable) 
clouds ( Bark, 1 975). With regard to size, 49. 8  percent of radar 
echoes studied did not reach an 8-km diameter; 43.2 percent of the 
tota l did grow to this s ize or larger. The rema i n i ng seven percent 
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moved off the gr id .  Of those in itia l  echoes observed, i rrespective of 
s ize, 54.7 percent reached 8 km i n  dia meter with in  1 0  m i n utes. 
F ig u re 3. 1 8  shows the disposit ion of tracked echoes for each  year .  

I n  terms of di rection and speed of echo movement, it became 
evident that the greatest number of tracked echoes occurred in July, 
with the fewest in April and  May. Movement was predomina ntly 
northeastward and eastward dur ing Apri l ,  May, Ju ne, and S ep
tember. In J u ly and Aug ust, the di rect ion  of echo motion was more 
or less evenly d istr ibuted throughout e ight poi nts of the compass. 
Th is was attributed to very l ight steeri ng (850 to 700 mb) wi nds, a nd 
was associated with a i r-mass thu nderstorms which occur dur ing 
the hottest months. 

Mean speeds of radar echoes were greatest to the northeast in 
all months, except in Ju ly and Aug ust wh en greatest speeds were 
eastward and so utheastward, respectively. The greatest speeds 
occurred in Apri l ;  the lowest in J u ly and August. 

Overa l l, the h ighest proportion of observed radar echoes moved 
i n  an east-northeasterly di rection, except dur ing J u ly and Aug ust .  

3 . 3 . 2 . 2  Radar Echo Characteristics ( A  Climatolog ical Approach) 

3 . 3 . 2 .2 . 1  General 

Dig itized radar data were processed a nd examined to study the 
relat ionships between meso {3 -scale atmospheric processes a nd 
radar echo characterist ics. The relationships at the meso a -scale 
have been discu ssed i n  Section 3.2 .2 .  The meso {3 -sca le  radar 
characterist ics wi l l  be addressed next, using c l imatolog ica l a na lyses 
of general cha racteristics and case study a na lyses of more specif ic 
characterist ics. 

The c l i matolog ica l approach br ings together the data from a 
large population of radar echoes, a nd attempts to genera l ize charac
ter istics across the populat ion.  The mai n weakness i n  the c l i mato-

, 

log ica l  approach is that deta i l  is sacrificed for n u mbers. 

3 . 3 . 2 . 2 . 2  Radar Echo Summary 

A radar-echo summary for the Texas H IPLEX reg ion for the 
years 1 976- 1 978 was prepared by S utherla nd et a/. ( 1 980) of North 
American Weather Consu ltants ( NAWC) as a report, e ntitled Analy
sis of Digitized M-33 Radar Data from Texas HIPLEX, 1 976- 1978. 
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The summary provides a statistica l account ing of radar-echo events 
from which dom inant mesosca le weather occu rrences may be 
i nferred. 

The data base co nsisted of 1 1 , 207 echoes, recorded with in  a 
1 36 km (85 mi )  radius  of Snyder, Texas, dur ing 33 precip itat ion 
events of 1 976-1 978. Th e selection  of usable echoes i ncl uded those 
in the reflect ivity range between 1 0  and 70 dBz. 

A statistical breakdown of the data set identified five major echo 
types and assoc iated these with three surface and three u pper-a i r  
conditions. The five echo types were: warm cel l ,  cold cel l ,  warm 
cluster, cold cl uster, and l ine .  The three surface conditions were 
pre-fronta l, post fronta l ,  a nd no front. The three upper-a i r  conditions 
described the flow field aloft by the arra ngement of pressure sur
faces which i ncluded upper troug h, upper r idge, and i nverted 
trough.  Ana lyses of the data set showed that ( 1 ) the average 
n umber of echoes per precipitat ion event was 340; (2)  ind ivi dua l  
cel ls outnumbered cl usters a nd l i nes by a factor of ten; (3) periods of 
pre-fronta l a nd no-front conditions each produced more echo obser
vations than post-fronta l conditions; (4)  the presence of upper- level 
troughs caused more echoes than did r idges; (5) a pproximately 60 
percent of a l l  echo tops were below the -5°C level (def ined as a 
"warm" echo) and occu rred most often i n  post-frontal conditions; 
a nd (6)  about 64 percent of a l l  i nd ividua l cel ls were "warm" echoes, 
compared to only 1 3  percent tota l for cl uster a nd l i ne echoes. 

Median va lue statistics for the five major echo types a nd six 
surface conditions are l isted in the left col umn of Table 3 .5 . 1 nterpre
tation of the table i ndicates average character istics of echoes; for 
exa mple, a cold cl uster of cel ls encompasses about 1 40 km2 (54 mi2 )  
a nd has a n  average cloud-top height of 9 km (29,500 ft) M S L, a n  
average cl oud-top temperature of -26°C, a n  average maxi m u m  
reflectivity of 4 9  dBz at about 4.3 km ( 1 4, 1 00 ft), and exists for about 
35 mi nutes. With respect to the Z-R ( reflectivity-ra i nfa l l  rate) rela
t ionship, the fol lowi ng equation was used to convert ref lectivity 
va l ues to ra infal l  rates: 

R(mm hr -1 ) = 0.025 (anti log [dBz/ 1 0]) ·62 

The equation was der ived for the Texas H I PLEX area by S m ith et a/. 
( 1 977) .  The fol lowi ng ra i nfa l l  rates correspond to the maxi m u m  
reflectivity col um n  g iven in  Ta bl e 3 . 5  for the five major echo types 
l i sted: 1 .4 mm hr -1 (.06 in hr -1 ) for warm cel ls; 2 .8  m m  hr -1 ( . 1 1 i n  
hr -1 ) for cold cel ls; 7 .5  mm hr -1 ( . 30 i n  hr -1 ) for warm clusters; 27.3 
mm hr -1 ( 1 . 1  i n  h r -1 )  for cold c lusters; a nd 309 mm hr-1 ( 1 2 in hr-1 ) 
for l i nes. Warm cel ls, cold ce l ls  a nd warm cl usters a l l  have a rela
t ively short duration of 1 0  minutes, wh i le the cold c lusters a nd l i nes 
tend to last longer.  
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Ta ble 3 .5 -Median Values of Selected Echo Parameters from Texas H IPLEX, 1 976-78 

Type of echo 

Warm cell3 

Cold cel l  

Warm cluster 

Cold cluster 

Line 

Pre-frontal 

Post-frontal 

No fronts 

Upper trough 

Upper ridge 

Inverted trough 

Sample 
size 

6,532 

3,565 

1 38 

839 

1 4  

4,008 

1 ,593 

5,606 

7,204 

2,9 1 6 

1 ,087 

'Reflectivity threshold was 20 dBz 

2Rounded to nearest 5 min. 

Max Max top Echo top 
area (1) hgt, (1) temp 

(km2) (km,MSL) (OC) 

4 4.3 + 2 

8 7 . 1  - 1 5  

54 5.0 - 1 

1 40 9.0 -26 

1 0,000 1 5.4  -65 

6 5.0 - 2 

5 4.8 0 

6 5.2 - 4 

6 5. 1 - 3 

6 5.0 - 2 

6 5. 1 - 2 

awarm echoes had maximum heights below the -5°C level 

Max Hgt of Our- Echo movement minus wind 
reflec- max refl ation2 850 mb 700 mb 500 mb 
tivitt ( km) (min) direction(deg)/speed(m s -1) 

28 4.0 1 0  +1 7 I -0.5 + 2/+0. 1 

33 5 . 1  1 0  +20/ -0.6 + 6/+0. 1 - 8/-0.2 

40 4.2 1 0  + 7/-0.3 +1 1 /-0.4 

49 4.3 35 +1 7/ 0.0 + 1 /+0.6 - 3/+0.2 

66 4.4 1 45 +45/- 1 .7 - 8/+ 1 .0 +20/+0.6 

30 4.2 1 0  +20/+0. 1 - 1 /+0.2 + 2/+0.2 

32 4.0 1 0  - 9/+0.5 - 1 3/+0.3 +22/+0.7 

30 4.4 1 0  +25/ - 1 .8  +1 8/ 0.0 - 1 3/-0.5 

30 4.3 1 0  +25/ 0.0 + 8/+0.3 - 4/-0.2 

3 1  4. 1 1 0  - 4/- 1 .7 - 7/ 0.0 - 1 0/+0. 1 

32 4.3 1 0  +1 2/+0.9 - 1 /+0. 1 + 1 6/+0.5 



Under echo movement in  Table 3 .5 ,  the average echo di rection 
a nd speed relative to the 850 mb, 700 mb and 500 mb wi nds are 
provided. For example,  cold cel ls  tend to move 20 degrees to the 
r ight of the 850 mb wi nds, a nd 0.6 m s-1 s lower tha n the 850 mb 
wi nd speed, i .e .  +20/-0. 6 .  At h igher  leve ls they tend to move 8 
degrees to the left of the 500 mb wind and 0.2 m s -1 slower (-8/ 
-0. 2). The 700-mb wind appears to be a fa ir ly good esti mate of echo 
movement. However, the frequency distribution revealed that about 
20 percent of the echoes moved in  an  u pwi nd di rection, that is, the 
absol ute va lue  of the difference exceeded 90 degrees off the 700 m b  
wi nd. 

Characteristics of echo dynamics were examined of warm and 
cold cel ls and c lusters with respect to  "sp l it-off" a nd "merger" of 
fragmented echoes with the main echo. For the four  echo types 
above (l i nes not incl uded), the most common character istic was the 
occurrence of spl it-off echoes of warm echoes. These spl it-off 
echoes diss ipated twice as fast as the ma in  echoes. Another charac
ter istic was that cold echoes merged more often tha n warm echoes, 
particula rly in the c luster type. In the 90th percenti le comparison  of 
m erg i ng echoes, col d cel ls  o utlasted warm cel ls by nearly three 
t imes, a nd cold cl usters o utlasted warm cl usters by nearly fou r  
t imes. Overa l l ,  c lusters endured for a longer t ime tha n cel ls. Other 
selected para meters for four  echo types are g iven i n  Tab le  3 .6 .  

The speed of echo motion was closely approxi mated by the 700 
mb wi nd flow. The freq uency distribution of echo-centroid d i rect ion 
indicated that only about 35 to 40 percent of the fou r  echo types 
moved with i n  30 degrees of the envi ronmenta l wind d i rection at 700 
mb.  Roughly 75 percent of the echoes had speeds within 5 m s -1 of 
the 700 mb wi nd. 

A tabu lat ion of l i ne-echo statistics for the 1 976- 1 978 M -33 
radar data set is g iven as Table 3 .7 .  The data were gathered from 
radar observati ons of 1 4  l i ne echoes on 1 3  days. Of the para m eters 
l isted in the left col u m n, area, duration, and movement exh ibit large 
var iabi l i ty, whereas maxi mum height and maxi mum reflectivity vary 
the least.  The orientation of the 1 4  l i ne occurrences was: seven 
with N E-SW; four  with E-W; one with NW-SE; and two N -S .  

A n  ana lysis of the occurrence of echo types (cel ls, l i nes, a nd 
c lusters) was conducted with respect to t ime-of-day. The resu lts 
i ndicated that the occurrence of ce l ls  and c lusters peaked d ur ing the 
late afternoon. L ine occurrence peaked dur ing two periods: a n  after 
noon maximum occurred with loca l ly developed l i nes; a nd a near
m idnight maxi mum occu rred with migrati ng l i nes (from outside the 
a rea).  
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Table 3 . 6 -90th Percentile Comparisons for Selected Echo Parameters 

Maximum Echo top Echo top Echo 
reflectivity Rainfall rate height temp duration 

Echo type (dBz) mm hr -1 ( in hr -1 ) km (ft) (oC) ( min) 

Warm cell  38 5.7 (0.2) 5.3 ( 1 7,380) - 2 20 

Cold cell 48 23.7 (0.9) 9.6 (31 ,490) -31  50 

Warm cluster 49 27.3 (1 . 1 )  5 .5 ( 1 8,050) - 4 75 

Cold c luster 6 1  1 5 1 .0 (6.0) 1 3. 2  (43,300) -58 1 45 

Table 3 .  7-Median and R ange Values for Selected Line Echo Parameters 

Parameter 

Maximum area 

Maximum height 

Echo-top tem perature 

Maximum reflectivity 

Movement - 700 mb direction 

M ovement - 700 mb speed 

Orientation 

Hour first observed 

M edian 

1 0,000 km2 (3,856 mi2) 

1 5.4 km (50,5 1 2  ft) 

-65° c 

66 dBz 

-8 

1 .0 m s -1 (3.3 ft s -1 )  

N E-SW 

1 600 COT 

Range 

1 ,000 to 26,000 km2 (386 to 1 0,000 mi2) 

1 4. 1  to 1 7. 5  km (46,250 to 57,400 ft) 

-63 to -70° C 

56 to 70 dBz 

- 1 2 1 to +1 41 

-7 .8 to +8. 1  m s -1 (-25.6 to +26.6 ft s -1 ) 

0900 to 2300 COT 

A ca lcu lat ion of tota l ra in  vol ume and media n ra in  volume was 
prepared for each of the five echo types, a nd is given i n  Table 3.8.  
The figu res shown are more representative of "vo lume capabi l ity" 
of each echo rather than actual  amount of ra i n  processed. A qua l ita
tive i nterpretati on of th ese figures i nd icates that l i nes a ccou nt for 
m ore than two-th i rds of the tota l ra i n  vol u me, wh i le cold c l usters 
accou nt for more than one-fourth the tota l .  Warm a nd cold cel ls  and 
warm clusters combi ned accou nt for only about three percent of the 
Texas H I PLEX ra i n  vol u me. Table 3.8 clearly i l l ustrates the fact that 
cold c lusters and l i nes a re the s ignificant ra i n  producers in the Texas 
H I PLEX reg ion .  

3 . 3 . 2 . 2 . 3  R esults 

The cl i matological study generated a radar echo summary 
which accounted for convective activity i n  terms of cloud-top 
temperature for cel ls and cl usters of cells. Lines were a lso studied. A 
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Table 3 .8- R ain Volume Contribution by Echo Type 

Mean no. 
of echoes 

Median rain per precip. Total rain Percent 
Echo type volume event volume by type, frequency 

Warm cel l 1 .6 x 1 03m3 ( 1 .3  ac-ft) 1 97 3. 1 x 1 05m3 (256 a e-ft) 1 .2 

Cold cell 3.  6 x 1 03m3 (3.0 a e-ft) 1 09 3.9 x 1 05m3 (327 ac-ft) 1 .5 

Warm cluster 1 .6 x 1 04m3 ( 1 3.0 a e-ft) 4 6.4 x 1 04m 3 (52 ac-ft) 0.2 

Cold cluster 2 .6  x 1 05m3 (2 1 1 .0 accft) 27 7.0 x 1 oem3 (5,700 ac-ft) 27. 2  

Line 4.5 x 1 07m3 (36,500 ac-ft) 0.4 1 .8 x 1 07m3 ( 1 4,600 ac-ft) 69.9 

Sum = 2.6 x 1 07m3 (20,900 ac-ft) 

'Total rain volume = (Median Rain Volume) x ( M ean No. of Echoes Per Precip. Event). 

"cold" cloud top was def ined to be at a tem perature of less than 
-5°C, a d isti nction necessary with the use of artifica l ice- n uc leating 
materia l .  More than 1 1 ,000 echoes comprised the data set. Approxi
mately 90 percent were cel ls, with warm cel ls  n umbering  about 
twice that of cold cel ls .  About ten percent of the echoes were 
c lusters of cel ls; cold cl usters outnumbered warm c lusters by six to 
one.  There were only 1 4 1 i nes observed, but this type of cel l  devel op
ment was dom i nant in  terms of area, h eig ht, i ntensity and durat ion.  
C lusters were second i n  th is regard . Est imations of precip itation  
volume capacity were calculated, wh ich resulted i n  the ranking of 
l i nes accounti ng for more than two-th i rds of the tota l ra i n  volu me, 
a nd cold c lusters account i ng for about one fourth the tota l .  

3 . 3 . 2 . 3  Radar Echo Ch aracteristics (A Case Study Approach) 

3 . 3 . 2 . 3 . 1 General 

The effects of the meso ,B -sca le envi ron menta l conditions on  
convective c loud deve lopment have been wel l  docu mented . The  
i mporta nce of conditional  a nd convective i nsta bil ity, low level mois
ture, surface h eati ng a nd meso ,8 -sca le-forcing fu nctions have 
been esta bl ished by Byers and Bra ha m ( 1 949) and by Newton 
( 1 967). The im pact of dynamic mechanisms on the atmosphere and 
subsequent effect on convective c loud development were demon
strated by House ( 1 959). Also, the meso ,8 -sca le tr iggeri ng mecha
n isms, produced by mature and dissipating thunderstorms, were 
observed by Fuj ita ( 1 963) and Matthews ( 1 98 1  a) .  
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This section exa m i nes the characterist ics of radar echoes 
observed in the Texas H I PLEX site, a nd their  re lationsh ip to meso 
f3 -sca le environmental  para meters on a case study approach. 

A case study a pproach was used in Texas H IPLEX analyses of 
radar data to i l l ustrate and c lassify various types of meso f3 -scale 
radar echo configurations. This approach has proven usefu l  i n  
understand i ng l ife cycles of echo configurations, a nd i n  recog nizing 
specific atmospheric components that are supportive of convect ion. 
O nly through case study ana lyses can al l  the data be analyzed to 
develop a com prehensive a nd deta i led picture of the atmospheric 
compone nts that contri bute to convection. However, the conclu 
sions drawn may not b e  appl icable t o  a popu lation of radar echoes, 
a nd ca uti on must be exercised when extrapolat ing fi nd i ngs beyond 
the case studies without further i nvestigation. 

3 . 3 . 2 . 3 . 2  Echo Interpretation 

A study of meso {3-scale  echo features of the Texas H IPLEX 
area ana lyzed M -33 radar data col lected du r ing the 1 976 and 1 977 
field seasons. A report describi ng the results of this study was 
prepared by H u mbert et a/. ( 1 978) and is entitled Development and 
Interpretation of an M-33 Radar Climatology for the Texas HIPLEX 
Region. 

Radar echoes were recorded on  86 days duri ng 1 976 and 1 977. 
On 54 of these days, echoes persisted with in  th e 1 40 km (87 mi) 
rad ius of the M-33 rada r; 21 days had echoes i n  the 1 40 km (87 mi) 
to 280 km ( 1 74 mi )  radial  area; and 1 1  days had no echoes. 

The study grouped radar echoes accord ing to four meso a 
sca le categories, A through D .  Types A and 8 are not associated with 
frontal systems, a nd rely on surface heating a nd mesosca le dynam
ics as  the i nitiati ng convect ive mechan ism; types C a nd D are associ
ated with fronta l systems, and differ only in  echo orientation and 
subseq uent affects. 

Radar echo type A is characterized by m id-day development of 
i ntense surface h eating a long the lee side of the Rocky Mountai ns. A 
l i ne of echoes forms a long the Texas-New Mexico border and i nten
sifies by mid-afternoon with eastward movement. Peak i ntensit ies 
a nd maxi mum areal coverage occur by late-afternoon. The southern 
extension of the l i ne becomes oriented northeast-southwest, and 
m oves i nto the Texas H I PLEX area by early evening .  The l ine 
becomes stationary a nd either dissipates overn ight, or  is  part ia l ly 
mainta i ned into the next day. 
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Echo type 8 is a irmass convective activity that is associ ated with 
deep moisture advection from the Gu lf  of Mexico; it is  d iu rnal, and 
pers istent with positive vort ic ity advection. 

Radar echo type C is convective activity associated with cold 
fronts a nd stat ionary fronts. These echoes form i n  an east-west l i ne, 
paral le l  with the fronta l surface, a nd usual ly occur north of the 
Texas H I PLEX a rea as pre-fronta l or post-fronta l convection.  

Type D echoes occur with adva ncing cold fronts that move into 
and through the Texas H IPLEX a rea, and a re oriented northeast
southwest. Th is type is subclassified with respect to fronta l ,  post
frontal a nd d issipati ng frontal zone echo formation. 

The a na lysis a nd i nterpretat ion of echo occurrences were 
d ivi ded into two meso {3 -scale subgroups, "Isolated Systems" and 
"Line Systems," u nder meso a-sca le groups A through D. A further 
breakdown of these two subgroups identif ies the conditions of echo 
development wh ich consist of  " i solated ce l l  conditions" a nd "echo 
complex conditions. "  The isolated cel l  condition was further c lassi 
fied with respect to environ menta l wind orientation. S i m i lar ly, the 
echo complex condition was further categor ized with respect to 
organization of component cel ls  making up the complex. An exam 
p l e  of this c lassificat ion sc heme i s  i nd icated by the arrow-path i n  
F igu re 3. 1 9  for Synoptic Type C, Line System Condit ions, Cel l  Com
plex with L ine Organ izat ion.  

The " Isolated System "  occu rred in  the data set a bout 50 percent 
of the ti me. Al l of these occurrences were not associated with the 
presence of surface fronts, and were classified with in  meso a -scale 
groups A and B. 

The Isolated Systems exist i n  a combination of ways, and i n  
various inte nsiti es, a s  atm ospheric conditions change throughout a 
day. There are four  d isti nct cloud-scale  echo arrangements for the 
Isolated System: 

isolated cel ls with (and without) orientat ion to environ menta l 
wi nd shear (850-500 mb); and 

cel l  compl exes with (and without) l i ne organ ization of i nter
nal cel ls .  

Ana lysis of the data set i nd icates that most of the Isolated 
Systems consisted of "isolated ce l ls" with def in ite orientation to the 
environmenta l wind shear .  (The reader is cautioned th at wi nd shea r  
was determi ned from the M idland so und ing, a n d  that i t  was 
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Figure 3 . 1 9 . Sample mesoscale radar echo classification for Syn
optic Type C, line System Conditions, Cell Complex 
with line O rganization. 
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assumed that the sou nding was representative of the atmospheric 
character istics dur ing the period of observation . )  

Cel l  orientation t o  the wi nd shear was described a s  being  either 
tra nsverse or longitud i na l .  In the tra nsverse mode, cel l  a l ignment 
was perpendicular  to the wind shear vector; i n  the longitud i na l  
mode, cel l  a l ignment was para l lel t o  t h e  wind shear vector. Whether 
the a l ig nment was tra nsverse or long itud ina l  depends on the orien
tation of the mo istu re convergence field, convective i nsta bi l ity, and 
the magn itude of the wind shear vector. The subgroup of cel l  com
plex under Isolated Systems occurred on a very l i m ited basis (an  
echo complex was defined as mu ltiple cel ls with radar contours 
greater than  or eq ual  to 35 dBz, enc losed by a s ing le  25 dBz contour). 
The occu rrence of the ce l l  com plex with and witho ut l i ne organ iza
tion was identifiable only temporar i ly i n  th e cycle of convective 
systems. The occurrence of these conditions appeared to be con-
1:ro l led by the magnitude of wi nd shear speed and direct ion.  

L ine System conditions occurred about 50 percent of the t ime 
i n  1 976 and 1 977. The L ine System was supported for the most part 
by meso ,a -scale moti on of fronts a nd upper- leve l troughs. This 
large-sca le motion served as a triggeri ng mechan ism to in itiate 
i ntense convective deve lopment in the Line System in eith er trans
verse or longitud i na l  a l ignment to the environmenta l wi nd f ield.  
Byers a nd Bra ham ( 1 949) also suggested that the squa l l  l i nes they 
observed res u lted from meso ,B -sca le atmospheric d isturbances. 

In all Line Systems com posed of isolated cel ls, the cells had 
orientation i mplying that meso ,B -scale dynamic processes were 
i nvolved in the convective development. In cases where isol ated 
cel ls formed in the Li ne System with transverse or longitud i na l  
orientation, a nd where favora ble e nvirom ental conditions preva i l ed, 
i ntense deve lopment resu lted in the formation of a squa l l  l i ne. I n  
cases where isolated cel ls  of the Line System merged t o  form cel l  
complexes wh ich would form a long a l i ne, t h e  i nterna l  cel l s  of the 
complexes had no  l ine organizati on. However, in some cases of Line 
Systems composed of cel l  complexes the l i ne feature was so domi 
nant that even the cel l s  which comprised the echo complex were 
l i ne-or iented. 

A frequency distr ibution of Isolated Systems and Line Systems 
is presented in Table 3 .9 .  The r ight col u mn summarizes the percent
age of occurrence of mesoscale events. The table demonstrates that 
Isolated a nd Line System conditions occurred a n  equal  n u mber of 
t imes.  The dom i na nt echo cha racters for each of the above were 
isolated cel ls with orientation, a nd cel l  complexes with l i ne or ienta
tion, respectively. 
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Table 3 .9- Mesoscale Frequency Distribution for Texas H I  PLEX Duri ng the 1 976 and 
1 977 Field Seasons 

Mesoscale No. days Percent of Percent of 
character Echo character observed total days N o. events total events 

Isolated System Isolated cel ls 0 0 0 0 
(no orientation) 

Isolated cel ls 6 46 7 35 
(transverse and 

longitudinal)  

Cell complex without 0 0 2 1 0  
l i ne organization 

Cell  complex with 0 0 5 
l i n e  organ ization 

Sub total 6 46 1 0  50 

• • • • • 0 .  0 • • • • •  0 .  0 0 • • • • • •  0 • • • • • • • • •  0 • • •  0 • • • • • • • • • •  0 • • •  0 0 0 0 • • • • • • • •  0 • • • • • •  0 • • • • • • • • •  0 • •  0 • • • • • • • • • • • • • • • •  0 

Li ne System Isolated cells 0 0 0 0 
( no orientation) 

Isolated cells 7.7 2 1 0  
(transverse and 

longitudinal)  

Cel l  complex without 2 1 5.4 3 1 5  
l ine organization 

Cell  complex with 4 30.8 5 25 
l i ne organ ization 

Sub total 

Total 

7 54 1 0  50 

13 1 00 20 1 00 

Some other i nterest ing mesosca le features of th e 1 976-1 977 
data set are g iven in Table 3 . 1  0. A tabu lation of envi ronmenta l 
averages is g iven for the Isolated System a nd Li ne System. The 
results i ndicate that the Line System exhibited the greater wind 
shear mag n itude, wh ich was more westerly (270 degrees) in d i rec
tion, and had a greater cha nge in equiva lent potent ia l  tem perature 
( AO e) betwee n  850 a nd 500 mb. A further breakdown of the data 
i ndicates that isolated cel ls  with tra nsverse or longitud ina l  orienta
tion, and complexes with l i ne organ ization exh ibited a more west
erly wi nd shear. I n  relation to stabi l ity and organization, the data 
show that cel l  organization i ncreases with convective i nsta bi l ity. 
Note, for example, the i ncreased magn itude of LlOe for isolated cel ls  
with orientation, a cel l  complex without orientation, and a cel l com
plex with orientation .  
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Table 3 . 1 0-Averages of M esoscale and Cloud Scale Variables for the 1 976 and 
1 977 Texas H I PLEX Field Seasons 

Mesoscale Cloud scale Direction Windshear, Ave. � Oe2 
echo character echo· character (deg)3 (m sec -1 ) (oK) 

Isolated System 252 5.43 8.53 
Line System 271 5 .93 1 2.83 

Isolated cel ls with N/A4 N/A 
no orientation 

Isolated cel ls with 262 5.27 1 0.32 
transverse a nd 
longitudi nal  
orientation 

Cell complex 233 7.23 1 2.80 
without l ine 
organ ization 

Cell  complex with 289 5.36 1 3. 60 
l ine organ ization 

'Average windshear measured at 0000 G MT. The shear is defined as the vector difference between 500 a nd 

850 mb winds at M idland. 

2Average equ ivalent potential temperature difference between 500 and 850 mb measured at 0000 COT. 
JWindshear is measured from the end of the 850 to the end of the 500 mb wind vector. 

4No data available. 

3 . 3 . 2 . 3 . 3  Echo Organization 

An exa mple of meso f3 -scale i nf luence on convective develop
ment is presented for sq ua l l  l i ne  conditions in a report by C hen et a/. 
( 1 979), entitled Radar Echo Organization and Development in the 
Mesoscale Environment, A Case Study Approach. 

On the n i ght of J u ne 2 2-23, 1 976, a squa l l  l ine developed i n  the 
Texas Panhandle in  association with meso a -scale  disturbances at  
the su rface and a loft. The northern section of  the sq ual l  l i ne was 
oriented north-south; the southern sect ion was oriented northeast
southwest. The l ine was movi ng toward the southeast. The m eso 
a -sca le conditions character istic of th is  event are reviewed i n  Sec-

tion 3 .2 .2 .2  of th is  report. 

As the sq ua l l  l i ne developed, areas of h igh reflectivity ( more 
than 35 dBz) were observed in the northern section of the l i ne.  The 
density of "echo l i nes" was u neven .  In  the n orthern sect ion of the 
sq ua l l  l i ne, which had more echoes than the southern section, 
echoes were l i ne organized in a d i rection para l le l  to the 850-500 mb 
wi nd shear  vector. Echoes a l ig ned paral lel to th is  wind vector were 
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in a long itud inal  mode. Along the southern end of the squa l l  l i ne, 
echoes were a l igned more or less perpendicular to the 850-500 mb 
wind shea r vector, and so were in a transverse mode. 

An ana lysis of the s urface pressu re field i ndicated that the 
squa l l  l i ne moved with a troug h,  a nd changed orientat ion from 
northeast-southwest to west-southwest-east northeast. The north
ern ha lf of the squa l l  l ine moved at a greater speed in relation to its 
hi gher echo density. An ana lysis of the static energy field, computed 
from temperature and dewpoint measurements, revealed a large 
gradient in adva nce of squa l l  l i ne movement. A large gradient of 
stat ic energy was i n  front of the l i ne, which suggests its transport 
i nto the system by the l ow-level  wind field, helpi ng to support the 
system; a m in imum stat ic energy field occu rred behind the squa l l  
l i ne in  the presence of a meso-h igh pressure area (ca used by the 
downdraft associated with preci pitation). 

The combi ned a na lyses of echo pattern, pressure field, wind 
field, and static energy field performed dur ing this case study 
revealed that a m i nimum stat ic energy area fol lows beh ind a major 
h igh- reflectivity zone. Th is  suggests that the dyna m ics of a near 
steady-state sq ua l l  l i ne may be such that the ti lted updraft brings 
moisture and h igh  static energy in  adva nce of the squa l l  l i ne to a 
h igher e levation and feeds it i nto the cloud system, leaving the 
precip itation in  the rea r s ide of the squa l l  l ine .  When the squa l l  l ine 
moves forward (to the east), using the static energy to create kinetic 
energy to be used by the sq ual l  l i ne, the residua l  low-energy a i r  
creates the min imum static energy zone in  the h ig h  precipitation 
zone beh i nd th e system. 

With respect to mesosca le  character istics, Chen et a/. ( 1 979) 
show the Oe stab i l ity is an importa nt measure of convective poten
tia l and organ ization, i . e . formation of nonsqua l l  l i ne type echoes 
req u i re moist, unstable a i r, whereas squa l l  l i ne echoes can exist 
with less i nsta bi l ity, even to the point of near neutral  sta bi l ity, 
a lthoug h favorable environmental wi nd structures a nd moist stat ic 
energy d istri butions are requ i red. Squa l l  l i ne type echoes occur both 
duri ng day a nd n ight, si nce echo formation, growth, a nd movement 
are contro l led by environmenta l wi nd structure, wh i le ce l l  density is 
i nfl uenced by the moist static energy d istr ibution.  

A second feature of mesoscale organ ization of echoes is vertical 
shear of horizontal wi nd (with the shear determ i ned between the 
850 a nd 500 mb surfaces). I nd ividua l  echoes become a l igned either 
paral le l  or perpe ndicu lar to th e wi nd shear vector. The representa
t ive environmenta l shear vector i s  best determi ned by the overa l l  
f low field encompassi ng t h e  echoes, not th e flow field between echo 
groups.  The deg ree of echo orga nization is related to the magn itude 
of wind shear. The resu lts of the study i ndicate that larger systems 
are associated with h igh wind shear va l ues. 
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The evol ution of a cloud population with respect to number and  
size was exam ined.  The study identified changes from smal l-s ize 
echoes to large-size echoes dur ing a brief t ime i nterva l ,  when a na ly
sis indicated that convective potentia l  was maximized. Merg i ng of 
echoes was freq uent, and very large complexes (more tha n  40 km 
[25 mi] eq uival ent d iameter) existed longer tha n  the sma l ler com
plexes. The  study concluded that environmenta l stat ic stabi l ity 
appeared to control echo population, and that merging of echoes 
changed the echo-size distr ibution. 

3.3 .2 .3 .4  Results 

It is readi ly appa rent from these stud ies that mesosca le  atmos
pheric propert ies have an effect on the behavior of i ndividua l  ra i n 
shower echoes. I n  part icu lar, low level moisture, t h e  8 5 0  mb and 
500 mb wind shear vector, and  the  eq uivalent potentia l  tem perature 
( 8 e) lapse rate were determi ned to be importa nt measures of con
vective potent ia l  a nd organizati on. I n  part, this relationshi p  was also 
observed in a study by Wiggert et a/. ( 1 98 1 ) of radar echo data, 
col lected as part of the F lor ida Area Cumulus  Experi ment (FACE), 
where it was observed that towering cumu l i  underwent changes i n  
their  dynam ics a nd, perhaps, microphysical make-u p  a s  a resu lt of 
the mag nitude of the wind shear vector. 

3 . 3. 2 .4 Skywater Radar Data Analyses 

The Bureau's Skywater radar system col lected 202 hours of d ig itized 
radar data on 32 days dur i ng the peri od May 20 to J u ly 20, 1 979, u nder the 
d i rection of Texas Tech University. These data were coupled with rawin 
sonde mesoscale data, which were ava i l able fro m t h e  seven-station net
work on 1 9  days, to study the interre lationships among mesoscale 
thermodynamic and ki nematic properties and convection. The study is 
reported in  tota l by Jurica et a/. ( 1 981 ) ,  entitled lnvesitgations of Summer 
Convective Cloud Systems in the Texas High Plains. 

3 . 3 . 2 .4 . 1 Mesoscale Thermodynamic Profiles and Intensity of Convection 

J ur ica et a/. ( 1 98 1 ) exa mined convective cloud systems, usi ng 
Skywater radar data col lected dur ing the su mmer of 1 979. Intensity 
of convection was exami ned by g rouping echoes by maxi m u m -top 
height versus maxi mum reflectivity. Then, a prof i le of atmospheric 
stabil ity was made to determine the relationship between intensity 
a nd thermodyna mics. 

The report found that convective precip itation events in the 
vici nity of the study a rea typ ica l ly had maxi m um echo top heights 
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exceedi ng 1 3  km (46 ,6 40 ft), and freq uently exceeding 1 5  km 
(49,200 ft). On no days when radar data were collected were the 
maxi mum echo top heights less than 8 .7 km. The deepest convec
t ion occurred on days when sou nd ings showed h igh  va lues of equiv
a l e nt p ote nt ia l t e m pe ra t u res ( Oe)  n e a r  t h e  su rface,  a 
m id-tropospheric m in imum O e, and increasing val ues of Oe in the 
upper troposphere. G rowth of convection was inh ibited when there 
were layers with increasi ng Oe  with height, situated below the 
mid-tropospheric m in imum,  or  with relat ively l ow va l ues of Oe near 
the surface. 

3.3.2.4.2 A M esoscale Case Study 

Satel l ite, radar, ra i ngage, rawi nsonde, and surface data were 
combi ned to i l l ustrate mesosca le features of convective activity, 
associated with a nonsqua l l ,  weak surface fronta l zone on J u ly 1 7, 
1 979. Weak convective cel l s  deve loped i n  a reg ion of weak, meso
scale,  low-level ascent, associated with a large-sca le convergence 
zone at the surface. Deep convection was tr iggered by strong poten
t ia l  i nstab i l ity at the top of the boundary layer, wh ich caused the 
development of a wide band of deep, i ntense convective cel ls with 
overshooting.  

At 1 300 COT ( 1 800 G M T), the Skywater radar showed a l i ne of 
convective echoes deve lop i ng to the east of Big Spri ng. The echo top 
height Plan Position I nd icator, shown in F igure 3 .20, depicts the 
echoes a long the fronta l convergence zone, observed i n  the auto
mated objective analyses developed by Matthews ( 1 983) for the 
Texas H IPLEX region.  N ote the arrow which ind icates the location of 
the convergence zone at 1 01 °W, 32.6 °N ,  shown in the vertical 
m otion and wind fi elds. The l i ne of echoes developed a long the axis 
of the 900 mb level convergence, i ndicated by an  a rea of weak 
mesosca le l ifti ng maxima, shown in  F igure 3.2. 1 .  This l ifting trig
g ered deep convective clouds in the strong, condit ional ly unstable 
e nvironment. 

By 16 00 COT ( 2 1  00 G MT), d eep convective clouds reached 16 .5 
km MSL i n  the vicin ity of 1 0 1 .6 °W, 32.6 °N ( indicated by the arrow 
shown i n  F igure 3 .22). Maxi m u m  radar echo reflect ivities in th is 
a rea were very h igh, reach i ng 50 to 6 0  dBz a nd h igher. These 
i ntense, deep echoes were located in the vicinity of strong vertical 
m otion, observed in the a utomated objective a nalyses shown i n  
F igure 3.23. The a rrow shows the core of maxi m u m  l ifting a t  500 mb 
which closely matched the most intense radar echoes from 16 00 to 
1 700 COT (21  00 to 2200 G MT). In the dissipati ng stages of convec
t ion there was: a mesosca le region of horizontal ly uniform precipita
t ion with a radar bright-band near the melt ing level ;  a mesoscale 
u nsaturated downdraft beneath the melt ing level;  a nd ant icyclonic 
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Figure 3 .20.  Radar composit plan position 
indicator display at 1 757 G MT 
on July 1 7, 1 979 . Top figure 
shows echo reflectivity values 
d Bz, bottom shows maximum 
echo top height (km M S L) .  
Arrows locate tile convergence 
zone at 1 01 °W 32.6°N, shown 
by corresponding arrows in 
Figure 3 . 2 1  in the objective 
analysis fields. 
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Figure 3 .21 . Objective analysis of wind fields at 900, 700,  500 

and 300 mb levels described by 30 minute vectors 
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i ndicated by arrowheads on the radar PPI (Figure 

3 .20) . Figu re 3 .21 b shows the vertical motion field in 

- !L bar Is such that positive values indicate upward 

vertica\ motion and negative va\ues indicate down-

ward motion as shown by arrowheads. 
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Figure 3 . 22 .  Same as Figure 3 .20 at  2053 
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location of maximum lifting at 
1 01 . 6°W, 32 .6°N, identified by 
objective analyses in Figure 
3 .23.  
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flow at the 250 mb leve l .  Th is unsaturated downdraft in  the a uto
mated objective ana lyses was observed to have speeds of 20 J.L bar 
s-1 .  

Changes in the profi les of eq u iva lent potentia l  temperature ( Oe) 
suggested the tra nsport of warm, moist air (h igh Oe) upward from 

the boundary layer in convective updrafts, a nd tra nsport of cool,  dry 
a i r  ( low Oe) downward from mid-tropospheric leve ls by convect ive
sca le and mesoscale downdrafts. 

Convective cel ls were orga nized a long adjacent cold and  warm 
pools of  a i r  a t  the  surface. The  presence of a warm pool dur ing the  
early deve lopment stage may have enhanced low-level conver
gence, mesosca le asce nt a nd subseq uent convection. At the mature 
stage, the outflow from convective-sca le downdrafts produced 
mesosca le cold pools at the surface, wh ich eventua l ly merged i nto a 
si ngle, la rger cold pool . Compressional warming in  the mesoscale 
unsaturated downdrafts created a layer of warm air just a bove the 
co ld pool (between 850 and 700 m b). 

Also evident in this case study was the southwa rd propagation 
of the surface fronta l zone. Th is may h ave bee n caused by e ither the 
deposition of cold pools into the warm s ide of the fronta l zone by 
convection wh ich ca used stronger thermal bou ndaries to form to the 
south, or the intensification of pressure gradients by the cold pools, 
i mpart ing a southward horizonta l momentum to the cold a i r, or both .  

3.3 .2 .4 .3  Results 

The resu lts reported by Jur ica et a/. ( 1 98 1 )  showed that deep 
convection (8 .7 km or greater) occurs on a l l  days when radar echoes 
were observed, whether or not seeding occurred. Th is is not to say 
that a l l  echo heights observed by radar were 8.7 km or greater, but 
that the maxi mum echo height observed on the days wh en radar 
data were collected, was 8 .  7 km or greater. Operationa l ly, every 
effort was made to col lect radar data on a l l  days when radar detect
able echoes were present. However, some radar echo days may not 
have been recorded due to f ield operations standdown. As a resu lt, 
this may have introduced a s l ight b ias toward l a rger echoes. On days 
when n o  echoes were observed, the atmosphere was too stable to 
support deep convection, and seeding on those days may produce a n  
echo that wou ld probably not result in  sig nif icant ra i nfal l  because of 
the lack of atmospheric support. Therefore, one stratification criterion 
for cloud seed i ng to enhance precipitation is to operate on days 
when natural c louds are expected to reach a height of 8. 7 km or 
greater. 
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The results of the case-study event are a fi rst step in  looking at 
the mesosca le interaction between ind ividua l  cumulon imbus 
clouds. The existence of these interactions suggests a broad-sca le 
effect may occur by enhanc ing the downdraft of --fnd ividua l

-
- 

cumuloni mbus. 

3.3.3 Convective C loud Envi ronment 

3.3.3. 1 G eneral 

Convective-type c louds form in areas where the atmosphere is u nsta
ble, sufficient moisture exists, and some type of trigger mechanism (such as 
a cold front) is  p resent to provide the req u ired vertica l  i mpetus (Byers and 
Bra ham, 1 949; Newton, 1 963). Dur ing the sum mer, these conditions often 
occu r  in loca l ized regions, with the trigger mechan ism mostly being assoc i 
ated with features, such as a dry l i ne (Rhea,  1 966; Schaefer, 1 974). 

Whi le  the local ized environmental conditions are responsible for the 
in it iat ion of convective-type clouds, when these clouds become relat ively 
l a rge in  their vertical extent, the c i rcul ation system associated with them 
a lters the loca l envi ronment in  which the cloud is embedded. Th us, the 
cloud interacts with its envi ronment, which leads to changes not on ly in the 
wind field surround ing the cloud, but a lso in the thermodyna mic structure 
of the cloud environment. These interactions influence the c i rcu lation 
patterns in  the vici n ity of the storm by affecti ng the flow of moist a i r  i nto the 
storm a nd thus its energy source. 

The very complex interactions between local convective storms and 
their  environment wi l l  have to be wel l  understood in  order to devel op a 
technology requ i red for ra infal l  enhancement through cloud seeding.  I n  
view of t h e  fact that such i nformation i s  not ava i l able, t h e  mesoscale 
research conducted dur ing the sum mers of 1 976 through 1 980 as part of 
the Texas HI PLEX Program was designed to determine factors a nd environ
menta l conditions responsible for the in itiation, growth, maintenance, and 
d issipation of convective clouds. 

This research is reported by Scoggins et a/. ( 1 978), in Mesoscale 
Characteristics of the Texas HIPLEX Area During Summer 1976; Scogg ins 
et a/. ( 1 979), Mesoscale Characteristics of the Texas HIPLEX Area During 
Summer 1 977; S ienkiewicz et a/. ( 1 980), Mesoscale Characteristics of the 
Texas HIPLEX Area During Summer 1978; Wil l ia ms and Scoggi ns ( 1 980), 
Models of Atmospheric Water Vapor Budget for the Texas HIPLEX Area; and 
Gerhard a nd Scoggins ( 1 981  ), Potential Flow Models of Thunderstorm
Environment Interaction. The data used in  the a mbient a i r  studies were 
provided by both surface and upper a i r  measurement and recording 
networks. 
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The a na lyses of the mesoscale data presented i n  this report a re based 
on spat ia l  interpolation of the measured surface and upper  a i r  data over the 
Texas H IPLEX project a rea.  The resu lts shou ld not be considered as repre
sentative of the sma l ler  cl oud scale parameters. 

The surface parameters for each day a nd hour were strat ified ,  us ing 
severa l criteria to determ ine relationsh ips between each parameter a n d  
radar echo. Para meters considered were velocity d ivergence, m oisture 
d ivergence, vert ica I motion 50 mb a bove the surface, a nd the vertical flux of 
moisture 50 mb above the surface. Conti ngency tables a nd freq uency 
d istr ibutions were prepared for various categories of convective echoes. 

The analysis of u pper- leve l k inematics a nd atmospheric energetics for 
each sounding t ime were stratified and averaged accord ing to convective or 
nonconvective conditions to summarize the case studies of 1 977, 1 978, 
a nd 1 979 events. Parameters averaged included mass divergence, vertical 
motion, moisture divergence, horizonta l a nd vertical f lux d ivergence of 
latent heat energy, loca l cha nge of latent heat energy, residua l  of the latent 
heat energy equation, diabatic heating, horizonta l a nd vertical f lux d iver
gence of energy, local cha nge of kinetic energy, horizonta l and vert ical f lux 
d ivergence of potential energy, and loca l change of potentia l  energy. 

A study of the state of the atmosphere relat ive to water content i n  the 
envi ronment surround ing convective activity was a lso conducted. Models 
were constructed to supply the water vapor transport processes relative to 
the presence, type, depth, and areal coverage of convective activity. The 
types of convection discussed are isolated cel ls, c lusters of cel ls, a nd l i nes 

f of cells. In brief, the processes of water vapor tra nsport considered include:  

(a)  net horizonta l transport of water vapor; 

(b) vertica l transport of water vapor; 

(c) combi ned net horizonta l and vertical transport of water vapor; 

(d) loca l rate of change in the tota l mass of water vapor; and 

(e) residua l  term of the water vapor budget. 

3 . 3 . 3. 2  Methods of Meso j3 -scale Data Analysis and Parameters Evaluated 

The eva l uation of both the surface and sounding data vari ed somewhat 
from year-to-year pr imari ly because of variations i n  data col lected. How
ever, th e basic concepts remai ned unchanged. The m ethods used in m eso
sca le data ana lysis and  presented here were taken from Scogg ins  et a/. 
( 1 979) to i l l ustrate the procedures. For further deta i l  on the methods, the 
reader  is referred to the report referenced above. 
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Wh i le  consideration was g iven to errors in  th e computations, no 
attempt was made to quantify the errors. I nstead, tempora l and spatial 
cont inu ity and consistency were considered in the interpretation of resu lts. 

3 . 3 . 3 .2 . 1  G ridding of Data 

An objective a na lysis scheme deve loped by Barnes ( 1 964) was 
used to interpolate the H I PLEX surface data to an 1 8  x 1 8  grid, with 
approxim ate ly a 1 6-km spacing between grid poi nts. Each gr id point 
i n  the array was assigned a terra in  height from a standard topo
graphic map. 

In addition to the H I PLEX mesosca le surface stat ions, data from 
the surrounding National Weather Service and Air Force station 
were used in the surface ana lyses. On ly the four  rawi nsonde sta
tions (M idland, B ig Spri ng, Robert Lee, and Post) were used in the 
upper air a na lyses, but these data were not gr idded. The four  basic 
surface variables objectively a nalyzed onto the grid were tempera
t ure, m ixi ng ratio, and the "u" a nd ' 'v'' wind components. Al l other 
surface parameters were computed from these basic fields. 

3. 3 . 3 . 2 . 2  Surface Parameters 

The basic meteorological var iables were objectively gridded 
onto the 1 8  x 1 8  array each hour of every d ay. These gridded 
var iables were used to eva luate the parameters. Centered differ
ence computations were performed over two gr id d istances and 
appl ied to the center poi nt. 

Velocity Divergence: Su rface wind velocity divergence was calcu
lated, usi ng the expression 

where it is  understood that a l l  expressions refer to surface variables 
a nd have their usual meteorological meani ngs. The s ubscripts " 1 " 
a nd "2" refere nce gr id poi nts where �x = � Y  = 1 6  km. 

Moisture Divergence: S u rface moisture divergence was computed 
by use of the expression 
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The subscripts have the same m ean ing as a bove, and a l l  computed 
va l ues were appl ied to the center poi nt. 

Vertical Motion: In computi ng vert ica l motion 50 mb above the 
surface, both ter ra in - induced vertical  motion and velocity d iver
gence of the surface wi nd were considered. By assuming the sur
face wind field as representat ive of the mean wi nd through a 50 mb 
deep layer above the surface, the eq uation of conti nuity i n  pressure 
coord inates 

aw = - ()p 

can be i ntegrated from the surface to the top of the 50-mb layer to 
g ive the vertical motion throug h the top of the layer .  Thus, 

- 50 mb) 

P s  
+ r(�2 ·V2 }  dp 

(P5 - 50 mb} , 

where w = � , a nd Ps is the surface pressu re. The magnitude of 
wP can be approximated by the terra i n- induced vertical motion s 

w = T u (h2 - h1 ) + v (h2 - h1 ) 
2ftx 2by ' 

where h is the terra in  height. For the range of surface tem peratures 
a nd pressures in the Texas H I PLEX area 

-1 -1 wT (cm s ) � -wp (�b s ) . 
5 

Therefore, the resu ltant vertica l motion at 50 mb above the surface 
was calcu lated, using the expression 

where LlP = 50 mb. 
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. Vertical Flux of Moisture: The vertical f lux of moisture is given by the 
product of the vert ica l  ve locity 50 mb a bove the ground (em s -1 ), the 
surface mixing ratio, a nd air density. U n its are g em -2s -1 . 

Vorticity: The vort icity of the surface wind was ca lculated us ing the 
expression 

V 4 dV au V2 - Vl 2 X V2 = ax - ay � 2/).x 

where subscripts have the same mea ning as before. 

3 . 3 . 3 . 2 . 3  Upper Air Parame
.
ters 

The eq uations presented here were i ntegrated vert ical ly to 
obta i n  the energy ba lance of each atmospheric layer. The friction 
ter m  in  the tota l energy budget eq uation was not eva l uated. Val ues 
of a l l  other terms were computed as averages per unit vol ume 
throug h a depth of 50 mb,  and horizonta l ly cover ing the area 
bounded by the M idla nd- Post-Robert Lee, Texas, tr iangle. Terms 
were eva l uated at the surface and at 50 mb interva ls from 850 mb to 
1 00 mb.  Vertical i ntegration was performed over 50 mb i ntervals, 
except in  the lowest layer which extended from the surface (about 
920 mb) to 850 mb. The trapezoida l ru le was used for integration 
p urposes. 

Horizontal Velocity Divergence: For a given  t ime period and pressure 
surface, the horizonta l ve locity divergence was computed by use of 
the expression 

where A is the hor izonta l triangular  a rea determ ined from the three 
rawi nsonde bal loon locations ( M idland, Post, a nd Robert Lee) pro
jected onto a consta nt pressu re surface; A is the average a rea of the 
triangle between two pressure surfaces 50 mb apart; and AA is the 
change of tri ang u lar a rea that occurs as the ba l loons move through 
a pressure layer 50 m b  th ick in  t ime At. 
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Horizontal Moisture and Mass Divergence: Horizonta l moisture and 
mass d ivergence were determi ned, us ing the vector identity 

v ·c�2 = �2 -v c + cv ·v2 p p p ' 

{ 1 )  ( 2 )  ( 3 ) 

where C is any sca lar .  For moisture and mass d ivergence, q ( m ixing 
ratio) and p (a i r  density) replaced C.  Term 2 was computed by the 
centered fi n ite d ifference formula 

-+v2 .-;t;Pc ac + ac � -<c2 - c1> + -<c2 - c1 > 
V = U"§"x V()y - U �X V �y ' 

where TI a nd v are the average wi nd components over the network C2 - C1 C2 - C1 
a long a pressure surface, and Ax a nd Av are 
the h orizonta l vector components of the gradient of C i n  the "x" and 
"y" directions, respectively. Term 3 was calcu lated by m ultiplyi ng C 
(an average for the pressure surface) by the horizontal ve locity 
d ivergence computed previously. S ince the veloc ity d ivergence rep
resents a 50 mb layer mean va l ue, term 2 was actua l ly computed as 
a mean horizontal advection by averaging data from three 25  mb 
data levels const itut ing the 50 mb layer used in  the velocity d iver
gence ca lcu lation .  

Vertical Motion: Vertical motion was computed on constant pres
sure surfaces, us i ng the formu la  

where ( W p)k is vertical ve locity on a consta nt pressure surface k ,  w s 
is the vertical velocity at the ground, (V P • V2l k is the 50-mb layer 
m ea n  divergence below layer k, and �p = 50 mb. 

Total Energy Budget: The budget of tota l energy (kinetic, i nterna l ,  
a nd gravitational  potentia l )  per u nit volume is  g iven by 

do a v2 � = - p (- + gz + c T) dt at 2 v 
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V' 
I n  this equation 2 is kinetic energy, gz the gravitational 
potential energy, cv T the i nternal energy, Cp T the enthalpy or sensi
ble heat, f the frictional force, al l  per u nit mass, and 0 the heat 
added by d iabatic processes. Other symbols have the standard 
meteorological mea n ings. 

The above equation, written in  integral form in  the x, y, p, t 
system, is 

+ gz + c T) dV v 
+ 

+ gz + c T) V dV p 

+ gz + c T) W dV p 
l J + + - g V•F dV. 

This is the form of the eq uation that was eva l uated. 

D iabatic heati ng can be eva l uated from the fi rst law of thermo
dynam ics in the form 

where a =  P or the specific volu me. The net effect of the various 
forms of d iabatic heati ng, such as evaporation/condensation, radia
tion a nd sensible heat tra nsfer, is  obtai ned from this equation in 
i ntegral form.  

Latent Heat Energy Budget: The budget of latent heat energy is g iven 
by 

�t ( pLq) + �. ( pLqV) + �P ( pLqw) = R ,  

where L is the latent heat of vaporization, and q is specific h u m id ity. 
All other symbols have their  usual meani ng .  The term on the r ight of 
th is equation represents evaporation a nd/or conde nsation and 
energy processes that cannot be resolved i n  ti me and/or space by 
us ing the ava i lable input d ata and computational procedures. S ince 
this term is computed as a residua l, some error from the rema i ning 
terms is inc luded as wel l .  
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The i ntegra l form of the latent heat energy budget in the x, y, p, t 
system is 

which is the form of the equation that was eva luated. 

Water Budget: The equation for conservation of water substance 
has been derived by Ha lti ner ( 1 97 1  ), and may be expressed i n  the 
form: 

(1 ) 

where P a is the de nsity of dry a i r, q is the specific h u midity, V3 is the 
three-di mensional wind vector, and S represents sources a nd s inks 
of water vapor in  mass per u nit vol ume per unit  t ime.  Applying 
Gauss's d ivergence theorem to Eq.  ( 1 ) and i ntegrati ng over vol u me, 
yields: 

v s '  v 

where (V3)n represents the normal  wind components to the bou nd
aries of the vol ume, and s'  represents the surface of the vol u me. 
Equation (2)  ca n be expa nded to i ncl ude horizonta l a nd vert ical  
components of water vapor tra nsport 

v s 
( p  qV ) ds + J a n 

A 
(p  qw) dA = r. a ( 3 )  

Vn i s  the  norma l wind component to  the  lateral boundar ies of the 
volume ( positive i n; negat ive out), w is th e normal  wind component 
to the horizonta l bou ndaries of the vol ume ( posit ive i n; negat ive out), 
A represents the hor izonta l surfaces of the vol ume, s represents the 
latera l surfaces oft he vol ume, a nd r represents sources and  s inks of 
water vapor per u n it t ime for the vol ume. By assum i ng a n  i ncom-
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pressible and homogeneous atmosphere ( p a =  constant) a nd using 
perturbat ion theory, Eq.  (3) becomes: 

f { pa �)dv + f 
v s 

( p  q v ) d s  + a n J 
s 

f { p  qw) dA a + I 
A A 

( p q ' V  ' ) ds + a n 

(p q ' w ' ) dA  = a r ,  {4 ) 

where barred quant ities refer to mean val ues, and pr ime q ua ntities 
to fl uctuati on or perturbation q uantities. Equation (4) can be simpl i 
fied by group ing sources a nd s inks of water vapor with terms con
ta in ing perturbation quantit ies, a nd expressed as:  

I ( 
()q) d + J pa a t  v 

v s 
(1)  

{ p  q V ) ds + f a n 
A 

( 2 )  ( 3 )  (4 J  (5)  

where R represents the residual  term of the water budget. Equation 
(5) represents the water budget at any part icu lar  t ime, expressed as 
mass per u nit t ime. The terms in the eq uation have the fol lowi ng 
interpretat ion: ( 1 )  the local rate-of-change or the net ga in  or loss of 
water vapor with in  the vol u me; ( 2) the transport of water vapor 
throug h lateral boundaries; (3) transport of water vapor through 
horizontal bou ndaries; and (4) the sources and s inks of water vapor 
(evaporat ion, condensation a nd some water vapor which eventual ly 
may be lost through precipitation, and the turbu lent f lux of water 
vapor or tra nslation or cloud l iq uid water throug h the bou ndaries) .  
Beca use of the sign convention used with Vn a nd W i n the ca lcula
t ions, terms (2)  and (3 )  wi l l  be negative (convergence) when there is 
a net ga in  of water vapor, a nd posit ive (divergence) for a net loss of 
water vapor i n  the vol ume.  

3 . 3.3 .3  Resu lts 

I n  most cases, both surface a nd upper a i r  conditions were altered 
s ignificantly by convective activity. In some cases, pronou nced cha nges i n  
variables, such a s  moisture d ivergence at a l l  levels, inc luding the surface 
and vertica l motion a loft, were associated with the occurrence and extent of 
convective activity. 
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Various surface and upper a i r  analyses were performed and have been 
publ ished for each of the fi rst three years ( 1 976-1 977- 1 978). S imi lar  
resu lts were obta ined for each year and inc luded in  the reports referenced 
previously. Results for 1 977 are emphasized below, but apply general ly to 
the other years as wel l .  In 1 979 and 1 980 the number of rawinsonde 
stations increased from four  to seven, maki ng it possible to perform spat ia l  
ana lyses. The resu lts for these two years are not yet ava i lable in  publ ished 
form, a nd are not sum marized in  this report. 

Surface: M axi m u m  va l ues of velocity and moisture convergence ( nega
tive d ivergence), positive vertical motion ( -w ) 50 mb above the surface, a nd 
upward flux of m oisture ( -q w ) 50 mb above the surface, observed any
where in the Texas H I PLEX mesonet, were obta ined from the computer 
charts eac h  hour between 1 000 and 2200 COT ( 1 500 and 0300 G MT). The 
data were grouped for echoes and no echoes. Dur ing 1 977, there were 1 22 
observat ion t imes when echoes were present, and 96 when they were not 
present. Percentage frequency d istributions were prepared for each var i 
able. The va lue of  a var iable at  the cross-over point (where the distributions 
cross) represents the va lue that best dist ing uishes between the occurrence 
or nonoccurrence of a radar echo. These va lues are: velocity d ivergence, 
- 1 0 -4s -1 ;  m oisture divergence, - 1 0-6g em -1 s  -1 ; vertical motion 50 m b  
above the surface ( w ) ,  - 5  JL bars s -1 ; and vertica l f lux of moisture 50 mb 
above the surface ( w q), -5  x 1 o -s g em -zs -1 • When the magn itudes of these 
variables are smal ler than the cross-over va l ues, there is a h igher percent
age of no echoes than when the va l ues are exceeded. Also, for each variable 
the extreme magnitudes are larger when echoes are present than when 
they are absent. 

To aid further in the interpretation of the frequency d istr ibutions, 
contingency tables were prepared, using the cross-over va lues as criteria  
for d istinguish ing between echoes and no echoes. These tables confirm i n  a 
d ifferent way what the d istri butions showed. When va l ues of a ll variables 
exceed the cross-over va lues, there usua lly is more than a 2: 1 p robabi l ity 
that echoes wil l  be observed. The ratios for va l ues below the cross-over 
val ues vary between approxi mately 2: 1 and 3 : 1  in favor of no echoes. I t  
shou ld be remembered that the va l ues of the var iables chosen at  a g iven 
t ime are not necessari ly associated with a specific echo, if o ne was 
observed. 

To ga in  some idea of how the cross-over val ues a re related to echoes of 
various types, the echoes were classified as fol lows. 

Lines: Cel ls orga nized into a l i ne wh ich exh ibits movement. 

Clusters: O rganized group of 3 or more cel ls, determined by closed 
contours of radar codes 1 (tops < 6. 1 km [20,000 ft]), 2(tops 6 . 1  km 
[20,000 ft] < 9 . 1  km [30,000 ft]), or 3(tops > 9 . 1  km [30,000 ft]) or a ny 
combination of these codes. 
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Unorganized (A): One or more i ndividual  cel ls the tops of wh ich are 
under 1 0  km (3 2,800 ft) and  none of which are organ ized into a l i ne or 
c l uster, as def ined above . This inc ludes cel ls that a re not ent irely on the 
gr id .  

Unorganized (B) :  S arne as above except tops exceed 1 0  km (32,800 ft). 
Echo(es) approaching or reced i ng from area : Edge of echo(es) on edge of 
gr id a rea, and there is no cel l  present in the gr idded area. This does not 
i ncl ude cases in which there is a complete echo in the grid a rea at the 
same t ime. 

No echoes: No echoes observed anywhere in grid a rea. 

The nu mber of occurrences when the magnitudes of the variables were 
less tha n or greater than th e cross-over values, a re shown in Table 3. 1 1  for 
each echo classificat ion and when no echoes were present. In a l l  cases, 
there is a greater probabi l ity for echoes when the cross-over va lues are 
exceeded tha n  when they are not, but the del ineation is defined better for 
l i nes a nd c lusters tha n for th e other categories. 

Upper Air: In  1 977, there were 70 time per iods that contained the 
necessary d ata for ki nematic calcu lations a loft. These time periods were 
classified as e ither convective or nonconvective, depend ing upon whether 
th u nderstorms were present over the network bounded by the M idland, 
Post, Robert Lee, Texas, triang le. If a radar echo in excess of 6 . 1  km (20,000 
ft) was observed ± 1  hour with in  a sound ing t ime, the period was termed 
convective. All other cases were termed nonconvective, except when ba l
loons were suspected of enter ing thunderstorms. These cases were consid
ered as not representative of the mesosca le environment in  which 
th u nderstorms were present, a nd were exc luded from averages presented 
here. Using this classification, there were 1 5  t ime per iods with a nd 55 t ime 
periods without convective activity. Resu lts were calcu lated for 50 mb 
interva ls from 850 to 1 00 mb, and profiles prepa red. 

The pr imary difference between the convective and nonconvective 
profi les of horizontal mass d ivergence is the occurrence in low leve ls of 
strong mass convergence in the convective prof i les. M ass convergence 
was present in both prof i les in mid levels, but mass d ivergence was com
puted above 600 mb with convective activity, whereas near zero values 
occurred i n  upper leve ls when convective activity was absent. 

Vertical velocity profi les were clearly different dur ing t imes with and 
without convection. U pward vertical velocities, capable of releasing poten
tia l  i nstabi l ity, were observed at a l l  levels in  the convective profi le, wh i le  
subsi dence was present at a l l  levels in the nonconvective prof i le, possibly 
suppress ing thu nderstorm formation. U lanski and Garstang ( 1 978) found 
s im i lar  convergence patterns associated with convective precip itation i n  
F lorida. 
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Table 3 . 1 1 -0ccurrences of Echoes as Function of Echo Characteristics and Cross-Over Val ues For 
Velocity and Moisture Divergence, Vertical M otion 50 mb Above the Surface, and Vertical Flux of 

Moisture 50 mb Above the Surface. 

Divergence (s -1) Moisture divergence Vert. moist. flux Vertical motion 
(g kg -1s -1 ) (g cm -2s -1) (J.L bars s -1 ) 

Echo classification > - 1� <-1 0-4 >-1 0-3 <-1 0-3 >-5x1 0-5 <-5x1 0-5 >-5 <-5 

Li nes 9 1 6  4 2 1  3 22 8 21  

Clusters 4 1 2  2 1 4  1 1 5  5 1 4  
Unorgan ized (A) 1 5  17 1 2  20 1 0  22 1 6  20 

Unorganized (B) 1 2  1 6  1 0  1 8  7 2 1  1 1  1 8  

Recedi ng or approach i ng 8 1 3  5 1 6  3 1 8  8 1 6  

No echoes 73 23 67 29 57 39 63 29 



Horizontal moisture convergence in  low levels was l arge i n  the convec
tive profi le, a nd large moisture d ivergence was present i n  the nonconvec
tive curve as water vapor was suppl ied hor izonta l ly d u r ing activity t imes, 
and removed hor izonta l ly d u ri ng periods without activity. This same pattern 
i s  found in  the hor izonta l f lux divergence prof i les of latent heat energy 
where net inflow in l ow levels supp l ies latent heat for storm development 
and removes it horizonta l ly when convection fai ls to form. 

Vertica l fl ux divergence of latent h eat energy occurred in low leve ls, 
and f lux convergence was computed a loft for the convective case. This 
corresponds to a net vertica l tra nsport with in  the u pwa rd vertical velocity 
f ield of latent heat energy a n d  water vapor from low levels to mid leve ls, 
where cool ing and condensation produce convective cloud formation and 
the re lease of latent heat. The reverse vert ica l  pattern of  convergence/d i 
vergence was computed for the  nonconvective profi le .  Th is i ndicates that a 
net downward tra nsport of latent heat energy with in the downward vertical 
velocity fi eld occurs between mid- and low-levels, wh ich does not promote 
condensation and cloud formation since adiabat ic  warming probably low
ers relative humid ities in mid- levels. 

Local changes in latent heat energy are sma l l  and  positive in the 
nonconvective profi l e, i ndicat ing that evaporation or turbu lent f l uxes of 
l atent heat may be importa nt when activity is a bsent. Negative va lues in  
l ow- and mid- levels dur ing t imes when activity was present probably reflect 
the losses of water vapor that occur du ring condensation.  

The residua l  profi les from the latent heat budget eq uation show losses 
of latent heat energy i n  the convective profi le  that a re large i n  the m iddle 
troposphere, a nd gains of energy at mid- levels in the nonconvective profi le .  
Th is d istr ibution is consistent with condensation and envi ronmenta l heat
i ng when activity is present, and evaporation and envi ronmenta l cool i ng 
from losses of sensib le heat when activity is not present. 

The prof i les of d iabatic heati ng support this interpretation, since the 
genera l  sh ape and sign of the late nt heat budget profi les c losely resemble 
the diabatic heati ng prof i les below 300 mb. Sensib le heati ng in  the convec
tive prof i le is strongly related to condensation (with in an u pward vertical 
velocity field) a nd cool i ng in  the nonconvective prof i le, and relates wel l  with 
evaporation (within a downward vertica l velocity f ield). However, both the 
d iabatic heating and coo l ing are somewhat smal l er than would resu lt if the 
l atent h eat residua l  profi les were completely responsible for these diabatic 
effects. Both net rad iation and turbu l ent flux divergence of water vapor and 
heat may be responsible for the d ifferences. 

The nonconvective prof i les for both the horizonta l and vert ica l  fl ux 
d ivergence of ki netic energy are near zero at a l l  leve ls, except a bove 300 mb 
when net hor izonta l inflow of  kinetic energy occurs. The convective prof i les 
show net horizonta l inflow in  low levels and outflow at m id- and upper
l evels, with vert ica l  f lux d ivergence of kinetic energy in low- and mid- levels 
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and fl ux convergence a loft. Dur ing convective activity, ki netic energy flows 
i nward i n  low levels, a nd flows upwa rd to the h igh troposphere where it is 
horizonta l ly exported. As a result, local changes of kinetic energy a re s ma l l  
and near zero at a l l  levels dur ing nonconvective per iods, a nd sma l l  but 
s l ightly negative in the upper-troposphere dur ing times of convection.  

Horizontal f lux convergence of sensible heat energy in  low levels a nd 
flux divergence in mid- and u pper- layers appear i n  the average convective 
prof i le .  In contrast, net horizonta l outflow of sensible heat i n  low levels a nd 
net i nflow i n  m id- levels were computed for the nonconvective profi le. The 
pattern contributes to creati ng increasi ng low level temperatures and  
decreasi ng upper-level te mperatures i n  the convective profi le, and  conver
sely, for th e nonconvective prof i le .  The stat ic stabil ity is therefore possib ly 
decreased i n  convective areas and i ncreased i n  no activity a reas, consistent 
with storm formation and suppression. 

Vert ical flux d ivergence of sensi ble heat in  low levels and flux conver 
gence in  u pper levels in  the  convective profi le are associated with the net 
vertica l tra nsport of sensible heat, accompl ished by thunderstorms a nd 
resulti ng from upward environ menta l vertica l velocities. The reverse vert i 
cal  convergence/d ivergence pattern appears i n  the nonconvective prof i le, 
with sensi ble heat experiencing a net downward transport from mid-to
lower levels i n  a si nki ng vert ica l  velocity field. Loca l changes of sensible 
heat are genera l ly sma l l  at most levels i n  the nonconvective prof i le, except 
near the grou nd where radiational heati ng probably creates large positive 
val ues when skies are particu lar ly cloud free, and sum mer solar heating  is 
large. However, local changes of sensible heat energy a re large and positive 
in low leve ls in the convective profi le, i nd icating the possible destabi l izat ion 
of the atmosphere during t imes of convective activity. 

The horizonta l and vertica l  flux d ivergence profi les of potentia l  energy 
for convective a nd nonco nvect ive areas are genera l ly s imi lar  in s ign a nd 
shape, except i n  low levels where horizonta l fl ux convergence and vert ical  
fl ux divergence of potentia l  energy a re fou nd i n  convective areas. Net 
horizonta l outfl ow and net vert ical  i nflow of potenti a l  energy i n  low levels 
are computed i n  the nonconvective areas. N et horizonta l outflow of poten
t ia l  energy is very large i n  upper levels when activity is present. 

Loca l cha nges in geopotent ia l  energy are smal l  and  negative i n  low 
leve ls, and sma l l  and posit ive i n  the upper troposphere i n  the nonconvective 
profi le .  However, large negative va lues are found at a l l  levels, especia l ly i n  
the l ower and u pper troposphere dur ing ti mes of convective activity. This 
pattern poi nts to th e fa l l i ng  geopotentia l  heights that a re observed dur ing  
ti mes of  th understorms. 

In sum mary, substa nt ia l  d ifferences occur  in energy budget ter ms and  
k inematic pa rameters when averages over t imes of convect ion a re com 
pared with averages over t i mes of n o  convect ion. Low- level net hor izonta l 
i nflow, net upward transport, a nd u pper- level net horizonta l o utflow of 
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i nterna l,  k inetic, a nd latent energy are found dur ing ti mes of convection. By 
contrast, u pper- or m id- level net hor izontal i nflow, net downward transport, 
and lower-leve l net outf low of interna l,  k inetic, and latent energy are found 
when convective activity is absent. 

Water (Moisture) Budget: Because of the importa nce of moisture in the 
formation; ma i ntena nce and decay of convective storms (House, 1 959; 
Fankhauser, 1 969; U lanski a nd Garstang, 1 978), the analysis of the water 
(moisture) budget wi l l  be considered separate ly from the u pper a i r  para
meters discussed a bove. Of course, it is recognized that al l  upper a i r  
processes are i nterrelated. The results presented here a re based o n  ana ly
ses for the three years 1 976, 1 977 and 1 978. 

At al l  levels of the atmosphere, cha nges in  moisture d ivergence 
between convectively active and convect ively nonactive periods a re not 
la rge. While both active and nonactive per iods feature moistu re conver
gence i n  the lower levels, moisture convergence is more pronounced and 
extended h igher into the atmosphere to near  3 .5  km ( 1 1 .480 ft) on convec
tive ly active days, as opposed to near 2.8 km (9, 1 84 ft) for nonactive periods. 
Also, moisture divergence is  much more pronounced from 3.5 km ( 1 1 ,480 
ft) to 6 .7 km (21  ,976 ft) on active days than on nonactive days. 

Pronou nced vertical changes in  moisture d ivergence from the surface 
through 7.5 km (24,500 ft) on convectively active days, coupled with the fact 
that moisture d ivergence va ries l ittle above 3 .5 km ( 1 1 .480 ft) on convec
tive!y nonactive days, i ndicate that wh i le the atmosphere is qu ite active 
ki nematica lly d u ring  convectively active periods, relatively l itt le ki nematic 
i nteraction takes place on nonactive days. 

Of part icu lar  note are the relatively minor fl uctuations in vertical 
motion from convect ively nonactive peri ods to convectively active periods. 
Upward vertical motion was observed throug h a l l  layers on convectively 
active days, but the same motion was observed below 1 5 .7 km (51  .496 ft) 
on convectively nonactive days as wel l .  However, upward vertical motion 
was sl ightly larger throug hout most layers on the active days, and was 
significa ntly greater above 7 .5 km (24,600 ft) than dur ing the convectively 
nonactive periods. 

Dur ing each year ana lyzed ( 1 976, 1 977 and 1 978), moisture conver
gence occurred deeper in  the lower levels, wh i le  d ivergence was much 
more prono unced at mid- levels dur ing convective per iods. Also, it  was 
shown that the vert ical changes in  moisture divergence above 3.5 km 
( 1 1 .480 ft), wh ich proved to be smal l  on nonconvective days, were h ighly 
vari ant dur ing convective periods. F ina l ly, the hypothesis regarding a sig
nificant i ncrease in  vertical moti on in the upper levels on convective days 
was confirmed. 

Even thoug h the number of days considered dur ing each of the three 
seasons was smal ler than desired, it may be concl uded prel im inari ly that 
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the horizonta l moisture convergence below 3 km · ( less than 1 0,000 feet), 
and the vertical transport of moisture from the lower to the mid- and high 
l evels of the atmosphere, are the pri ncipal energy sources for convective 
activity in the Texas H I PLEX region. Therefore, one seeding criterion for 
select ing a seeding condition may be the presence of low level moisture.  

Table 3 . 1 2 shows a comparison of various convective activit ies to each 
water budget term. The hor izonta l and vertica l water vapor terms (terms 2 
and 3 in Equation 5 )  represe nt mo istu re divergence , negative terms i nd i 
cate an increase in  water vapor, i .e .  convergence, resu lt ing from flow 
through respective horizonta l or vertical surfaces. The hor izonta l surface is 
the Post, Robert Lee, and M id la nd tr iangu lar area. The vertical surfaces are 
the 50 mb increment wa l ls of the tr iangle.  

Table 3. 1 2-lnter- and I ntra-Comparisons of Terms Summed Using Each 50-mb Layer, 
From 850 mb to 300 mb, Over the Post, Robert Lee, and M idland Triangular Area in the 

Model 

Presence 

Type 

Depth 

Areal 
Coverage 

Water Vapor Budget Models 

Water vapor budget terms ( X 1 osg s _, ) 
Net N et Local 

horizontal vertical rate-of 
Stratification transport transport change Residual 

N onconvective - 3.02 2.38 5.05 4.41 

Convective -26.70 - 9.57 -0.57 -36.84 

Lines of cell - 1 7 .31  - 1 9.24 2 . 1 7  -34.38 

Clusters of cells -52.54 - 9.53 -0.37 -62.44 

Isolated cells - 1 . 1 6  - 1 .88 -4.36 - 7.40 

Cell tops less than -21 .60 4.95 -2.45 - 1 9. 1 0  
6. 1 km 

Cell tops between -32.40 - 1 4.50 0.35 -46.55 
6. 1 a nd 9.1 km 

Cel l  tops greater - 30.70 -31 .20 2 . 1 6 -59.74 
9. 1 km 

Less than 50% 3.72 - 1 .09 - 1 .87 .76 

Greater than or -62.27 -21 .04 0.94 -82.37 
· equal to 50% 

For each model and i ntra- model stratification, a strong net ga in of 
water vapor transported by th e horizonta l components of the wind was 
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observed, with the exception of days when no convection was observed, 
days when isolated cel ls were observed, and days when a real  coverage was 
l ess than 50 percent. The greatest horizonta l transport of water vapor 
occu rred on d ays when the area l  coverage was greater than or eq ua l  to 50 
percent, on days when cell tops were greater than 6 . 1  km (20,008 ft), a nd on 
days when convective c l usters were observed, suggesti ng the need for 
increased water vapor fl ux to s upport increased convection.  

Looking only at the vert ical components of the wi nd, the largest va lues 
of net vertical transport of water va por were observed on convective days 
with tops greater tha n 9 . 1  km (29,848 ft), and on days when the areal 
coverage was greater tha n or eq ua l  to 50 percent. This suggests the need of 
mid- a nd low-level moisture for la rge-scale cumu lus development. 

An i ntercomparison of net horizonta l and vertica l water vapor transport 
indicates that less water vapor was tra nsported vertica l ly than horizonta l ly, 
except for the tal ler convective entities. This observation supports the 
concept th at the height of a convective cel l  is the result of the amount of 
water vapor tra nsported vert ical ly from the low levels.  Dur ing most cases, 
the net horizonta l transport of water vapor was fou nd to be 2 to 3 t imes 
greater tha n th e vertical tra nsport. 

The local rate-of-change term q uantif ies the net gain or loss of water 
vapor with i n  the vol ume. The net ga in  of water vapor on days with l i nes of 
cel ls, cell tops greater tha n 6 . 1  km (20,000 ft), a nd areal coverage greater 
than or eq ual  to 50 percent, was attr ibuted to water vapor "storage" which 
was needed to mainta i n  developed wide-spread convection. 

The residual  term is a sou rce (positive term) or sink (negative term) of 
water vapor resu lti ng from evaporation or condensation of cloud drop I ets or 
precip itation drops. The greatest negative va l ues of the residual  term are 
observed for cases with an areal coverage greater than or equa l  to 50 
percent, cel l  tops greater tha n 9 . 1  km (29,848 ft), a nd when c lusters a re 
observed. This appears reasonable because one wou ld expect the greatest 
amount of condensation a nd ra infal l  to occur from widespread and deep 
convection. 

Genera l ly speaki ng, a strong posit ive relationship is shown between 
the occu rrence of water-vapor tra nsport above about 3 .5 km ( 1 1 ,480 ft) a nd 
the presence of convection. S im i lar ly, its absence corresponds with non
convective situations. Water vapor transport varies among the types of 
activity, however, being most pronounced and organized with l i nes of 
convection, less so with c lusters, a nd rather d isorganized in association 
with isolated cel ls .  

Both depth a nd a rea I extent of convective activity correspond wel l  with 
water vapor transport. Both the a mount of low-leve l transport near the 
surface and the degree of vertical transport a loft correlate wel l  with 
i ncreasing depth of convect ion. Too, horizontal outflow in the upper a i r  is 
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shown to compl iment the low- level inflow a nd upward motion. The greatest 
amount of water vapor is processed by increased depth and coverage of 
activity, with the type and organ ization of the convection of lesser 
i mporta nce. 

The analyses indicate that the net horizonta l transport of water vapor is 
by far the most s ign ificant factor in  provid ing moisture to support convec
tion. Also, the water vapor transport, an important energy source for con
vective development, occurs near the surface, a nd the net horizonta l 
transport term appears to be the dominant energy tra nsport term.  

U lanski a nd Garstang ( 1 979) relate moisture convergence fields with 
convective ra infa l l  over F lorida. Observat ions recorded from a surface 
m eteorological meso J3 -sca le network docu ment the importance of the 
cloud-subcloud layer i nteractions i n  u nderstanding better the variabi l ity of 
natural ra i nfa l l  from convective cloud systems. They concl uded that surface 
moisture convergence, observed up to 90 m i n utes before the ra infa l l  event, 
is one of the most crucia l  factors in determin ing the tota l amount of ra infa l l  
produced by a given convective system.  Both the  area and magnitude of low 
level moisture convergence are proportiona l to measured ra infa l l  amounts. 
An exa mi nation of Ta ble 3. 1 2  a lso shows a strong relationsh ip between 
strong horizontal moisture convergence (neg ative terms) and large nega
tive res idua l  terms (wh ich indicates precipitat ion) .  

In itia l  mesosca le analyses have been com pleted for each day on which 
s ignificant ( ra da r  echoes) convective act ivity occurred dur ing the field pro
gra ms of 1 976, 1 977 a nd 1 978. However, there rema ins much ana lysis to 
be done. For exa mple, mesoscale models for various cl assif ications of 
convective activity have not been deve loped, a nd interactions between 
mesosca le processes, precipitat ion, a nd cloud physics have n ot been 
addressed in  a su itable ma nner. D u r ing the five years covered by th is 
sum mary report, the pr imary emphasis was placed on f ie ld programs, 
rather than a na lysis of data . Wh i le  achievements were made with in the 
constra i nts of resources and eq uipment, m uch rema ins to be done in  the 
ana lysis a rea.  Relat ionships between m esosca le processes a nd ra infa l l ,  as 
wel l  as many other topics, wi l l  be addressed when funds and t ime perm it. 

Comments: I t  is i mportant to assess the va l ue of experi mentat ion atthe 
mesosca le to the overa l l  H I PLEX effort for Texas. Whi le s ignificant steps 
m ust be taken to acq u i re a knowledge of cloud microphysics, the impor
tance of mesosca le convective interactions a nd thei r  relationsh i p  to the 
near-cloud environment m ust be comprehended prior to develop ing a 
soph ist icated and effective precip itat ion-augmentation seeding hypothe
sis. Fu rthermore, these studies have shown the necessity of acqu i ri ng 
atmospheric data on a sca le much sma l ler  tha n that commonly ava i lable for 
determin ing specific patterns of tempe rature a nd moisture with sufficient 
accuracy and deta i l  to test a working microphysica l or dynamic seed ing 
hypothesis. 
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3.4 M icroscale 

3 .4 . 1  Radar Structure 

An examinati.on of the interna l structure of convective clouds wh ich form in  
the Texas HIPLEX region was made by  Haragan et a/. ( 1 980) i n  the  report, entitled 
Determination of Cloud andPrecipitation Characteristics From Satellite, Radar and 
Raingage Analysis. The particu lar  system selected for the case study was a non
squa l l  mesosca le convective system associated with a cold  front. This system was 
l ess i ntense a nd less organized than a squa l l- l ine  system, and was more represen
tative of systems that produce the major summer precipitation events in this 
semi-ar id reg ion of Texas. 

A mesosca le precip itating a nv i l  c loud located with in  the Texas HIPLEX a rea 
was selected for the case study. This system existed in the HIP LEX reg ion for about 
e ight hou rs dur ing the afternoon on J u ly 8,  1 977.  The convective system was 
situated beh i nd a southeastward-movi ng cold front. The wi nd field at the surface 
was southeasterly a head of the front, a nd northeasterly beh ind the front. A south
westerly wi nd field prevai l ed in  the upper-a i r  behind the convective system. 

The c loud structure of the selected precip itating anvil is i l l ustrated in F igure 
3 .24. This represents a side view of the anvi l's i nterna l  structure wh ich is con
toured by varying degrees of radar echo i ntensities (25, 30, 35 dBz) of precipitation 
c loud particles. The orientation of the extended anvi l  top is towards the north. 

The f igure i l l ustrates low-level precipitation observed by radar at 1 604 COT 
( 2 1  04 G MT), about m idway through the system 's l ife cycle. The anvi l  of precipita 
t ion part icles a loft extends to the rear of the precip itation feature located at ground 
level .  A h orizonta l brig ht band of h igh reflectivity (35 dBz) is l ocated below the 0°C 
isotherm (at 3 .7  km [ 1 2, 1 00 ft], above the 1 6-mi le marker). The thermodynamic 
structure of the a nv i l  cloud, suggested by atmospheric analysis charts, i ndicated 
m esosca le subsidence below 600 mb with a d ivergent wind field at the surface, 
convergence at the 700 mb level ,  and divergence near 250 mb. These thermody
namic characteristics a re i n  agreement with Scoggins et a/., 1 978 a nd 1 979. 

These cloud scale  dynamic features are s imi lar  to those reported by Houze 
( 1 977) and Leary ( 1 979), imp ly ing that methods currently developed to compute 
vertica l tra nsports of mass a nd heat in tropica l cloud clusters us ing digitized radar 
data may be appl icable to intense convective systems which develop with in the 
Texas HI PLEX a rea . 

3 . 4 . 2  Cloud Physics 

Acqu i r ing an understanding of the natura l precipitation mechanism predomi
nant in  convective clouds over the southern H igh P la i ns is  an essentia l step prior to 
developing a nd testing any precipitatio n-augmentation hypotheses. Two micro
physica l studies of Texas H I PLEX convective clouds were performed to better 
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u nderstand the natura l precipitation processes a nd the effects cloud seed ing may 
have on these processes. 

O ne study was performed at Texas A&M U n iversity i n  1 979- 1 980. This study 
centered on data collected by two Texas H IPLEX research a i rcraft duri ng the 1 979 
Texas H I PLEX field season ( May 2 1  - J u ly 20).  Data perta in i ng to the thermody
na mic, k inematic, a nd microphysica l aspects of growing cumulus clouds were 
col lected on magnetic tape. Su bsequently, the raw data were processed using 
a ppropriate computer programs. Those processed data are the basis for the a na ly
sis performed by Long ( 1 980) in the report, entitled Preliminary Cloud Microphysics 
Studies for Texas HIPLEX 1979. 

The second study was performed by Takeuchi ( 1 980) of Meteorology Research, 
Inc. The ana lyses were pr imari ly concerned with data col lected dur ing the 1 978 
and 1 979 Texas H I PLEX field seasons. 

The a i rcraft and cloud physics data eq uipment used in both studies are 
described in  Section 2 .5 .  The reader should be aware of the c loud selection 
process. Whi l e  the in it ia l  selection of  the sa mple clouds was very subj ective, 
fo l lowing the in it ia l  pass made by the p-Navaho at the - 1  0°C level, a much more 
qua ntitative assessment of the clouds' character ist ics was made, based on ru les 
developed at the begin ning of th e field program to provide gu idel ines for cloud 
select ion.  A l i st of criteria that each sa mple cloud must meet is shown in  Table 
3. 1 3 . 

Table 3 . 1 3-Cioud Selection Criteria for 1 979 Texas H I PLEX M issions 

1 .  Cloud top no colder tha n about - 1 0°C. 

2. No precipitation s ize particles. 

3 .  Peak ice particle concentration no higher than 1 0  Q -1 a t  -1 0°C. 

4. Cloud l iqu id water content of at least 1 g m -J somewhere on the 
i n it ia l  pass. 

5 .  Updrafts o f  a t  least 2 .5 m s - 1  (500 ft m i n  -1 ) .  

S am pl ing  by the MRI a i rcraft consisted of cloud penetrations at the -5°C to -8°C 
levels, whi le  the District p-Nava ho a i rcraft made cloud penetrations at the - 1 0°C 
leve l .  Sampl i ng would conti nue throug hout most of the cloud's l ife cyc le or unt i l  
c loud cond itions beca me too severe. 

3 . 4. 2 . 1  The M icrophysical Process 

An excel lent review of the cloud microphysical processes, l i kely to 
occur in Texas H I PLEX convective clouds, was provided in Long ( 1 980) . 
Beca use of the qua l itative nature of the discussion a nd the fact that it may 
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be of va l ue to a nyone not fam i l iar  with cloud microphysical studies, it is  
repeated be low: 

"The microphysical processes a re la id  out i n  F igure 3.25.  The d ia
gram is si mi lar  to one developed by Braham and Squires ( 1 974); 
however, the present diagra m  differs in two respects. First, it 
i ncl udes recently acq ui red knowledge of cloud microphysical  pro
cesses. Seco nd, it focuses only on those processes l i ke ly to occur  i n  
the B i g  Spri ng, Texas, area in  the summertime. Represented in  
F igure 3 .25 are  the  Bergeron-F indeisen ( ice) process, the  warm-ra i n  
(coa lescence) process, a nd the more recently d iscovered process of 
ice mu lt ipl ication. The items in u pper case and/or under l i ned 
represent water substance in var ious forms, condensation nucle i ,  or 
ice nucle i .  The items in lower case are processes whereby water 
substance is cha nged from one form to a nother. For exa mple, if 
gra upe l melts it becomes cold ra in .  The arrows show the di rect ion of 
a tra nsformation or else show where particles of a g iven type come 
i nto a process. 

"The transformation of water substance to ra i n  by the ice process is 
represented on this d iagra m  by three different routes. Water vapor 
a nd condensat ion n uclei  with either a conti nenta l or mariti m e  pa rt i 
cle s ize spectrum enter a cloud through its base, and by n ucleation 
a nd condensati on are tra nsformed i nto a narrow or  a broad spec
trum of cloud droplets. As the droplets r ise u pward through the 
cloud they may eventua l ly reach temperatures cold enoug h for  a 
number of contact and/or i m m ersion ice n uclei to be act ivated. The 
nuclei lead to heterogeneous freezing of som e of  the droplets. The 
frozen dropl ets then i ncrease in  size by diffusi ona l growth from 
vapor. S i m u lta neously, other ice nuclei may a ct as deposit ion n ucle i  
which help ice crysta ls to develop di rectly from the vapor. These ice 
crysta ls wi l l  i ncrease in size by d iffusional growth from the vapor. 

"Regardless which of the th ree processes for producing ice part ic les 
is dominant, some particles develop in a cloud when the tempera
ture becomes cold enough for ice nuclei to be activated. Th is  may not 
happen at a temperature as cold as - 1  0°C, but often happens once 
the cloud top has reached a temperature of - 1 5°C, and a l most 
always happens by -20°C. O nce frozen droplets and/or ice crysta ls 
have diffusiona l ly g rown to sufficient sizes they may then col lect 
some of the orig ina l  cloud droplets by r iming .  R im ing  wi l l  eventua l ly 
lead to the development of gra upel . G ra u pel can grow further by 
r im ing .  Once gra u pel fal ls below the 0°C level it wi l l  melt a n d  
become ra in .  I t  is cal led "cold" ra i n  because i t  or ig inates through t h e  
ice phase. 

"The ice process was rather widely accepted for many years as the 
only mechan ism by which precip itation cou ld  be produced. The 
a lternative process of  coa lescence was be l ieved to be too s low to be 
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effective .  The calcu lation made of the rate at which coa lescence 
leads to precip itation were predicted, however, on a rather narrow 
cloud spectrum. The route to precip itation shown in the left s ide of 
F igu re 3.25 was assumed, and "warm" ra i n  was indeed un l i kely to 
occur .  

"It is now accepted that warm ra in  can, in  fact, occur .  The pr imary 
req u isite is that there be a broad spectru m of cloud droplets. This 
spectrum most commonly exists if the distr ibution of condensation 
n ucle i  is "mariti me", b ut a droplet spectrum with a fa i r  nu mber of 
large drop lets may a lso develop from a more "cont inenta l"  n ucleus 
spectrum if there is a h igh water-vapor concentration. It is to a l low 
for this latter poss ib i l ity that the words "more water vapor" a nd 
" less water va por" have been i ncluded near the top of F igure 3 .25 .  
Regard less how an in it ia l ly broad spectrum of  cloud droplets is 
produced, the important point is that from such a spectrum coales
cence by itself can produce rai n .  

"It is importa nt to note that i f  there is a broad cloud droplet spectrum 
the frozen droplets that develop from heterogeneous freezi ng wi l l  
tend to b e  larger th an if there i s  a narrow spectrum. Less diffusiona l 
growth wi l l  be requi red of these larger dropl ets before they can grow 
by r im ing .  The imp l ication is that the Bergeron-F indeisen or ice 
process may be acce lerated if  the cloud droplet spectrum is  broader 
a nd more mariti me in  c haracter. 

"In recent years it has become apparent th at some clouds, part icu
lar ly those with broader c loud spectra , conta i n  what are cal led 
secondary ice particles (see F igure 3 .25) .  These are cal led secondary 
particles because their  concentrat ions, of 1 Q _, or g reater at 
temperatures of -3°C to -S°C where they a re preva lent, a re about 
1 ,000 ti mes greater tha n th e average concentrat ion of ice n uclei  
act ive at these warm temperatures. The part icles apparently a re 
produced by some process other tha n pr imary ice n ucleation .  Con
siderable effort has been expended i n  def in ing the conditions u nder 
which secondary ice particles are produced. The evidence suggests 
the particles a re produced when droplets larger than 25 f..L m d iam
eter i n  concentrations greater than 1 0  em - 3  col l ide with gra u pel 
pa rticles a l ready present at temperatures of -3°C to -S°C. Although 
secondary part icles a re sma l l  i n itia l ly, th ey can grow diffusiona l ly 
from the vapor (see F igure 3 .25)  a nd then by r im i ng a nd lead to more 
graupe l  part icles. Some of the secondary particles may contact and  
cause to freeze some of those drops a l ready present in the  cloud of 
sizes large enough immed iately to become ri mers. Calcu lations 
have shown this latter process of graupel  reproduction is faster than 
the process i nvolvi ng diffusiona l g rowth of the secondary particles. 
In either case there is a positive feedback process whereby gra u pel  
a re rapidly reproduced or "mu ltip l ied" i n  a c loud.  Ice mu ltip l ication 
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may accelerate the development of significa nt concentrations of 
gra upel, a nd it may accel erate the production of ra i n . 

"As stated, a mi n imum concentration of droplets larger than 25 J.L m  
m ust be present for ice m u lt ip l ication to occur. Such a concentration 
wi l l  more l ikely exist if there is a broad cloud droplet spectrum .  It is 
for this · reason that the possibi l ity of secondary ice particles is 
i ncluded only in the r ight side of F igure 3 .25.  

"The fi rst task of the c loud m icrophysics studies is to establ ish 
which of the severa l precip itation processes shown in F igure 3.25 
a nd just described operated in convective clouds in  the Texas 
H I PLEX study reg ion.  Is the ice process necessary for precipitation in  
s ig nificant amounts, or wi l l  the  warm ra i n  process suffice? I f  the  ice 
process turns o ut to be necessary, are broad spectra of frozen 
droplets, developed in part by coa lescence, often present to acceler
ate the ice process? Does ice m u lt ip l icat ion occur freq uently, a nd 
what is its effect on the production of ra i n? 

"Any study of preci pitat ion processes that is based on field work, 
fu ndamenta l ly, is a study of the end products of the precipitation 
processes, namely, the cloud and precipitation particles themselves. 
From knowledge gai ned about the particles, inferences about the 
processes are drawn. Precipitat ion processes act to increase the 
overa l l  s ize of condensed partic les of water substance a nd the 
nu mber of such partic les. The precipitation processes may i nvolve 
either l iqu id  or sol id  part icles, a nd the sol id particles may h ave a 
structure (e.g ., shape i n  the case of ice crysta ls and  density in the 
case of graupel)  that is i mporta nt for the rate at wh ich precip itation 
is produced. It was the intention of the TAM U  cloud m icrophysics 
studies to examine the size, nu mber (or concentration), phase, and 
structure of  condensed particles within a cloud. 

"Cloud microphysics studies have two basic l im itations, even 
though these stud ies can provide information on dominant precipi
tation mecha n isms a nd can lead to precip itat ion augmentation 
hypotheses that are capable of bei ng tested. Fi rst, cloud microphys
ics studies a re based on a l i mited sa mple of data. ldea l ly, the studies 
should be based on data on every part icle in  the cloud, a nd data 
should be ava i lable at a l l  t imes. This ideal data sa mpl e is not ava i l 
ab le  in  practice and probably never wi l l  be. I nstead, particle i nforma
t ion is ava i lable only a long a few f i lamentary paths through the 
cloud, usua l ly spaced severa l mi nutes apart in t ime a nd usua l ly not 
successively placed in the same part of the cloud. Data are a lso 
l im ited on particle structure, a nd the 3-dimensional aspects of part i 
cle shape are a lso of l i m ited q ua l ity. 

"A second basic l im itation of cloud microphysics studies is the lack 
of emphasis they usua l ly place on the dynamic environment with in  
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the cloud i n  which the microphysics data are col lected. ( Information 
on the larg er, mesoscale environment has been a nd is being col 
lected in Texas H I PLEX and has  important uses. )  I nformation on the 
motions withi n  a cloud is  needed to establ ish,  a mong other th ings, 
the dyna mic support the cloud g ives to particles wh i l e they grow and 
the  expected l i fet ime of the  cloud as  turbu lent ent ity. I nformation on 
motions cou ld a id in determin ing whether those natural m icrophys i 
ca l  processes, wh ich may have been esta bl ished to be the on ly  ones 
of potenti al  i mporta nce for preci pitation, in  fact, proceed at a rate 
fast enough for precipitation l ikely to occur. 

"Despite the two basic l imitat ions of cloud microphysics studies just 
discussed, these st udies ca n st i l l provide m uch of the fu ndamental 
information needed on dominant precip itat ion processes. 

"Cloud microphysics (particle) data are more useful for deduci ng 
precipitation processes if they are col lected at certa i n  times dur ing 
the l ife of a cloud and at certa in  positions with in  a cloud. Genera l 
data col lect ion gu idel i nes have been establ ished for Texas H I PLEX 
as fol lows. Data should be col lected early in the l ife of a cloud, when 
only dropl ets are present a nd before precipitat ion has begun to form, 
a nd data should be col lected as particles pass throug h the transient 
stage between cloud dropl et sizes (dia meter in  1 O's of micrometers) 
a nd precipitation sizes (d iameter in 1 ,OOO's of micrometers); a nd 
f ina l ly data shou ld  be col lected when preci ptation has developed. 
Data should be col lected a loft with in  a cloud, at levels colder tha n 
0°C but warmer tha n about - 1 5°C. In  the Texas H I PLEX those clouds 
are of marg ina l  interest wh ich never r ise above the 0°C leve l .  The 
types of  data to be collected at  each stage i n  the l ife of the c loud are 
now described in  more deta i l .  Exa mples are given of the deductions 
to be made from the data . 

"Data collected early i n  the l ifet ime of a cloud, before preci pitation 
has begun to form, include the l iq u id water content and concentra 
t ion of cloud droplets, and the distr ibution (spectrum)  of droplet 
d iameters. The cloud droplet s ize d istribution is usefu l  in assess ing 
the i mportance of  the warm ra in (coalescence) process in  a part icu
lar  c loud i n  1 )  p roducing droplets which may eventua l ly act as 
precip itation embryos, in 2 )  accelerat ing the ice process, as 
described ea r l ier, and in 3)  provid ing the droplets necessary for the 
ice mult ip l icat ion process. I t  i s  noted that th e rate at which la rge 
droplets a re bei ng produced by the coa lescence process is better 
est imated if droplet size d istri butions are ava i l able both from a loft 
with i n  a cloud and from cloud base. A parameter a lso of importance 
ear ly i n  the l ifeti me of the cloud is the amou nt of spat ia l distribution 
of l iqu id  water in cloud droplets. C loud l iq u id water content is espe
c ia l ly i mportant from an operat iona l poi nt of view beca use it serves 
as the sou rce of condensed water from which precipitat ion u lt i -
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mate ly has to form .  An operationa l decision to study a cloud further 
wi l l  be based in  part on the l iq u id water in cloud droplets ."  

The primary objective of both studies was to better understa nd the 
i mporta nt precip itation mechanism of the Texas H IPLEX convective clouds. 
The precipitat ion mechanisms i nvestigated i ncluded the warm ra in  or coa
l escence process, the ice phase process, ice m u ltipl ication, and recyc l ing of 
l arge precipitation-size particles. 

By studying the end products of precipitation processes-which are the 
precipitation particles themselves-an understanding of other processes 
that produced the part icles may be rea l ized.  The i ntention of both studies 
was to study the precipitation particles by exa m i n i ng the size, concentra
tion, phase, and struct ure of condensed particles with in the sampled 
clouds. 

These analyses m ust only be considered as prel im inary, due to the 
l i mited number of cloud samples and the l im ited t ime and manpower 
ava i lable for ana lyses. Other l im itations include the relatively sma l l  sam 
p l i ng cross section  when compared to the s ize of cloud. The assumption 
which m ust be made is that the m icrophysica l processes measured i n  the 
sampl i ng cross section a re representative of the microphysical processes 
throughout the cloud . A second l im itation of these studies is that they do not 
i nc l ude the effects of the mesosca le processes outside the cloud. However, 
in spite of th e l im itat ions imposed on these studies, the findings are of va lue  
in  help ing to establ ish the  Texas H IPLEX seed ing hypoth esis. 

3 . 4 . 2 . 2  Results 

I n  the Long ( 1 980) study, the find ings were based on clouds examined 
d u ri ng the 1 979 field S..)ason . The sampled clouds were either isolated 
growi ng clouds or convective c lusters. Table 3. 1 4 1 ists the clouds sampled. 
Aircraft sampling penetrations general ly occu rred nea r  -5°C through most 
of the cloud's l ife cycle .  

Table 3 . 1 5 summarizes the clouds sa mpled by tabulat ing the answers 
to two q uestions: D id ice deve lop in the sampled cloud? D id precipitation 
develop in  the sampled cloud? Texas H IPLEX M ission 6 sampled three 
clouds, and each of the other missions sampled one cloud. 

Pre l im inary, a lbeit qua l itative, resu lts from the Long study address the 
q uestion of the necessity for ice development in the West Texas convective 
precipitation process, and the importa nce of ice mu lt ip l ication in these 
types of clouds. Br iefly, resu lts suggest that the ice process is associated 
with sig nificant amounts of precip itation, a lthough precipitation is i nd i 
cated to resu lt from the warm ra in (coa lescence) process as wel l .  S ig n if i
cant a mounts of water, in  quantities severa l orders of magnitude greater 
than water produced by the warm ra i n  process, a re indicated to have 
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precip itated from clouds which underwent the ice process. Furthermore, 
clouds u ndergoi ng the ice process were both of longer duration and  la rger 
spatia l  extent tha n wa rm ra in  process clouds. These resu lts support the 
findi ngs of Smith et  ;;J!. ( 1 974) on convective clouds in  the San Angelo, 
Texas, a rea. 

Table 3 . 1 4-Types of Clouds Selected in 1 979 H I PLEX M issions 

HIPLEX 

2 

3 

4 

5 

6 

7 

8 

9 

Date 

4 J u ne ( 1  )* 

4 June (2) 

25 J une 

3 July ( 1 )  

3 Ju ly (2) 

5 Ju ly ( 1 )  

5 July (2) 

8 July 

1 5  J u ly 

Type of cloud treated 

Growing turret, associated with a convective complex 

Isolated growing cumulus congestus 

Turret growing from altocumulus 

O ne turret i n  a cl uster of short-l ived turrets 

Isolated growing cumulus congestus 

Growing turret, associated with a convective complex 

Turret growing from altocumulus 

Growing turret, associated with a convective complex 

Isolated growing cumulus congestus 

* Parenthetical number denotes whether the mission is the first ( 1 ) or second (2) on this date. 

Takeuch i  ( 1 980) a na lyzed cloud microphysics data, col l ected dur ing the 
1 978 a nd 1 979 Texas H I PLEX f ie ld seasons. One of the objectives of the 
analysis effort was to determine the domi na nt precipitation mecha n isms of 
growi ng isolated convective cel ls or tu rrets of convective clusters. The 
procedure to accompl ish this objective was to ana lyze t ime h istory p lots of 
vertica l velocity, l iquid water content, ice particle concentrations, reflectiv
ity va l ues a nd turbulence record ings. These data were measured from n ine 
clouds dur i ng the 1 978 field season, and from three clouds d ur ing the 1 979 
season. Plots of the clouds' particle mass density (Qo) versus the c lo ud 
part ic le d iameters, rang ing from about 3 p. m  to 4500 p. m  a nd measured 
withi n  the clouds updraft regions, were p lotted as a function of t i me and  
were a lso studied. Th is  spectrum is  referred to  by  Takeuchi ( 1 980) as the 
G -fu nction. 

The G-fu nction identifies the d iameter ranges of the cloud part ic les 
which account for the greatest portion of a cloud's r ising particle mass 
relative to the tota l mass of the cloud. Two a dd it ional and opposite ly skewed 
axes relative to the Oo axis are i ncluded to provide size distri bution i nforma
t ion related to number d ensity ( No)  and to radar reflectivity factor (Zo). The 
ana lyses revealed a b i -moda l d istr ibution (F igure 3 .26 for t= 0) of the r is ing 
particles i n  the u pdraft reg ions. This signature is character istic of the 
coa lescence process and  i mpl ies that the warm rai ri process in itiates pre-
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Table 3 . 1 5-Development of and Total Precipitation for Clouds Sampled and Treated in 1979 
H I PLEX Missions 

HIPLEX Total 
mission precipitation 
number Date Did ice develop? Did precipitation develop 7 _(kton) 

4 J une ( 1 ) No Yes 0.7 

2 4 J une (2) No, small amount was present No, not in time of observa- 0 
initially but decreased tions 

3 25 June N/A* N/A* N/A* 

4 3 July ( 1 )  n Yes 0.8 

5 3 July (2) Yes Yes, and increased with t ime 21 0 

6 5 J uly ( 1 )  N/A* N/A* N/A* 

7 5 J uly (2) Yes, but ice was present in itially Yes, and increased with time 1 , 1 00 

8 8 J uly ( 1 ) Yes, and ice also increased in Yes, but precipitation was 3,000 
spatial extent, but ice was present initially 
present initially 

9 1 5  July No Yes 25 

* On ly P-Navaho data collected; data not available for analysis. 
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cipitation in  Texas H IPLEX convective clo uds, at least dur ing the ear l ier 
stages of cloud development. These characteristics were a lso evident in the 
San Angelo, Texas, sum mertime convective clouds (Smith et a/. ,  1 974). 

Concerning the ice processes, the ice m ulti pl ication process was evi
denced i n  regions observed to have extensive ice phase precip itation devel 
opment in  the form of gra u pel .  The observed graupel  was bel ieved to be the 
res ult of freezing ra i n  drops a nd n ot a resu lt of  the Bergeron process, 
suggest ing that the ice mult ip l icat ion process may be active. Also, super
cooled cloud droplets were observed with diameters greater than 24 J.l m, 
and in conce ntrations of about 1 0 em -3 , again s uggestive of the Mossop 
( 1 978) i ce mu lt ipl ication process. The ice-phase process appeared to domi
nate most clouds dur ing the matu re a nd late cloud stages. Ice particle 
concentrations were reported to be between 1 0  to 1 OOQ -1 • Major precipita
t ion development appeared to be associated with grau pel formation dur ing 
the mid and later stages of the clouds' l i fe cycle.  

Recycl i ng of up to 50 percent of the total number density of the precipi
tati on s ize partic les (so l id  and/or l iq u id) was observed in the u pdrafts of the 
larger clouds, rendering them more efficient in produci ng ra infa l l .  Often in 
the larger clo uds the G -function was tri -modal (F igure 3.27), indicat ing the 
presence of larg e  ris i ng particles ( 1  to 3 mm) which increases the productiv
ity of the coa lescence process. 

Takeuchi  concludes that: 

"D ue pri mar i ly to the relatively efficient precip itation growth pro
cess of the larger clouds, i t  is  i mpl ied that u n less seed i ng can resu lt 
i n  sig nificant dynamic effects, a greater potentia l  for ice-phase 
seeding l ies in the treatment of the smal ler  clouds at a t ime prior to 
major precip itation development. Also, ice-phase seeding to in it iate 
early preci pitation development a ppears less favorable than in the 
M iles C ity clouds due to the presence of the active coa lescence 
process d ur ing the early stages of cloud devel opment. Hence, ice
phase seeding to cause dynam ic changes to the sma l ler clouds is 
a lso i nferred. 

"Table 3 . 1 6  presents some average properties of the updraft ( > 2 m 
s -1 ) regions observed at about the -5 to -8°C cloud levels of the data 
set for use in eva l uati ng seed ing potentia l .  Aside from the u pdraft 
properties observed dur ing the in itia l  cloud penetrations, the table 
presents estimates of the du ration of the seed ing window as deter
m i ned by the shorter of the t ime per iods to either cloud dissipation 
( LWC< 0.2 g m -3) or cloud glaciation ( IPC >1 0 Q -1 ). Based on the 
adeq uate ( rv 1 g m -3) LWC a nd the low ( < rv 1 Q  -1 ) I PC found dur ing 
the ea rly stages of cloud development a nd o n  the sufficient times 
shown for subsequent precip itation deve lopme nt, it is  i nd icated that 
the ice-phase growth process can be sign ificantly a ltered by seed-
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i ng. It is a lso noted that due to the relatively short seed ing wi ndow, 
on-top seedi ng, as opposed to cloud-base seeding, is ind icated to 
perhaps lead to more definitive results. " 

Table 3 . 1 6-First Pass Cloud Statistics in  U pdrafts - 1 2  Clouds, Texas 

Updraft distance 

Fraction of cloud 

Updraft velocity 

Liquid water content 

Ice particle concentration 

Embryo concentration 

Big droplet (d�24 J.Lm) concentration 

Seeding window 

Mean 

2.0 km (6,560 ft) 
0.48 

6.0 m s  -1 ( 1 9 . 7 ft s -1 ) 
1 . 1 g m -3 

0.7 Q - 1 
5.0 Q - !  

1 4  e m  -3 

1 3  m i n  

3.4.3 A Massive-Seeded Case Study 

Standard deviation 

0. 7 km (2,296 ft) 
0.22 

3.0 m s -1  (9.9 ft s •1) 
0.3 g m -3 

1 .3 r 1 
4.8 Q - I  

1 4  e m  -3 

6 m i n  

Humbert et a/. , 1 979, reports that on J u ly 3, 1 978, a Texas H IPLEX isolated 
growi ng cumu lus was seeded at the - 1  0°C level with 960 g of si lver iod ide. Seeding 
was performed by injecti ng 30 g flares into the cloud top at a rate of 1 f lare per 
second (R igg io a nd Alexa nder, 1 978). 

Time-height radar data showed mu lt ip le surges of maximum reflectivity and 
echo-top heights. These m u lt ip le surges could ind icate that the cloud was going 
through cycles of precip itation development consistent with the Byers and Bra ham 
( 1 949) m u lt icel led thu nderstorm model .  

The coalescence process in itiated the precip itation development, and the ice 
process was j ust beg inni ng to domi nate when th e cloud was seeded. Large drop
lets (d > 750 J.Lm) were present at the seeding level, a nd l iqu id  water was relatively 
larg e, reaching a maximum va l ue of 2 g m -J . The cloud was seeded shortly after 
the second surge. It was noted that the th i rd surge and the most intense surge 
recorded had a secondary surge associated with it. The t im ing of the secondary 
surge coi ncided with the a rriva l of seeded a i r  parcels at cloud top. The secondary 
surge, which was observed in the upper portion of the cloud after seeding, is  
consistent with a dynamic seeding effect. The study concludes that hygroscopic 
seed ing of the cloud would  have been ineffective due to the 1 to 1 0 per l iter 
concentrations of natura l recycled large droplets. However, the presence of large 
n umbers of supercooled droplets, a long with the lack of ice in the updrafts, sug
gests ice-phase seeding as having the greatest potent ia l  to effect the precip itation 
process. 
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After the cloud was seeded, a sh ift i n  the mass mode of the precipitation 
spectrum to smal ler sizes was observed. It ca n be a rg ued that these types of resu Its 
a re nonbenefic ia l  to the precipitation process because it wou ld reduce the effects 
of the coa lescence process. Conversely, such resu lts may be beneficia l  by i ncreas
ing cloud efficiency. Houghton ( 1 968) hypothesized that natura l scaveng ing of 
c loud drops by precip itation particles is i ncomplete in  convective clouds. Therefore, 
precipitation may be increased by introducing additiona l precipitation particles 
early in  the cloud's l ifet ime to i ncrease the effectiveness of the scaveng i ng process. 

3.5 Forecast Development 

I n  support of the Texas HI PLEX field program, atmospheric a nd cloud pa ra meters were 
meas ured at i nterva ls dur ing each operationa l day of the field season by a network of 
surface weather stations, rawinsonde un its, c loud physics a ircraft, radar, a nd sate l l ite. 
Fund ing shortages l im ited the number of days on which operations were fu l ly  i mple
mented. Therefore, d ur ing the late morn ing of each day of the summer f ield studies, the 
Project D irector declared the day either operational or nonoperationa l .  This  decision was 
based on weather forecasts issued from early morn ing data . Associated with an i ncorrect 
decision was a cost factor, resu lt ing either from gea ri ng up operations when no potent ia l ly 
shower-produci ng clouds developed or from a fa i lu re to operate when such clouds d id 
develop, thereby extending the duration of the f ie ld studies. S ince N ational Weather 
Service (NWS) forecast prod ucts were not desig ned for use in  fi ne-sca le research pro
grams, local ized forecast procedu res were deve loped to a id the Project D irector in  making 
the decision a bout operat iona l status.  

3.5 . 1  Forecast Decision Tree 

After the two field programs of 1 976 and 1 977, it was determi ned that the 
implementation of a log ica l, stepwise, objective forecast m ethodology was 
requi red to assess as precisely as possible the an iticipated meteorologica l  condi 
t ions for each day dur ing the f ie ld  season in support of  operat ions. I n  response to 
th is need, data derived from each day of the 1 976 a nd 1 977 field seasons were 
compi led and ana lyzed statistical ly to devise the Texas H I PLEX Forecast Decision 
Tree (FDT).  The FDT is described by Alexander a nd R iggio ( 1 978) in  the report, 
entitled A Texas HIPLEX Forecast Decision Tree. 

The F DT is des igned to prestratify each forecast day into a c lassification system 
ca l led the Convective I n dex (CI) .  The Cl is a modified version of the Hartze l l  S i ngle 
Stratification Sca le (Hartze l l ,  1 977), a nd consists of n ine categories of convective 
activity ranging from " 1 " for clear or c irrus clouds, to "9" for wide-spread precipita
tion with embedded cum ulonimbus. The C l  is shown in Table 3 . 1 7.  Radar data and 
surface weather observati ons from the 1 976 a nd 1 977 field seasons were used to 
arr ive at a post-stratified Cl for each day during  those seasons. Various meteoro-
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log ical  paratmeters from each of the forecast days were then cross-corre lated with 
the post-stratif ied Cl to determ i ne predictor var iables. 

A f irst-generation FDT was developed which featured the presence of a recog
n izable synoptic or sub-synoptic forcing mechan ism (such as a front, troug h, 
dryl ine or upper a i r  d isturbance) as the principal and dominant determ inant of 
convectively active and nonactive days. Secondari ly, a i r-mass temperature/mois
ture a na lysis was used to determ i ne relative precipitation intensity on forc ing days, 
and the l i kel ihood of deep convection on nonforcing d ays. 

3 . 5 . 1 . 1 Initial Stratification and Findings 

The FTD study reveal ed that in  most cases the presence of a forcing 
function is req ui red for convective activity. 

The temperature/moisture analysis was based on upper a i r  data 
extracted from the m orni ng ( 1 200 GMT) M idland National Weather Service 
sound ing .  Th e temperature va lue (NAr) is a measure of the relative warmth 
of the a i rmass from near the surface through 500 mb, as compared to the 
mean 1 976- 1 977 field season va lues for M idland. The moisture (NPW) value 
is a measure of the cumu lative precipitable water from near the surface 
through 500 mb. Both va l ues were normal ized a nd made dimensionless for 
ease of interpretation. 

Table 3 . 1 7-Ciass Definitions of the Convective Index* 

Class no. Definition 

Clear or cirrus a nd nonprecipitating mid-level a ltocumulus or 
a ltostratus 

2 Mid-level clouds with vi rga or RW-; no low-level clouds 

3 Nonprecipitating, low-level convective clouds ( i .e. ,  stratocumulus to 
small  congestus) 

4 Towering cumulus with virga, but no ra i n  reach i ng ground 

5 Towering cumulus with l ight rainshowers which developed with in  the 
operational area either randomly or in l ines; no cumulonimbus 
observed 

6 Simi lar to 5, with cumulonimbus a nd thunderstorms which developed 
with i n  operational area i n  addition to towering cumulus 

7 Mesoscale cumulon i mbus system which developed W-SW of opera
tion area due to upslope a nd/or dry l i ne-sfc trough, a nd moved across 
operational area as l i ne of thunderstorms or rainshowers 

* Modified for West Texas HIPLEX Operational Area from Hartzel l ,  1 977. 
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Table 3 . 1 7-Ciass Definitions of the Convective Index-Continu ed 

Class no.  

8 

9 

Defin ition 

Mesoscale cumulon imbus system developed along synoptic feature 
( i .e., front or short wave aloft), and moved across operational area as 
l ine of thunderstorms or rainshowers 

Widespread precipitation from overcast n i mbostratus with embedded 
cumuloni mbus 

A gr id was then esta bl ished, us ing these data . The gr id featured 
temperature as the ord i nate and moisture as the abscissa . The results for 
each forecast day were p lotted as poi nts on the grid, annotated by that d ay's 
post-stratif ied C l .  

The temperature/moisture grid  scheme was give n  i n  quadra nts, each 
quadrant descri bing a defi n ite type of a irmass. The grid is shown in Fig ure 
3.28. The 1 976- 1 977 statist ics for nonforcing days i ndicated that Quad
rants I and IV corresponded to convective activity, whi le Quadrants I I  and I l l  
corresponded to convectively inactive days. However, of the 77 convective ly 
active days with forc ing,  46 fel l i nto Quadrants I a nd IV, while 31 were i n  
Quadra nts I I  a nd I l l .  Those convectively active forcing days which fel l  i nto 
Quadra nts I and IV, produced heavier precipitation than did the Quadrants I I  
and I l l  cases. Th is  means that, wh i le  the  effect of forc ing a lmost excl usively 
outweighed the sign ificance of the temperature-moisture relationship,  on 
nonforci ng days temperature- moisture relationsh ip  ident ified convectively 
active days q uite we l l .  

A nu mber of  additiona l varia bles were exa mined for p ossi b le use as 
predictors to del i neate further i ndividua l  va lues of the Cl . Among those 
which proved to be of val ue were the 1 2-hour forecasted vorticity advection, 
the presence of a capp ing temperature i nversion, a nd the presence of 
southeasterly wi ndflow from the surface through 500 mb. The classifica
tion of individ ual  days based on these characteristics resulted in  further 
stratifying each day beyond e ither convectively active or inactive; hence, 
the further refi n ing of the C l .  

Some predictors were incl uded i n  the FDT as defin itions of individua l  
C l 's necessitated . For  example,  the  class 7 cum u lon imbus mesosystem 
commonly arises d ue to a steep 850 to 500 mb temperature lapse rate, 
coupled with the presence of a dryl ine or surface trough,  a nd converg.ent 
low-level flow from the southeast i nto the operational area. Whe n  these 
criteria a re met, the class-7 act ivity is q u ite l i kely. Thus, this was abbre-
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viated as "conditions right for cumuloni mbus mesosystem,"  rather than to 
l ist each of the st ipu lat ions. S imi larly, the class 9 conditions were 
a bbrev iated. 

F inal ly, other constrai nts were added to del ineate convective activity 
du r ing nonforcing situations. A class-2 day is defi ned as occurri ng  when 
the m i ni m u m  clo ud base is greater tha n 3 .7 km ( 1 2,000 feet) above ground 
level (AG L). I f  the morn i ng soundi ng i ndicated that the c loud base wou ld be 
in excess of 3 . 7  km ( 1 2,000 feet) AG L, a nd a l l  other criteria were met, a 
c lass-2 day would res ult. Also, beca use subside nce (downward motion)  i n  
the u pper a i r  i nh ibits deep convection, its presence was i ncl uded as a 
del i neator between showers (CI of 5) and fa i r-weather cu m ul us ( CI of 3) .  

3.5 . 1 . 2 Refinement 

The fi rst ge nerat ion FDT was used i n  1 978 with considerable success, 
but it was known that fu rther improvement was needed. First, the term 
"subside nce" had to be  q ua ntified. Secondly, i t  was necessary to qua ntify 
any c hanges i n  the upper-a i r  profi le duri ng the convective period because it 
wou ld  i ndicate if the ai rmass cou ld conti nue to support afternoon 
convection.  

If  the sou ndi ng indicated that a pa rcel could be l ifted to 500 mb a nd 
rema i n  positively buoya nt throughout its assent, it could be assumed that 
there existed much potential for deep convection. However, it was deduced 
that if, based on the 1 2-ho ur, 500-mb tem perature forecast, the effect of 
subs idence would induce suffic ie nt warm i ng a loft to render the a i rmass 
negatively buoyant, very l itt le deep convecti on would occur. Th is was quan
tified by addi ng the 1 2- hour temperature c hanges at  500 mb ( .:l T5oo mb) to 
the Lifted I ndex (LI), and sett ing this sum equal  to zero, or .:l T5oomb ( 1 2  h ) +  Ll 
= 0, where Ll is the 1 00 mb l ifted i ndex. For example, if the change in the 
500-m b  temperature ( �T) was +3 °C from 0700 to 1 900 CDT ( 1 200 to 0000 
G MT), and th e 0700 COT ( 1 200 G MT) L1 was -2 .5, then +3 + (-2 . 5) = + 0.5, 
and the a i rmass was stab le and therefore negatively buoya nt, the convec
tion wou ld be repressed. S im i la r ly, if .:lT = -2 ,  a nd the Ll = +1 .5 ,  then 2+ 
1 .5 = -0.5, and the a i rmass is unstable a nd therefore positively buoya nt, the 
convection wou ld be enhanced. 

· Pr ior to the 1 979 Texas HI PLEX fie ld program,  the FDT was str uctured 
as a com puter progra m. Th is program performed wel l ,  and provided a 
permanent record of a l l  input and output, as wel l  as  a prestrat ificat ion of t he 
forecast period and a written descri ptio n of the anticipated weath er. 

3.5 . 1 . 3 Performance 

Since its deve lopment prior to the 1 978 Texas H I PLEX field prog ram,  
the FDT served as an i mportant part of  the forecast i ng effort. Forecast 
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performance, shown in  Table 3 . 1 8, steadily improved through the 1 978-
1 980 period, as refi nements were incorporated i nto th e FDT program.  

Tab,le 3 . 1 8-Texas H I PLEX Forecast Decision Tree Performance, 1 978 - 1 980 

A. Forecasting Convective Activity B. Prestratification Accuracy 

Mo./year No. tests. Hit M iss % % for yr. Hit M iss % for yr. 

( 1 978) 

May 1 4  1 1  3 78.6 

June 30 25 5 83 .3 

J uly 3 1  28 3 90.3 85.3 49* 24 67.1  

( 1 979) 

May 1 1  1 1  . 0 1 00.0 

J une 27 24 3 88.9 

J uly 2 1  1 8  3 85.7 89.8 41 1 8  69.5 

( 1 980) 

May 1 3  9 4 6 .0 

J u ne 28 28 0 1 00.0 

July 25 24 96.0 92.4 45 21 68.2 

*Two of the 75 forecast days in 1 978 were not prestratified duEl to computer fa i lure. 

The FDT performed part icularly wel l  th ro ughout each season in fore
cast ing the occurrence of convective activity without regard to i nd ividual  
C l 's.  Forecasti ng support for the 1 978 Texas HI  PLEX Program began on May 
1 5, a nd terminated J u ly 3 1 .  Statistica l ly, the performance of the FDT 
exh ib ited a gradua l  month-by-month i mprovement in  forecast ing the 
occurrence of convective activity, verifying 78.6 perce nt for M ay, improvi ng 
to 83.3 percent in J une, a nd 90.3 percent in J uly. The improved forecasts 
were attr i buted to fa mi l iar izat ion with the FDT and ref inements which were 
i m plemented d ur ing early J u ne, as wel l  as to more persistent nonopera
tional  days in J uly than in  May. 

The 1 979 field season marked the first routine use of the computerized 
F DT as a sta ndard forecast ing tool for the Texas H I PLEX Program. During 
the 1 979 season ( May 2 1  through J u ly 20), a total of 59 forecasts were 
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made for HI PLEX purposes, using the FDT model to prestrat ify each day by 
C l .  Of the 59 forecasts issued, 53 were verified as correct, and 6 were 
i ncorrect (89 .8  percent correct) in forecasti ng the occurrence of convective 
activity. 

Dur ing the 1 980 field season, the FDT was used as an i ntegra l compo
nent of the forecasti ng methodol ogy to prestratify and genera l ly organ ize 
the forecast ing effort at the Big Spr ing Meteorol og ica l  Fac i l ity. Results of 
the forecasting procedure were q u ite promisi ng with a verificat ion percent
age of 92.4. 

Whi le  the gradual  i mprovement in forecast ing the occurrence of con
vection may be pract ica lly attri buted to ref inements in the FDT, it is  i mpor
tant to u nderstand that the FDT is  not com pl etely objective; it is, i n  fact, a 
hig hly subject ive tool i n  its most cr it ica l area-forc ing .  More than one of the · 
bra nch poi nts rely on the subjective expertise of the forecaster, rather tha n  
o n  the i mp lementat ion of an objective nu merica l  weather prediction.  

Wh i le  the term "subsidence" has been made objective, assessment of 
the forci ng variable re l ies on the forecaster's ab i l ity to recognize the pres.
ence and determine the movement of some type of forcing mechanism.  
M uch of the gradual  i mprovement in  the forecasti ng is therefore attr i buta 
ble to the experience ga i ned by t h e  forecaster. 

The pri ncipal purpose of t he FDT was to prestratify each forecast period 
by C l  in order to fi ne-tune the operat ional  forecast. A measure of accuracy 
of the FDT dur ing the 1 978 throug h 1 980 field seasons to forecast the 
i nd iv idual  Cl 's was calcu lated. Dur ing the 1 978 f ie ld season, 67. 1 percent 
of a l l  prestratifications were correct. The 1 979 season was marked by a n· 
im provement to 69.5 percent, a nd the FDT prestratifi ed 1 980, forecasted 
correct ly on 68. 2 percent of the occasions. 

3.5 . 1 . 4 Conclusions 

It has been shown that the FDT was a va l uable too l in provid ing  a 
ge nera l  operational forecast for th e Texas H IPLEX Program . However, 
fu rther work is req u i red to produce a total ly objective method of forecasti ng 
the ant ic ipated convective types on a day-to-day basis.  G iven the large tim e  
and a real  resol ution of the FDT i nput data relative to the smal l  t ime frame · 

and target area of the Texas H IPLEX Program, s ign if ica nt i mprovements of 
the FDT a re not expected. It is concl uded that only when mesoscale i np ut 
data are col lected and processed i n  near rea lt ime, can sig nificant forecast
i ng improvements be expected. 
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3 . 5 . 2  Ra i nshower/Thunderstorm Forecasti ng Model 

The Texas Department of Water Resources' staff developed a site-specific, 
m ultivar iate stat istica l forecast procedu re,  using discr iminant a na lysis to pred ict 
th understorm and/or ra.i nshower occurrence. Meteorologica l  para meters ava i l 
able in  th e early morn ing were uti l ized as  predictors for the occu rrence of ra in 
generat ing storms later in  the day. I nd ividual forecast models were deve ioped for 
each of the months of J u n e  a nd J u ly to reduce the deleterious effects that seasonal  
i nfl uences on distr ibuti ons of meteorol og ical para meters might have on the 
models. 

The n u merica l  forecast model was structured to a l low the on-site forecaster to 
have ready access to it on a dai ly basis. The forecaster supp l ied certa i n  morni ng 
weather meas urements, and the model then determ i ned the probabi l ity of ra i n 
shower /th u nderstorm occu rrence for that day. Proba bi l it ies were given for seven 
different pr ior conditions, i .e .  previo us day weather phenomena and the existence 
cif a front or trough in the Texas H I PLEX project area. Arbitrary r isk factors of 
missing a n  operationa l forecast were a lso computed. 

The accuracy of the model for forecast ing the occurrence of ra inshower /thun
derstorms with in the  Texas H I PLEX operati onal area was esti mated to  be  62  
percent. Additi onal deta i ls  o f  the model may be  fou nd in  a paper by R iggio and  
Topham ( 1 979), entitled Using Discriminant Analysis to Predict Rainshower 
Occurrence in the High Plains Area. 

3.5 .3 .  Severe Weath er Studi es 

Texas HI PLEX cloud-seeding experiments were performed with th e constra i nt 
that u nder those circu mstances i n  which any porti on of the project site was 
covered by the issuance of a severe weath er watch or warni ng (by the Nati onal 
Weather Service), operations with i n  that a rea wou ld e ither be terminated or not 
scheduled.  A census of the n u mber of "severe storm days" in  the Texas H IPLEX 
project a rea was made in  1 978, to provide project p lanners with an  est imate of the 
probabi l ity th at a "candidate" cloud-seed i ng day would be marred by the issua nce 
of a severe weather watch or warni ng. 

The survey exa mi ned data over a 4-year per iod ( 1 974- 1 977), a nd fou nd that 
whenever a severe weather watch is issued for a seg ment of the project site, "there 
is a good l ikeli hood that l oca l storms of severe proporti ons wi l l  not be observed." 
Table 3. 1 9  l i sts watches issued a nd verificat ion results. 

The results of the survey s uggest that i nstead of termi nating experi ments at 
the t ime of issuance of a severe weather watch, conditions in the region be 
mon itored by H I PLEX radar, concurrently with a i rborne observati ons, u nt i l  a severe 
weath er warn ing is received . With respect to severe weatherwarnings, the census 
found that such warn i ngs were most frequent in J u ne, with the major ity (4 out of 5) 
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va l id from mid-afternoon through the ear ly even ing hours. * The extreme western 
sector of  the project a rea was most often affected by warn ings, both in  June  and 
J u ly. 

Table 3 . 1 9-Severe Local-Storm Watches Issued for Portions of the Study Area 
for June-July 1 974- 1 977 

Type of watch 

TORNADO 
& SEVERE 
THUNDERSTO R M  

SEVERE 
THUNDERSTORM 

FLASH 
FLOOD 

Period of effectiveness 
Date Time 

June 3, 1 974 4:30-9:30 pm 

June 3-4, 1 974 9:30 pm-
1 :30 am 

June 8, 1 974 2-8 pm 

J u ne 7, 1 975 5- 1 1  ptn 

June 8, 1 975 2-8 pm 

June 9, 1 975 7-1 1 pm 

June 22, 1 975 

June 23-24, 
1 976 

J u ne 1 1 , 1 974 

J u ne 8, 1 975 

J u ne 9, 1 975 

June 30, 1 976 

June 1 3, 1 977 

June 9-1 0, 
1 975 

6-1 1 pm 

9 pm-3 am 

4:30-9 pm 

2-8 pm 

2-8 pm 

5-1 1 pm 

5:30- 1 1 pm 

eve/night 

Counties 
affected Verification reports 

al l  of the project tornado observed at 1 0: 1 0  pm 1 0  
area mi NE Sweetwater 

Terry, Lynn, no reports of severe storms filed 
and Garza 
Fisher and Nolan no reports of severe storms filed 

Lynn, Garza, no reports of severe storms filed 
Terry, Scurry, 
and Fisher 

Coke & Nolan no reports of severe storms filed 

most of the hail as large as 1 %" and strong winds 
project area occurred in Dawson and Borden 

Counties in the evening 

most of the 
project area 

Scurry, Garza, 
Fisher, Nolan 
and Mitchell 

Garza 

Coke 

Nolan, Scurry, 
and Fisher 

southeastern half 
of project area 

Lynn a nd Garza 

hail  up to 1 %" and wind g ust to 
50 mph occurred in Lynn County 
in early stages in the early evening. 

winds of 60 mph caused $1  OOK in 
damages in  Snyder (Scurry Co.); high 
th understorm winds caused $45K in 
damages to homes 8 E Big Spri ng 
(Howard County) 

no reports of severe storms fi led 

no reports of severe storms filed 

hai l  up to 1 %" .  and strong winds 
occurred in Dawson and Borden 
Counties 

no reports of severe storms filed 

no reports of severe storms filed 

Scurry, Fisher, less than W' of rain fell in the affected 
M itchell  & Nolan region . 

*Criteria that m ust be satisfied to j ustify the issuance of a severe weather warning are surface winds of 50 knots or stronger a nd/or 
surface hai l  with a dia meter of % inch or larger. 
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Table 3 . 1 9-Severe Local-Storm Watches Issued for Portions of the Study Area 
for June-July 1 974- 1 977-Continued 

Type of watch Period of effectiveness 
Counties 
affected Verification reports 

FLASH 

FLOOD 

Date Time 

Ju ly 1 7- 1 8, 
1 975 

Ju ly 20-21 , 
1 975 

Ju ly 25, 1 975 

Ju ly 1 1 ,  1 976 

Ju ly 8, 1 977 

5:30 am
next day 

9:25 pm
early am 

2 pm
next am 

4 pm-next 
day 

6 pm-9 pm 

Coke and Ster l ing 3-4" rai ns fel l  i n  Coke County 

northeastern ha lf 2-7'' ra ins were common in the 
of project area region affected 

Garza, Scurry, %" or less fel l  i n  most of the region 
Nolan & M itchell covered 

Borden, Dawson, 1 -2" rains occurred in the affected 
and Scurry region 

most area of the %-%" rai ns fel l  in most of the region 
project 

The i nvest igation went one step further a nd considered the frequency of actual  
severe weather events dur ing June and July. I t  revea led that phenomena such as 
ha i l ,  tornadoes, and da mag i ng wi nds were rather sca rce dur ing the fi rst three 
yea rs of HI PLEX experiments ( 1 975- 1 977). Of the events reported, most occurred 
in J u ne. 

3. 6 Economic Studi es 

The goa l of the HI PLEX Program is i n  pa rt a better understa ndi ng of the feasib i l ity of 
ra i n  a ugmentati on .  Therefore, the Texas Depa rtme nt of Water Resources performed a 
three-part econom ic a na lys is of the potent ia l  effects of an a dd it ional amount of precipita
tion from cloud seedi ng on i rrigated and non i rr igated farming communit ies in the Big 
Spri ng-S nyder  area of West Texas. The deta i ls  of  these studies can be found i n  Depa rt
ment reports, entitled The Economic Effects of Weather Modification Activities: Part /-Crop 
Production; Part //-Range Production and Interindustry Analyses; and Part Ill-Irrigated and 
Dry/and Agriculture with Estimates of Production, Employment, and Income Effects on the 
Area Economy, by Al laway et a/. ( 1 975), Lippke ( 1 976), a nd Keng la et a/. ( 1 979), 
respect ively. 

The est i mates of the effects of an increase of precipitati on on crops a nd rangeland 
were developed by us ing m u lt ip le l i near regression techniq ues. The dependent var iable 
was crop yie ld  i n  the Part I study, and ra nge-forage production in  the Pa rt I I  study. The 
i ndepende nt var iables were precip itation, temperature, and technology in  the Part I study, 
a nd precipitation and previous range forage conditions i n  the Pa rt I I  study. Hold ing the 
rionprecip itat ion related i ndependent var iables constant at their means, precipitation 
am ounts were a ltered to observe the esti mated effects on the depende nt vari able.  

In the Part I l l  study, a projected 1 0-percent increase i n  annua l  growing season precipita 
.t ion for each cou nty was ca lculated, and mu ltip l ied by each county's average annual  
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i rr igated acreage in  the years 1 971 - 1 975, to determi ne the extent to which the addit ional  . 
ra infa l l  could be expected to replace ground-water pumpage i n  each county. 

The Department's econom ic st udies revea led that the additi onal rainfa l l  cou ld have 
the fol lowing net economic effects on the B ig Spr ing-Snyder West Texas region:  

l. A reduction in grou nd-water pump irr igation requ i rements of 28. 1 6 mi l l ion m3 (22,800 
acre-feet) per year, which would reduce irr igation costs by approxi mately $547, 1 5 9  i n  
1 977 dol lars, a n d  would expand reg iona l income of persons by $370,598; 

2. The addit ional ra i nfa l l  in the study area would expand dryla nd crop and livestock. 
producti on, as wel l  as fa rm i ncome, by approxi mately $ 1 .6 m i l l ion,  wh ich would  
eventual ly expa nd regi onal output by approximately $3 .9 m i l l ion ,  and  regiona l income 
by over $ 1 . 9  m i l l ion; a nd 

3. The net effect of the addit ional  ra infa l l  in the dryland and i rrigation crop sectors of the 
Big Spri ng-Snyder reg ional econo my would  be to create an overa l l  expansion i n  
regional output of approxi mately $3 .86 mi l l ion, a n d  a si mi lar  expansion o f  regiona l 
i ncome of $2.30 mi l l ion. 
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4. Prel im inary Find ings and Conclusions 

4. 1 G eneral  

The fi rst objective of the H IPLEX Program is to increase the u nderstanding of natura l 
c loud and  precip itat ion processes in  convective c loud entities. Knowl edge of these pro
cesses is a necessary prerequ is ite for developi ng a statist ica l  desig n of a c loud -seeding 
exper iment, capable of testi ng our abi l i ty to a lter these processes. 

Indeed, the HI PLEX Program has provided the State of Texas with the opportun ity to 
i ncrease its knowledge of West Texas convective clouds. Specifica l ly, basic knowledge 
was acqu ired about the mesosca le systems which control the development of convective 
systems, a nd their  i ntegrated effect on the preci pitation mechanisms responsible for the 
form at ion of preci pitati on. 

The prel im inary findi ngs of the Texas H I PLEX Program a re presented in terms of West 
Texas convect ive cloud behavior, precip itation and pr inc ipa l  effects of seeding.  D ue to the 
nature a nd req u i rements of the d ifferent studies, some of the fi ndi ngs are based on a 
cl i matological approach, whi le others are based on a case study approach. Specific 
f indi ngs a re l isted in the Appendix. 

4. 2 Convective Cl oud Behavior 

The Texas H IP  LEX Program has sh own that th e natural vari abi l i ty of convective clouds 
is a result of integrated meteorological processes observed at the meso a - , meso f3 -, and 
meso -y -sca les. 

The meso a -sca le parameters provide informati on concerning general convective 
cloud characteristics. Its been learned that the dom i nant summertime synopt ic  pattern for 
the West Texas region is one with no front at the surface, a nd with a pressure ridge aloft. 
This pattern does not support shower-prod uci ng clouds. However, when a 500 mb trough 
is observed west of the Texas H lPLEX reg ion, and/or a surface front is also west of the 
regi on or in the project area, then conditions are extremely favorable for shower
produc ing c louds to develop. Low-level convergence of moist a ir  is  i m porta nt to the 
i n itiation  a nd devel opment of isolated, c l uster and l ine-type convective c louds. Summer
t ime radar echo occurrence is most freq uent dur ing the period between 1 500 C OT (2000 
GMT) a nd 1 800 C OT (2300 G MT). The convective c louds genera l ly travel i n  the di rection of 
the 700 mb wi nds, wh ich are predom inantly flowing in a northeastward and eastward 
d irect ion.  

The drawback of usi ng only meso a -scale para meters to describe the natura l behav
ior of convective clouds is that the sca le is not sensitive enough to account for the sma l l 
sca le parameters which have a substantia l  effect on the  natura l var iabi l ity of  the  convec
t ive clouds. The Texas H l PLEX ana lyses heretofore have i l l ustrated the need for better 
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understandi ng of th e meso �- and meso ')'-sca le  parameters to disti ngu ish better the 
behavior of convective clo uds. 

S imple n u merical cloud model resu lts, reported by Matthews ( 1 98 1 b), have i nd icated 

that useful  opportun ities for dyna mic seed ing may exist in  the Texas HIPLEX area. I n  fact, 

the Texas H I PLEX a rea had the h ighest frequency of dynam ic seeding potentia l for a l l  cloud 

types, when compared to the Mi les City, Montana,  and Goodland,  Kansas, sites. Also, 
Matthews ( 1 981 a) concl uded that Ka nsas HI PLEX clouds, tr iggered by thunderstorm 
outflow, had potentia l  for increased growth d ue to seeding for dynamic effects. And 

seed i ng techn iques, which enhance the mesoscale thu nderstorm outflow a nd i ntensity of 

l ift i ng a long the mesoscale front, may in itiate clouds with addit ional potentia l  for seed i ng .  
Consistent with Matthews' model ing results, the Ju ly  3, 1 978, case study, reported by 
H u mbert et a/. ( 1 979), of a massively seeded convective cloud appeared to respond i n  a 

dynamic fash ion. The prospects for artif ical ly sti mu lati ng "new growth" and addit ional  
ra i nfa l l  from mesosca le convective c lusters by seeding for dynamic effects may be a viable 
option in  the. Texas H I PLEX area.  

Other studies of mesoscale  n u merica l  models have suggested that seeding  for 
dynamic effects of mesosca le systems can strengthen the dynamics of the mesoscale 
system ,  and subsequently can e nha nce ra infa l l  throug h new growth by strengthening 
downdrafts and their associated mesohigh outflow ( Fritsch and Chappel l ,  1 98 1 , Tripol i 
a nd Cotton, 1 980, and M atthews, 1 98 1 a) .  A deta i led case study of a Texas H IPLEX 
convective complex (Jurica et a/., 1 981 ) has establ ished th e existence of a mesolow and 
mesohigh at the surface, with wel l  defi ned bou ndaries a nd thermodynam ic characteris
tics. An importa nt conseq uence of the existence of a meso low a nd a mesoh igh i s  evidence 
of i nteraction between i ndividua l  cum ulonimbus clouds when they are organ ized i nto a 
mesoscale precipitation feature.  

S impson ( 1 980) developed a hypoth esis which l i nks downdrafts from dyna mical ly 
seeded cloud towers with new growth areas, subseq uent cloud system expansion and 
enhanced rai nfa l l .  I nasm uch as the potentia l  for seed ing for dynamic effects may exist in  
Texas H IPLEX convective systems, and wel l  defined mesohighs ca n be identified, the 
S impson hypothesis, which addresses mesosca le convective systems, may f ind a ppl ica
tion in the Texas H I PLEX program .  

Also, meso ,B -scale Texas H I PLEX a na lyses have identified relationships between the 
deve lopment and organ izat ion of convective clouds; the transport of low-level moisture; 
convective stabi l ity, as measured by potentia l temperature; a nd the magnitude of the 
850-500 mb wi nd shear vector. These f indi ngs are consistent with numerica l  model 
resu lts by Matthews a nd S i lverma n ( 1 980), Chen and Orvi l le ( 1 980), and Tripol i  a nd 
Cotton ( 1 980). Matthews a nd Si lverman reported that days with organized convection 
were more stable a nd req u i red mesoscale l ifti ng to in itiate convection.  Chen a nd Orvi l l e  
reported that to better u ndersta nd cloud sca le convection, some knowledge of  the  m eso
sca le converge nce field is requ i red. Tri po l i  a nd Cotton reported that " . . . the opportun it ies 
are greater for obta i n i ng s ignificant enhancement of convective rai nfa l l  by 'dynamic 
seed ing '  u nder conditions dur ing which moderate i ntensity, low- level wi nd s hear a nd 
mesoscale convergence are present. " It is reasonable to suggest that the three mesoscale 
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para meters a ppear to be exce l lent ca ndidates as covariates for the Texas H IPLEX cloud
seed i ng experi ment, and warra nt further investigation .  

Tripo l i  a nd Cotton state that " . . .  the  u lti mate potentia l  of weather modificat ion must 
l ie with the a bi l ity to modu late mesoscale convective systems. " The prel i m i nary findings 
of th e Texas H I PLEX Program support th is statement and provide the data to develop 
mesosca le  hypotheses. 

4.3 Precipitation 

The u lt imate goa l  of the Texas H I PLEX Program is to increase summert ime ra i nfal l  to 
· benefit the people of West Texas. Consequently, the precipitati on studies wi l l  p lay a key 

role i n  the devel opment of the convective cloud-seeding experiment design .  Therefore, it is 
necessary to understa nd the natural  var iabi l ity exh ibited by precipitat ion in the Texas 
HIPLEX a rea.  

From the perspective of the meso a -sca le it has been learned that for the five-month 
summert ime period ,  May through September, there exists a dai ly precipitation maximum 
i n  m i d-May, decreas ing to  a m i n i m u m  i n  late J une, with seconda ry max ima centered on 
J uly 4 and J u ly 22, and secondary min ima on Ju ly 1 4  and the fi rst week of August. An 
i ncrease in da i ly  precipitation is then observed from early August to a broad maximum in  
late August a nd ea rly September. Upper-a i r  troughs are responsible for about 72 percent 
of the precipitation, fo l lowed by frontal activity at 20 percent, and a irmass at 7.7 percent. 

A closer and more deta i led look at the meso �· and meso 'Y -scale characteristics of 
preci pitati on events has revea led some interesting f indings relative to cloud seeding.  

( 1 )  Precip itat ion events in  the Texas HI PLEX region ca n be stratified i nto disti nct catego
r ie.s of convective activity, based upon ra da r reflectivity patterns. 

(2) Advection of the ra infa l l  pattern throug h the ra i ngage network appea rs to domi nate 
the temporal d istribution of ra in  volumes i n  the network. 

(3) S ign if icant differences exist among the severa l convective categories with respect to 
the vol ume of ra i n  produced a nd the d u rati on of the event. 

(4) Most of the summer precip itation is produced by a few large storms. 

Approximately 90 percent of al l  rada r echoes observed were isolated cel ls .  Convective 
cl usters made up abo ut 1 0  percent, a nd less than 1 percent of the radar echoes were l ines. 
Conce rn i ng the amount of the ra in  produced by cel ls, cl usters a nd l i nes, it was found that 
2 .8  percent of the total ra infal l  produced over the 1 976- 1 978 period came from cel ls, wh i le  
27. 2  percent came from c lusters, a nd 70.0 percent ca me from l i nes. Resu lts were sim i la r 
over  the 1 978- 1 980 peri od, with 0. 1 percent of the total ra i nfa l l  comi ng from cel ls, 3 1 .8  
percent from cl usters (sma l l  and la rge), a nd 67.9 percent from larger systems. Th us, it 
seems clear that a few events produce a large percentag e of the area 's rainfa l l .  

A closer look at the cluster category has revea led that 34 percent of  the precipitati ng 
echoes over the ra ingag e  network were sma l l  cl usters. Th us, there a re a significant 

i t 
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number of events i n  wh ich smal l  clusters a re present for treatment. I n  a dd ition, it was 
found that in some cases smal l  c lusters do not ra in .  

From an appl ied resea rch poi nt of  view one would l i ke the experi menta l u nit to 
accou nt for a substa ntia l  portion of the a rea 's ra infa l l .  Unfortunately, this is not the case 
with sma l l  cl usters; they produced only 4.3 percent of the total rai nfa l l  from 1 978 through 
1 980. Producing a 20-percent increase i n  rai nfa l l  from sma l l  cl usters wou ld lead to a n  
apparently insign ificant percentage increase in  tota l ra infa l l .  Over the 3-year period, 1 978-
1 980, this wou ld have amounted to an increase of on ly 4.57 mm (0. 1 8 i n). Even a 1 00 
percent increase would not yield m uch more ra in in  the a rea. However, if sma l l  cl usters 
cou ld  be ind uced to develop further i nto large c lusters or if large cl usters could be i nduced 
to rain more, a substa ntia l  i ncrease in the a rea 's ra infa l l  could resu lt, s ince large c lusters 
accounted for 27.5 percent of the tota l ra infa l l  from 1 978 through 1 980. U nderstandi ng 
the compl icated interactions related to ca using la rge clusters to develop further into l i nes 
is beyond the state of the art. It therefore seems advisable to ident ify c lusters a s  the 
experimenta l un it, and to di rect further investigations toward d iscerning the feasibi l ity of 
i nducing sma l l  cl usters to i ntensify into large c lusters, for example, by i n it iat ing new 
growth a long mesosca le fronta l boundaries or by merg ing with other smal l  c lusters, or 
a ugmenti ng the ra i nfa l l  from large clusters. 

4.4 Principal Effects of Seeding 

Texas H I PLEX studies have indicated that precip itation is in it iated i n  West Texas 
convective cl ouds by the warm-ra in processes. However, the ice process appears to 
domi nate throughout m uch of the subseq uent development, a nd operates in clouds with 
s ignifica nt prec ipitation. The f ind ings have indicated that dur ing the mature and later 
stages, the ice particle concentrations are between 1 0 to 1 00 Q _, , and may be a result, i n  
part, of ice mu ltip l ication.  Beca use of the existence of adequate l iqu id water dur ing the 
early stages of cloud developm ent, and of the rapid deve lopment of h igh ice particle 
concentrations in  the later stages of natura l clouds, it is reasoned that seeding hypoth eses 
should test either hygroscopic seeding,  seeding for dynamic effects early in the l ifet ime of 
the clouds, or stat ic ice phase seedi ng in the smal ler clouds at a t ime pr ior to major 
preci pitat ion development. 

4 . 5  Conclusions 

From the outset, the Texas H IPLEX Progra m has been an app l ied research program, 
and as such its goal is  to develop a technology to maximize i ncreased ra i nfal l  from West 
Texas summert ime-cu m ul us clo uds. Worki ng with i n  th is  conceptual framework, i n it ia l  
analyses have been performed to identify an experimenta l u n it, seed i ng hypotheses, 
covariates a nd response var iables. 

It is tentatively concluded that of the five types of convective clouds observed i n  West 
Texas (which incl udes l i nes, cold c lusters, wa rm cl usters, cold cel ls and warm cel ls) 
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cold c lusters appear to be the most favorable cand idates for the experimenta l un it .  
Operational ly, cold cl usters have a workable l ife spa n of 35 minutes, as opposed to on ly 1 0  
mi nutes for warm and cold cel ls.  Also, freq uent radar observati ons of mergin

-
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-
col(

f 

echoes, particu lar ly cl usters, and mesoscal e  a na lyses have suggested an interaction 
between individua l  convective clouds with in  the mesocale system. Th is  enhances the 
feasibi lity of affecti ng the system by seed i ng c luster turret(s). I n  order to maxim ize oppor
tunities to col lect additional cloud microphysics data, cold cel ls should be considered as an  
a lternate experi mental un it. 

It
. 
is tentatively concluded that seedi ng for dyna mic effects may have a substantial 

impact on cl usters, and th at, if environmental thermodynamic data and microscale cloud 
measurements warrant seeding for dynamic effects, seedi ng cl usters for dynamic effects 
should be included i n  the seeding exper iment. Seedi ng for m icrophysical effects by l ight to 
moderate static ice phase seeding should a lso be considered and addressed. The ISWS 
design document carefu l ly reviewed a l l  the current state-of-the-art cloud seedi ng hypoth
eses (Ackerman et a/., 1 976). The ISWS recommended two hypotheses for the H IPLEX 
Progra m :  1 )  l ight to moderate ice phase seed ing,  a nd 2) massive seeding for dynamic 
resu lts. Hygroscopic seeding was rejected due to log istica l problems and anticipated smal l  
economic benefits. I n  l i ne with the reasons presented by the ISWS design document, a 
hygroscopic seed ing hypothesis for the Texas H IPLEX experiment is rejected. Also, due to 
the relatively short seed ing wi ndow, on-top seeding is  recommended, as opposed to cloud 
base seed ing .  

The Texas H I PLEX Progra m de monstrates the need for n ea r-rea l  t ime data col lection 
and analyses to successfu l ly conduct most weather modificat ion programs, whether they 
are experi mental or operational in nature. The comprehensive a nd near- rea l t ime meso
sca le data col lection a nd ana lytic capabi l i t ies developed for the Texas HI PLEX Program, 
particular ly d ur ing the 1 979 and 1 980 field seasons, dem onstrated the rather rapid and 
substa nt ia l  local changes of atmospheric energet ics a nd kinematics over a 1 2-hour period 
on convectively active days. It is apparent th at a morni ng, 1 200 GMT, u pper-a i r  atmos
pheric profi le should not be considered as representative of the afternoon atmospheric 
profi le when convective preci pitati on is expected to devel op .  Visual  comparisons of Texas 
HI PLEX mesoscale upper-a i r  data taken only three hours apart show importa nt differences 
in appearance. I mportant d ifferences in the atmospheric  profi les were a lso observed 
among the upper-a i r  prof i les taken at stat ions ap proxi matel1y 65 km (40 mi )  apart at 
identica l ti mes . Consequently, to truly understand the characteristics of the atmosphere 
affecting convective precipitat ion development, the u pper-a i r  prof i les need to measure 
and interpret m esosca le characteristics at near-real time ( i .e .  two hours after la unch). 
Also, to know whether a cloud system is a favorable candidate for seeding,  it is necessary 
to have near-real  t ime i nformation ava i lab le for the project manager. It is appa rent that any 
future Texas H I PLEX f ie ld activity should evolve around the co l lect ion and ana lyses of 
near-rea l ti me data. These data are to i ncl ude pr imari ly mesoscal e, radar, and cloud 
microphysica l information. 

The fol lowing sect ion e laborates on th e tentat ive experimenta l un its, seeding hypo
theses, response variables, and future work. 
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5.  Recommendations 

5. 1 G eneral 

The m aj or objective for the future Texas HI PLEX Progra m is to form ulate a si ngle-cloud 
exper imental design to i ncl ude the best possible worki ng hypotheses or conceptual  model 
which express a nd expla in the precipitation processes which occur with in  summer
time shower-produci ng clouds of West Texas. These hypotheses a re to be expressed in 
terms of the environmental factors of the West Texas area, and should include microphysi
cal and mesoscale variables, data, and information, wh ich are necessary steps toward the 
conduct of th e experimental cloud-seedi ng phases of the proj ect. 

Th is  S ect ion presents tentative Texas HI PLEX seeding hypotheses, response varia
bles, and the defi nition of the exper im ental units, as cu rrently perceived a nd based upon 
f indings from weather modification research, pr imar i ly the Texas HI PLEX project. Past 
studies have provided useful insight into the i n it ia l  formu lation of seed ing hypotheses 
which appear to be most appropr iate for the Texas H I PLEX project area . The tentat ive 
seed ing hypotheses are presented in this report to provide a prel im i nary gu ide for subse
quent a na lytical efforts, a nd to help ident ify manpower, equ ipment, and informati on gaps 
i n  pla nn ing future research . 

Future Texas H I PLEX research wi l l  be d i rected at developing an experimenta l design 
document by verifyi ng a nd/or modifyi ng each l i nk of the tentative seed ing hypotheses, by 
critical review of ana lyses of data a l ready co l lected, and possibly by addit ional physica l  
measurements and  a na lyses of  certa in  parameters which are needed to  fi l l  i nformation 
gaps. 

5 . 2  C lassificati on o f  Shower- Producing Clouds 

Uti l i zat ion of the tentative Texas H I PLEX seed i ng hypotheses req uires that the 
shower-producing clouds com mon to West Texas be classified as either cel ls, cl usters, or 
l i nes. Because radar information can be recorded and can provide an acceptab le, rea l-t ime 
perspective of cloud characteristics, the classification system wil l  be based on radar-echo 
measurem ent. The classification system wi l l  fol low S utherland et a/. ( 1 980), and is as 
follows: 

Cell: An i ndividual echo with, at most, two reflectivity peaks throug hout its expected 
treatment and  measurement period ; 

Cluster: An echo conta in ing three or more reflectivity peaks usual ly with i n  a com
mon echo boundary throughout its expected treatment and measurem ent period .  
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The d ist i nction between isolated co nvective cel ls and convective clusters is more 
clearly demonstrated by radar exam ples. Fig ures 5 . 1 a nd 5.2 show a schematic of the cel l 
a nd cl uster, respect ively. Radar, satell ite, a nd rai ngage exa mples from the 1 979 Texas 
H I PLEX fie ld season are presented which, respect ively, depict a system atica l ly  increasi ng 
meso-sca le  of organ izat i on from isolated cells (F ig ure 5.3) to smal l  c lusters ( Figure 5 .4), 
and on to large convective c l usters (F ig ure 5 .5)  and nested convective cl usters (F igure 5 .6}. 
It is worth noti ng th at mesosca le  processes have been classified into severa l categories 
(Orlanski ,  1 975). In th is accepted c lass ification scheme, isolated cel ls are p laced in the 
meso 'Y -scale,  sma l l  c l usters a re placed in the meso a -scale, a nd large c lusters are 
placed in the meso j3 -scal e. The dist incti on between smal l  a nd large convective c l usters 
has been a rbitra r i ly set at a size near 1 00 km (62 m i ). The dist inciton is important when one 
considers the practica l  aspects of a i rcraft sa mpl ing and the measurement of response 
varia bles. The need for th is disti nction wi l l  be d iscussed in th e Section, entitled · �Exper i 
menta l U n it. " 

5 . 3  Experimental Un it 

The experi menta l u n it is the entity upon which the experi ment is to be performed. The 
sa mpl ing un it is  the entity from wh ich the seeding effect is measured.  In  the Texas H IPLEX 

. Progra m it is envisi oned that the experi mental unit and the sampl ing un it wi l l  be the same 
convective entity, thus a l l  subsequent discussion wi l l  be i n  terms of the experi mental u n it .  
A major concern of ident ify ing and defi n ing the experi menta l un it is  the problem of 
document ing the effects from other surround ing convective activity. However, it has been 
shown (J u r ica et a/., 1 98 1 )  that an ana lysis of mesosca le data ca n identify and document 
conditions when i nteracti ons among convective entities a re occurr ing.  

The Texas H I PLEX Program has identified two convective entity candidates for the 
experimental un it-the isolated convective cel l  and the convective c luster. Beca use of the 
relatively freq uent occurrences of isolated convective cel ls, when compa red to convect ive 
cl usters (Sutherland et a/., 1 980), it is h ighly l i kely that opportunit ies for isolated cel l 
i nvest igation wi l l  be numerous. Therefore, isolated convective cel ls shou ld  be studied 
when opportunit ies exist because the ce l ls provide va l ua ble information needed to d efine 
more precisely the precip itati on mechanism i n  the Texas H I PLEX area .  Additional ly, they 
are relatively s imple to understa nd and observe for a ny microphysical seeding effect. 

Previous studies in the Texas H IPLEX Program concentrated mostly on the isolated 
convective cel l .  However, in spite of theirfrequency of occurre·nce, on ly a sma l l  portion (3 
percent) of summer ra i nfa l l  in the southern H igh Pla ins is produced from iso lated convec
tive cel ls (S utherla nd et a/., 1 980, and Jurica et a/., 1 98 1  ) .  Consequently, a ny positive 
seeding effect from isolated cel ls may not significantly increase a rea ra infa l l ,  provided the 
cel ls reta i n  the isolated cel l  classification for the duration of their l ife cycles. Also, s ince 
the mean diameter for isolated cel ls is approxi mately 3 km ( 1 .9 mi) (Sutherland et a/., 
1 980), a nd s ince the density of the Texas H IPLEX ra i ngage network is about one gage per 
1 0  km (6 .2  mi), it wou ld be extremely d ifficult to establ ish the natura l var iabi l ity of ra i n  on 
the ground a nd then ascerta in  any effects resu lt ing from seeding .  
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b )  Overhead plan view 

c) Radar PPI view 

Figur� 5 . 1 Isolated convective cel ls (pre-cluster stage) 
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a) Aircraft s ide view 

b)  Overhead p lan view 
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c) Radar PPI view 

Figure 5 . 2 Several views of the Texas HIPLEX experimental un�t ,  
the convective cell cluster 
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Figure S . 3 An example of convective cells taken on 6 July 1979,  
at 19 : 40 : 04 GMT (tilt angle 1 . 0°) 
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Figure 5 . 3a Satell ite imagery on 6 J uly 1 979, showing the convective cells depicted by 
radar in Figure 5 .3; the solid circle corresponds to the total radar coverage in 
Figure 5 . 3  
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Figure 5 . 3b Rainfal l  observed during 1 91 5 - 1 930 GMT on 6 J uly 1 979, produced by the 

convective cells depicted by radar in Figure 5 . 3  
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Figure 5 .4 An example of small convective clusters taken on 25 J une 1 979, at 1 9: 1 5: 40 

G MT (tilt angle 1 .0°) 
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Figure 5 .4a Satell ite imagery on 25 J une 1 979, showing the small convective clusters 
depicted by radar in Figure 5 . 4; the solid circle corresponds to the total radar 
coverage in Figure 5 . 4  

- 1 45 -



0 c 
co 
" 

0 c N " 

g 
<D 
<D 

0 c c 
<D 

0 c tC> o:i  W ""  0 
N [Y") 0 :;:: c El N  "" ""  LL I (f) I 

� �j "' 

0 c =r N 

c c 
<D 

D c " 

c c o:i 

o.oo 

0.00 

/ / / 

0.00 

o.no 

0.00 
0.00 

_, ;' "' / 0.00 
/ 
0.00 

0.00 
0.00 

0.00 0.00 

0.00 
0.00 

0.00 
0.00 

TEXAS H I PLEX R R I NGRGE NETW�RK 

0.00 

0.00 a. no 
0.00 0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 ..... 
..... 0.00 0.00 0.00 ' 0.00 0.00 \'' " 

0.00 0.00 0.00 0.00 'o.oo 

0.00 

0.00 

0.00 o.oo 
0.00 

0.00 o.oo 

0.00 

0.00 

0.00 

o.oo 

0.00 
0.00 

0.00 ' 0.00 0.00 0.00 0.00 . 0.00 0.00 0.00 0.00 
0.00 

0.00 0.00 0.00 0.00 
0.00 

0.00 

0.00 0.00 0.00 
0.00 

0.00 
• 

0.00 0.00 

0.00 0.00 

'b.oo . ,  
\ 

\ 
'/� 

0.00 

0.00 

0.00 
0.00 

\ 0.00 O.ClO 
0.00 . \ 

\ 0.00 
0.00 

l ,. - - -��-00 ..... ..... : ,;� , ', l a_. no ,' If ' � I I 
I 
I I 

25 JUNE 1 979 

1 900- 1 9 1 5  GMT 

0 c 4-------.------.------�-------,-------,------,,-------,-------,-------,-------,------,·------,-------,-------, co . oo 6. 00 1 2 . 00 1 8 . 00 24 . 00 30. 00 36. DO 42. 00 48. 00 54. 00 60. 00 66 . 00 72 . 00 7h. 00 
M I LES FR�M 1 02 DEG 

Figure 5 . 4b Rainfall observed during 1 900- 1 9 1 5 G MT on 25 J une 1 979, produced by the 
small convective clusters depicted by radar in Figure 5 .4; the dashed circle is at 
a 25 n .  mi. distance from the .radar and corresponds to the dashed circle in 
Figure 5.4 

- 1 46 -

h4 . 00 



NM 

0-, (;Xrj 

H '  I 

0 25  50 
\--.----'·--··--......1 

Scale (n mi) 

Legend (dBZ) 

10-30 30-50 >50 

Figure 5 . 5  A n  example of large convective clusters taken on 1 8  J uly 1 979, at 23:23:54 
GMT (tilt angle 1 .0°) 

- 1 47 -



Figure 5 . 5a Satell ite imagery on 1 8  Ju ly 1 979, showing the large convective clusters 
depicted by radar in Figure 5 . 5 ;  the solid circle corresponds to the total radar 
coverage in Figure 5 . 5  
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Figure 5 . 5  
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Figure 5 . 6a Satell ite imagery on 1 0  July 1 979, showing the nested convective clusters 
depicted by radar in F igure 5 . 6 ; the solid circle corresponds to the total radar 
coverage in Figure 5 . 6  
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, · When convective cel ls exist in  a n  organ ized state as a convective cluster, which is 
admittedly i nfreq uent, a greater portion of su mmer rai nfa ll (27 percent) has been observed 
(Sutherland et a/., 1 980, and Jur ica et at., 1 98 1 ). Therefore, it is conceivable that a posit ive 
1 0-20 percent seed ing effect on cl uster ra i nfa l l  may substa ntia l ly increase ra i nfa l l  over 
the area. The natural variabi l ity of ra in-on-the-ground cou ld a lso be documented more 
easi ly than with isolated cel ls (Haragan, 1 978), and the seed i ng effect may be observed 
more precisely i n  the ra infa l l  patterns on the ground (Jur ica et a/.,  1 98 1  ). 

There are additiona l  reasons why the study of the convective c l uster is worthy of 
consideration:  

The turrets associated with convective complexes are relatively accessible by a ircraft 
for treatment a nd sampl i ng; 

The m icrophysical properties of the turrets can be easi ly documented; 

New growth areas can be visual ly verified; 

Past field observations of the microphysica l makeup of turrets show that they closely 
resemble the properties of cel ls, thereby a l lowing for ease of technology tra nsfer; 

The environment-cluster system has a longer l ifet ime than isolated cel ls, thereby 
reducing the problem of arriving on stat ion in t ime for operational treatment; 

The study of c lusters in Texas wi l l  broaden overa l l  H I PLEX research, and conceivably 
a l low for technology transfer between Monta na isolated cel l  studies and Texas c luster 
studies; 

Mesoscal e  and radar  data are currently ava i lable to address the complexities of the 
large systems; and 

The study of convective cl usters is  more closely aki n to appl ied research, as viewed by 
potentia l  users of the technology. 

Further c lassification of the convective c l uster as the experimenta l un it is necessary. 
As presented in the previous section, the sca le of the c luster, as we have defi ned it, ranges 
from smal l  c lusters to large c lusters, and then to nested cl usters. Examples were pre
sented in F igures 5.4, 5 .5, and 5 .6 .  Based on the reasons stated in Section 4.5 and on the 
practical and safety aspects associated with the a i rcraft l im its, the experi menta l un it sha l l  
be "sma l l"  cl usters (Fig ure 5.4), as opposed to the larger c lusters (Figures 5 .5  and 5 . 6). 

The convective l ine  is defined as an orga n ization of echoes along a common axis, and 
genera l ly enclosed by a common echo bou ndary. The l i ne which is responsible for 70 
percent of the area's summer ra i nfal l  is fa r too complex to select as an experi menta l un it. It 
should be poi nted out, however, that both the isolated convective cel l  and the convective 
l i ne seem to present great opportun ities for study. The previous and ongoing i nvestiga
tions of isolated convective cel ls are leading to an u nderstanding of certa i n  aspects of 
precip itation processes i n  the Texas H IPLEX area.  Although the convective l i ne appears far 
too complex to be the target of modification in  the near future for Texas H I PLEX, every 
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effort should be made to study this producer of most of the southern H igh P la in  summer 
ra in at  some future ti me. 

The Bureau of Reclamation and the National  Center for Atmospheric Research recog
nized that there was a p lace for longer a nd more comprehensive projects in which major 
emphasis wou ld be placed on u nderstanding the more complex systems. As a resu lt, the 
Cooperative Convective Precipitation Experiment (CCOPE) was adopted*. Dur ing the 
summer of 1 98 1 , comprehensive a nd wel l  coordi nated observations were recorded a nd 
documented. Hopeful ly, the resu lts of ana lyses of convective l i nes observed during the 
1 98 1  CCOPE field season wi l l  provide i nformation relevant to the Texas H IPLEX a rea. 

5.4 Tentative S eed ing  Hypotheses 

The pr imary hypothesis of the Texas H IPLEX Program is that seeding of summert ime 
convective clouds wi l l  a ugment ra in  on the grou nd. However, the number of interrelated 
processes which take p lace in the precipitation process from the t ime the cloud is treated 
to the t ime ra in  reaches the ground is q u ite large. Consequently, a better understanding of 
these processes is also necessary in order to perform experiments and measu re 
responses. Furthermore, u nderstanding of the physica l  processes involved is critica l to the 
development of the tech nology before technology transfer to other areas can be consid
ered. The tentative seeding hypotheses of the Texas H I PLEX Program, the fi rst two of 
which address the events in  the precip itation process, a re l isted a nd should provide the 
foca l point of future a na lysis. 

The first two seeding hypotheses wh ich fol low a re an adaptation of ideas presented for 
the Florida Area Cumu l us Experi ment (FACE) most recently by S impson ( 1 980) a nd 
Woodley et a/. ( 1 98 1  ). 

5.4 . 1 Seeding for Dynamic Effects of an Iso lated Convective Cel l  

The tentative hypothesis for dynamic effect seeding ofan isolated convective 
cel l  is s imi lar  to the heavy seed ing hypothesis incorporated i nto previous Texas 
H I PLEX activity (Texas Department of Water Resources, 1 980). The isolated cel l  is  
taken to be a cumu lus mediocris, cumu lus congestus, or towering cumu lus, grow
i ng throug h the -5 to - 1  0°C reg ion in an environment not conducive to convective 
c luster development. 

For the reasons cited previously,the isolated convective cel l  has been selected 
as a possible experi menta l unit for the proposed s ingle cloud experiment. M ethods 
of seeding for dynamic effects appear to have the potentia l  for affect ing the depth of 
the isolated convective cel l  (Matthews, 1 98 1  b), and thereby increase the a mo u nt of 
ra infa l l  generated from cloud base. The processes compris ing the sequence of 
events are: 

(a) heavy Ag l seeding with i n . the updraft reg ion at the -5 to. -1 0°C level of a 
convective cel l leads to freezing of m uch of the ava i lable cloud l iqu id water; 

*CCOPE-Preliminary Experiment Design, sponsored by the Bureau of Reclamation and the N ational Center for Atmospheric 
Research, March, 1 980. 
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(b) the latent heat release by freezing of l iqu id water and by condensation and 
deposition of water vapor produces positive buoyancy a nd leads to i ntensifica
tion of the updraft; 

(c) the intensified u pdraft causes greater inflow of environmental a i r  into lower 
cloud levels, i ncreasing the water mass ingested by the cel l ;  

(d )  the i ntensified updraft carries a greater mass of precipitation to h igher levels in  
the  cel l; 

(e)  the greater mass of precipitation descends and produces a n  enhanced down
draft which penetrates more vigorously into the lower-cloud and sub-cloud 
layers; and 

(f) more precip itation is carried to the ground within the more protected and 
favorable envi ronment of the enhanced downdraft (S impson, 1 980). 

5 . 4 . 2  Seeding for Dynamic Effects of a Convective Cluster 

Methods of seeding for dynamic effects appear to present an opportunity to 
increase the size and l ifet ime of the cl uster and thereby increase ra infa l l  (Mat
thews, 1 98 1 a, and Jurica et a/., 1 981  ). I nvestigation of seeding hypotheses of other 
ra i nfa l l  enhancement experiments poi nts to a str ik ing s imi lar ity between aspects 
of the Florida Area Cumulus  Experiment (FACE) and Texas HI PLEX conditions. The 
early stages of FACE enta i led a ser ies of experiments on s ingle convective clouds, 
and specifically sought to increase ra infa l l  through  seeding for dynamic effects. 
Dur ing the single cloud experiments it was found that most convective ra in  fel l  
from large cumulus complexes, consist ing of merged convective cells (S impson 
and Woodley, 1 97 1  ). Subsequent interest has been concentrated on the appl ica
tion of seed ing for dynamic effects of convective cloud complexes in order to 
promote organ izat ion and growth on the mesosca le. 

S impson ( 1 980) suggests that the abi l ity of g ust fronts to enhance summer
t ime convective clouds depends upon the kinematic structure of the environment 
re lative to the cloud. Li nkage of the two may involve such parameters as vertica l 
shear and horizontal convergence. Chen et al. ( 1 978) a nd J urica et a/. ( 1 98 1 ) 
observed s imi lar  characteristics in Texas H I PLEX clouds. 

The processes hypothesized by S impson that comprise the sequence of events 
lead ing to enhanced ra i nfal l  from seeding for dynamic effects of convective clus
ters are: 

(a)  heavy Ag l seeding with in  the updraft region of the -5 to -1  0°C level of a 
convective turret leads to freezing of much of the ava i lable cloud- l iqu id water; 

( b) the latent heat released by freezing of l iqu id water and by condensat ion and 
deposition of water vapor produces positive buoyancy, and leads to i ntensifica
tion of the updraft; 
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(c) the i ntensified updraft causes greater inflow of envi ronmenta l a i r  into lower 
cloud levels, i ncreasi ng the water mass ingested by the cel l ;  

(d) the i ntensified updraft carries a greater mass of precip itat ion to h igher levels in 
the cel l ;  

(e) the greater mass of precip itat ion descends a nd produces an enhanced down
draft which penetrates more vigorously into the lower-cloud a nd sub-cloud 
layers; 

(f) the enha nced downdraft produces convergence at the bou ndary of the down
draft region at low levels  with i n  the convective cluster, forcing stronger 
updrafts with i n  other nearby cluster cel ls, enhancing the growth of these cel ls, 
and extending the durat ion of the c luster; 

(g) the enhanced downdraft produces low- level convergence at the boundary of 
the c luster, and induces development of new cel ls  which become part of the 
cl uster and increase the horizonta l s ize of the cl uster; 

(h)  either f or g, or both f and g can occur, resu lt ing in  a longer-l ived c luster, a larger 
c luster, or both; 

( i )  the longer-l ived c luster produces more ra in  by i ngest ing a nd processing greater 
vol umes of cloud water, and by extending the durat ion of precipitat ion 
processes; 

(j) the larger cl uster produces more ra in  by a l lowing the precip itat ion processes to 
take p lace i n  a more protected and, therefore, more favorable environment; a nd 

(k) e ither i or j, or both i and j can occur.  

5 .4.3 Seeding for Microphysical Effects 

The f indings of the Texas H I PLEX Program have not ru led out the seeding for 
microphysica l effects hypothesis for a Texas cloud seeding experime nt. A principal  
a rea of u ncerta i nty in the Texas H IPLEX Program is i n  the microphysical ra in
mak ing process. Add it iona l m icrophys ical studies need to  be conducted a nd l i nked 
with mesoscale observations to determi ne the natural  precipitation efficiencies of 
West Texas convective clouds. If the precip itation efficiencies a re found to be small,  
then m icrophysical seed ing to i ncrease the clouds natural efficiency may be a 
viable option for the Texas cloud seed i ng experiment. 

5.5 Response Variables 

Fol lowing is a tentative l ist of response var iables identified from consideration of 
seeding hypotheses, physical reason ing, a nd measurement capacity. The J ist wi l l  be 
revised and priorit ized as the research progresses. The proposed measurement instru
ments are shown in  parentheses. 
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Development of detached or new cel ls away from the c luster a long the gust front. 
(Radar and Cloud Base Ai rcraft) 

Change in precip itat ion patterns. (Ra ingages a nd Radar) 

Storm ra infa l l  variat ions with t ime. (Ra i ngages and Radar) 

Appearance of precip itat ion-size particles atthe treatment level with in  the downdraft 
a nd later near cloud base . (Penetration & Cloud Base Ai rcraft) 

Change of hor izonta l a rea with i n  a specifed dBz va l ue for clusters a nd/or cel ls. (Radar) 

Changes in reflect ivity levels. (Radar) 

Change in  ice concentrat ion at treatment leve l .  (Penetrat ion Ai rcraft) 

Change in growth rates of cel ls or turrets conta i n ing l iqu id  water. (Radar) 

Changes i n  l i qu id  water content of tu rret. (Penetration Ai rcraft) 

Changes in outflow from below the base of the treated storm. (Rawinsonde, Surface 
Weather Network and Cloud Base Ai rcraft) 

Increased hor izonta l moisture convergence be low the level of seed i ng. (Rawinsonde 
a nd Surface Weather Network). 

5 . 6  F uture Work 

To bring the exploratory port ion of the Texas H I PLEX Program to a mean ingful  and 
satisfactory concl usion, it is  necessa ry to complete the exper imenta l des ign docu ment. 
The design document wi l l  be considered the master p lan for conducting the experimental 
phase, which is the second phase of the mu lt i -phase Texas H I PLEX Program.  The design 
document, when completed, wi l l  ident ify the experi menta l un it, statistical hypothesis, 
exper imental u n it declaration criter ia,  exper imenta l procedu re, seed ing techn ique, and 
statistical eva l uation method. 

The Texas H I PLEX experimenta l design document cannot be completed u nless a 
nu mber of l i nger ing uncerta i nties are resolved. The tasks l isted below need to be 
addressed to resolve those u ncerta i nties .  

5 . 6 . 1 . Meso f3 -scale Tasks 

A successfu l  ra infa l l  enhancement exper iment depends upon both a plausible 
seed ing hypothesis to test, and seed i ng criteria to define carefu l ly those conditions 
wh ich must be present for the seeding hypothesis to apply. The Texas HIPLEX Pro
gram has demonstrated that the seedi ng criteria should i nclude i nformation at the 
three mesosca le levels, i .e . ,  meso a - , meso {3- and meso -y -scale. The Texas 
H I PLEX Progra m has produced one of the most accurate a nd comprehensive 
environmenta l mesosca le data bases in the nat ion.  The mesoscale stratification 
criter ia,  covariates, a nd response va r iables, identified by previous case study 

- 1 57 -



ana lyses need to be reexa mi ned, quantif ied and confirmed. Therefore, the fol low
i ng mesosca le tasks need to be completed. 

(a )  Descriptive models. Descriptive mesosca le models need to be developed a nd 
i nterpreted i n  terms of dynamic, thermodynamic and ki nematic processes to 
better defi ne and confirm: the i n it iat ion mechan isms for convective act ivity; the 
cloud-envi ronment i nteractions; and the i mpact of seed ing for dynam ic 
effects on convective cl uster development a nd the envi ronment. 

(b) Interpret model results. The Texas H IPLEX seedi ng for dynamic effect hypoth
esis stratification, cr iter ia covar iates, a nd response var iables need to be reex
ami ned and confirmed or modified in terms of the descr iptive model resu lts. 

(c) Refine the cluster-seeding hypotheses through detection of rainfall. Evidence 
from gage-mon itor i ng of surface ra i n  events has clearly establ ished that organ
ized convective complexes (smal l ,  l arge and nested cl usters) a re the pr imary 
precip itat ion producers in  West Texas during the warm season (Haragan et a/., 
1 98 1  ) .  Spat ia l  l im itat ions on the extent of the surface network req u i re long 
periods of record to insure adeq uate sa mpl ing of all classes of events. 

The rai ngage network operated by the Colorado R iver M un icipal Water D istr ict 
(CRMWD) has produced a long, cont in uous record of ra i nfa l l  over a l i m ited area. 
When dea l i ng with a l im ited area, it is  imperative to acqu i re as long a t ime 
record as possible to counter-ba lance the effect of the l i mited space sca le. 
Thus, the ra i ngage network needs to be operated i n  order to mainta i n  th is very 
va luable record, si nce it offers scientific benefits which extend beyond the 
scope of the Texas H I PLEX Program.  

(d) Conduct physical evaluation studies of the structure and evolution of clusters. 
Monitori ng surface ra i nfa l l  patterns with 1 5-m inute tempora l resolution pro
vides a means of tracking storm systems and their changes in  space a nd t ime 
(Haragan, 1 978). Structure of the c loud cl uster is indicated by the evo lut ion of 
ra i nfa l l  i ntensity, spatial  cha nges in ra i nfa l l  patterns, tota l-volu me ra i nfa l l ,  and 
storm speed and di rect ion.  Th is i nformation, coupled with the meso �-scale  
a na lysis a nd the  cloud microphysical analysis, i s  needed to  establ ish seedi ng 
criter ia .  

(e)  Establish response variables in terms of rainfall natural variability. The natural 
var iabi l ity of West Texas ra i nfa l l  is large on a l l  t ime sca les. Variabi l ity is high for 
both the distribution of ra i nfa l l  events and the amount of ra i n  received per event 
(Haragan, 1 979). For a particu lar  day, c lusters which develop in a s im i la r  
environment i n  response to  the  same dyna m ic or thermodyna m ic trigger may 
produce vastly d ifferent rainfa l l  patterns at the ground ( Haragan et a/., 1 98 1  ). 

By estab l ish ing the natural var iabi l ity of ra i nfa l l  produced by convective cel l 
c lusters, response var iables wi l l  be establ ished which take i nto accou nt the 
expected va r iab i l ity. Also, the expected length of the exper imenta l period 
req u i red to reach statistical s ign ificance based on rai nfa l l  amounts can be 
better est imated. 

(f) Establish the na.tural behavior and variability of the convective complex. Th is  
task is needed to assess the impact of  seeding of  a convective complex on the 
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meso 'Y -sca le  features i nc lud ing downdrafts, mesohighs, gust fronts, and 
subsequently rai nfa ll amou nts. 

5 . 6 . 2  M icroscale Tasks 

Although certa in  meso f3 �sca le  para meters are expected to help defi ne the 
"su itab i l ity" of a convective cell or cl uster for treatment, the microsca le state of the 
convective cel l or cl uster selected for treatment is of equal i mportance. The micro
scale  tasks which need to be accompl ished are l isted below. 

(a) Establish and quantify seeding criteria in terms of microscale properties. Due to 
the scarcity of cloud m icrophys ical data ; it is necessary to col lect and a na lyze 
addit ional  data needed to quantify general microphysical properties i n  both 
convective cel ls and c lusters. This i nformation needs to be use� with meso
sca le observations to determi ne the natural efficiency of the precipitation 
process a nd to q uantify expected m icrophysical seeding effects. 

I n  add it ion, microphys ical seed i ng criteria for convective cel ls a nd c lusters wi l l  
b e  estab l ished a n d  l inked with meso f3 -sca le criter ia .  The microphysical seed
i ng criteria wi l l  i ncl ude estab l ish ing the "seed i ng wi ndow, " the seeding alt i
tude, mater ia l  and amou nts, and the cloud select ion criter ia .  

(b) Develop the seeding hypotheses through documenting the behavior of hydro
meteors. The im mediate evidence of a response to seed ing  for dynamic effects 
of a cel l  is the appeara nce, with in  the updraft, of g laciated conditions accom
pan ied by an  enhanced updraft. I n-cloud sa mpl ing can docu ment the evol ution 
of hydrometeors and the d i rect response at the -5°C to -1 0°C leve l .  However, a 
crit ica l l i nk  i n  the chain of events lead ing to the hypothesized i ncrease i n  c luster 
ra i nfa l l  is  the appearance of precip itat ion particles low in the enhanced down
draft reg ion, and the presence of increased vertica l motions away from the 
enhanced downdraft. Therefore, a cloud base a i rcraft equ ipped with instru
mentation capable of rel iable vertical ve locity and  precip itation particle mea
surements is needed to help ver ify steps e and f of the tentative seed ing 
hypotheses. 

5 . 6 . 3  Supportive Tasks 

(a)  Establish experimental procedures and evaluation techniques. Loca l c l imato
log ica l  stud ies of the Texas H IPLEX sum mert ime shower-producing clouds by 
Haragan et al. ( 1 978) and S utherland et a/. ( 1 980) suggest that ra in on the 
ground from isolated convective cel ls is  much too d iff icult to measure with the 
exist ing Texas H IPLEX record ing ra ingage network. The var iab i l ity present in 
ground-truth measurements is  so great that it wou ld req u ire an extremely large 
data base and/ or many more years of data gather ing before stat istica l ly s ign if i
cant seed ing effects ca n be detected. Also, the greatE)r ra in -produci ng, and 
possibly less va r iable, c lusters occur much less frequently than isolated con-
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vective cel ls, thereby req u �n ng many more years of data gathering before 
stat istica l ly sig nificant seeding effects can be detected. Therefore, it is pro
posed to develop a design docu ment for a physical experiment to def ine a nd 
better understa nd the physical aspects of the seeding hypothesis concomitant 
with developing a stat istica l  cloud seed ing exper iment. 

(b) Continue a critical /ink in Federal/State cooperation through local citizen sup
port. Two disti nctive aspects of the Texas H I PLEX Program have been f inancia l  
support a nd staff participation by the State of Texas, together with the strong 
support of the citizenry in the area of the field exper iments. The ra ingage 
network operated by the CR MWD has for years g iven visible evide nce of the 
concern and efforts to i ncrease the water ava i lable for agricu ltural a nd m un ic i
pal  water needs of the area. The i mportance of State and loca l support to a 
program of this nature can not be overemphasized and m ust be mai ntai ned. 

(c) Continue Socio-economic Studies. The success of the Texas H IPLEX Progra m 
wi l l  not be measured by the scientific f indi ngs of fact but by how the p u bl ic 
perceives those f indings. Therefore, it is importa nt that sociological a nd eco
nomic studies cont inue concomitant with the techn ical studies. 
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APPEN DIX 

The prel i m i nary f indi ngs are  presented in  terms of the Texas H I PLEX cumulus behavior, cumulus 
convection, precipitation, and pri nciple effects of seeding.  Some of these f indings are based on 
many years of data, some on only a few years, a nd others on case studies. Because the 
sign ificance of the f indi ngs is, i n  part, dependent upon the length of record, the period of data 
col lection is shown a longside each f inding.  Also included are the prel im inary f indings of 
economic studies. 

Cumulus Behavior 

1 944- 1 970 In M ay, the major storm track is oriented southwest to northeast, while in  J une 
the storm track sh ifts to a northwest to southeast or ientation. 

1 972- 1 977 C u m u l us c loud maximum normal ly occurs at 1 400 COT, wh i le  cumulonimbus 
maximum normal ly develops at 1 800 COT, result ing in  a four-hour lag t ime 
between the two occurrences. 

1 972- 1 977 The convection efficiency index (Cb freq./Cu freq. )  for M idland, Texas, dur ing :  
May-72 percent, June-69 percent, J u ly-60 percent, and Aug ust-50 percent. 

1 973- 1 976 Dur ing the 1 973- 1 976 four-year period the frequency of radar echoes 
increased to a maxi mum in J u ly, then decreased to September. 

. 

1 973- 1 976 S u m mer radar echo occurrence is most frequent dur ing 1 500 to 1 700 COT. 

1 973- 1 976 A sharp increase i n  radar echo activity tends to occur dur ing Ju ly. 

1 973- 1 97 6  There are ten radar echoes/ day o r  less o n  66 percent of the days, and greater 
tha n 50 radar echoes/day on 7.3 percent of the days. 

1 973- 1 976 I rrespective of the s ize of the in it ial  radar echo, 54.7 percent reached 8 km 
with in  ten m inutes, 32.6 percent attai ned th is  size with i n  1 1  to 30 m i n utes, 
wh i le the remain ing percentage ( 1 2 .7 )  took longer tha n 30 minutes. 

1 973- 1 976 Mean growth rates for radar echoes reaching maximum size of 50- 1 00 km2 
was 4.5 km2/min,  a nd for radar echoes reaching a maximum size greater than 
3,000 km2 it was 66 .5 km2/min .  

1 973- 1 97 6  The vector motion of radar echoes i n  Apr i l, May, J une, and September is 
predominantly northeastward and eastward. I n  J u ly and August d i rections a nd 
speeds tend to be spread more even ly over the eight compass points . 
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Case Studies Echo movement is closely associated with lower level (700 mb to 850 m b) 
winds. 

1 972- 1 977 A better distinction a mong the convective season days with respect to convec
tive activity wi l l  most l i kely be attained on ly when mesoca le (as opposed to 
synoptic-sca le) atmospheric c i rcu lation para meters are uti l ized, i.e. no matter 
how deta i led the synoptic a nalysis, there is no way of inferr ing temperatu re a nd 
moisture from map patterns with the accuracy that is needed. 

Case Studies West Texas summertime clouds wh ich organ ize into l i nes exhibit a m u lt ip le 
surge behavior, where each surge is a new precipitation development cycle. 
The sequenci ng, t ime window, a nd preferred cloud spacing must a lso be 
considered in  the development of an eva l uation p lan.  

1 976-1 978 Echo occurrence had a maxi mum in the late afternoon, but only l i nes had 
another maximum near midnight. 

1 976- 1 978 Winds at the 700-mb level tended to be closest to echo movement. 

1 976- 1978 Approxi mately 90 percent of a ll the echoes observed were cells. Cel ls tend to 
develop in  a local ly dr ier envi ronment than occurred with c lusters or l i nes, a nd 
they tended to last 1 0  minutes on the average. 

1 976- 1 978 Clusters made up about 1 0  percent of the echo popu lation. They tended to last 
approximately 35 minutes, a nd developed in a moister a i r  mass at a l l  levels. 

1 976- 1 978 Cold echoes tended to merge more than warm echoes, especia l ly cold cl usters 
as compared to warm clusters. 

1 976-J 978 In order to produce mea ni ngful  increases in tota l precip itation, research efforts 
may need to be di rected towa rd the echo types that produce the most precip ita
tion (cl usters a nd l i nes). 

Precipitation Contribution 
70 percent for l i nes 
27 percent for cold clusters 
1 . 5 percent for cold cells 
1 .3  percent for warm cel ls 
0 .2 percent for warm clusters 

1 976-1 977 The dominant synoptic pattern for the Texas H IPLEX region is one with no front 
at the surface and a pressure ridge a loft. 

1 976- 1 977 A 500-mb trough,  located to the west of the Texas HIP LEX region, increased the 
chances for echoes on "no front" days (a i r  mass) and  usua l ly  had echoes on 
"fronta l" days. 

1 976- 1 977 Days with fronts produced h igh percentage freq uencies of echoes. 
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1 976- 1 977 Echoes occurred on about ha lf of "post frontal ' '  days. 

1 976- 1 977 Convection was fou nd to have been susta ined when cel l  a l ignment was para l lel 
to the 850-500 mb vertical wind shear vector, and to d im in ish when a l ignment 
was perpendicu lar  to the wind shear vector. 

Cumulus Convection 

1 976 Surface velocity d ivergence, surface moisture divergence, vertical motion 50 
mb above the surface, and vertical fl ux of moisture 50 mb above the surface are 
important for the in it iation of convective activity, as wel l  as  being a major 
source of latent heat energy for the convective activity. 

1 976 The magnitude of moisture convergence a nd the depth of the layer of conver
gence are greater dur ing t imes of convection. 

1 976 Horizonta l inflow of latent heat energy in the lower troposphere is much greater 
during convection than dur ing t imes of nonconvection. 

1 976 Low-level horizonta l inflow, upward tra nsport, and u pper level horizontal out
flow of i nterna l,  k inetic, and latent energy are enhanced d u ring times of 
convection.  

1 976 Strong horizonta l inflow of latent energy i n  the lower atmosphere is nearly 
ba lanced by latent heat release dur ing t imes of convection, and is very impor
ta nt in the formation and maintenance of convective activity. 

1 977 Upper- or mid- level net hor izonta l inflow, net downward transport, and lower
level net outflow of interna l .  k inetic, and latent energy are found when convec
tive activity is a bsent. 

1 977 The greatest d ifference-3 of net horizonta l and vertical transport of water vapor 
between convective and nonconvective conditions occur  in layers above 
approximately 700 mb. For convective conditions, the largest increases occur 
between 600 a nd 450 mb with appreciable amounts of water vapor present. 

1 978 Particu lar ly strong energy sources for convective activity occur  near the sur
face and at approximately 450 mb. 

1 978 Maxi m u m  water vapor transport occurs in two layers, near the surface and 
approximately 450 mb, and corresponds to layers of maxim u m  flux conver
gence of the tota l energy budget wh ich i ndicates important convective energy 
sources. 

1 978 Comparisons of individual water vapor budget terms have shown the net · 

horizonta l transport term to be the dominant term dur ing convective activity. 
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Case Studies In  most cases, echo formation is associated with the presence of a surface 
front/trough and upper a i r  trough.  

Case Studies Nonsq ua l l - l i ne type echoes requ ired a moist, u nstable environment; whi le the 
squa l l - l i ne type echoes req u ired less instabi l ity. 

Case Studies The magn itude of the 850-500 mb shear vector was related to the echo 
organ izat ion sca le .  H igh shear was connected with a la rge system. 

Case Studi es The environmenta l stat ic stabi l ity controls the echo popu lation. 

1 976� 1 977 A strong net gain of water vapor exists in  al l  layers above cloud base for cases of 
convective activity, whereas a net loss in these same layers occurs for cases of 
nonconvect ion.  In sub-cloud layers s imi lar  net gains in water vapor exist for 
both cases. 

1 976- 1 977 Cases for cl usters of convective ce l ls show a larger combined net horizontal  
and vertical transport of water vapor tha n for l i nes of cel ls, lead ing to larger 
precipitation amounts. Water vapor tra nsport and accu m u lation of water vapor 
in cases of isolated cel ls a re noticeably smal ler than for l i nes and c lusters of 
cel ls .  

Sou ndi ngs near l i nes are relatively more stable than soundings near cel ls .  

Case Study Echo formation, growth, and movement of the sq ua l l  l i ne was control l ed by the 
environmenta l wind structure (vertical prof i le  and horizonta l distr ibution), as  
wel l  as the moist static energy distr ibution .  

Case Study The orientat ion of echoes was sensitive to the vertical shear of the horizontal  
winds between 850 and 500 mb. 

Case Study The echo movement was closely associated with lower level (700 or 850 mb) 
wi nds. 

Precipitation 

1 944- 1 970 For the five-month period, May through September, there exists a dai ly precip i 
tation maxim u m  in  mid-May, decreasing to a m i n i m u m  i n  late J une, with a 
secondary maxi m u m  centered on J u ly 4 a nd J u ly 22, a nd a relative m in imum 
on J u ly 1 4  a nd dur ing the first week of Aug ust. The  dai ly precipitation i ncreases 
from the early August m in imum to a broad maxi m u m  in late August and ear ly 
September. 

1 944- 1970 Monthly precip itation pattern for J u ly is m uch less orga n ized tha n e ither May or 
J une. 

1 972- 1 977 Upper-a i r  waves were responsible for 72 percent of the prec ip itation, fol lowed 
by frontal  activity ( 1 9 percent), a i r  mass (7 percent), a nd the dry l i ne ( 1  percent). 
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Principle Effects of Seeding 

Case Stud ies Based on information on whether ice and precip itation developed in  each cloud, 
a nd from est imates of the precipitation from each cloud, a pre l im i nary conclu
sion is that the ice process is necessary for significant precip itation to occur.  

Case Stud ies Although the warm ra in  process is indicated to be active i n  the in itiation of 
precip itation, the ice phase process appears to domi nate throughout much of 
the subseq uent development of precipitat ion in Texas H I PLEX convective 
clouds. 

Case Studies I n  most cases, dur ing the mature a nd later cloud stages ice phase precip itation 
development is associated with h igh  ice particle concentrations of between 1 0  
a nd 1 00/ Q .  Hence, seeding dur ing these cloud stages wou ld not be as effective 
as dur ing the early active growth stages of cloud development. 

Case Stud ies The eva l uation of the G -function (mass density vs cloud particle d iameters, 
ranging from about 3 m to 4500 m) for isolated cumu l us congestus clouds a nd 
convective complexes indicates that for a t ime prior to ice phase a nd/or precip i
tation in it iat ion, the r ising particles i n  the updraft reg ions are characterized by a 
bimodal  distribution, a signature for the coa lescence process. 

Case Stud ies The suggested ice mu lt ip l ication process is a lso evidenced i n  cloud reg ions 
where ice phase precip itation development is extensive. The presence of 
supercooled cloud droplets having d iameters of greater than about 24 m, and 
occurr ing in  concentrations of about 1 O/cm3, fu lf i l ls the requ i rement of the 
Mossop-Hol let ice m u lt ip l icat ion process. 

Case Stud ies It is impl ied that u n less seedi ng can resu lt in significa nt dynam ic effects to the 
larger c louds, a greater potentia l  for ice phase seeding l ies in  the smal ler  clouds 
or at t imes prior to major precipitat ion development. 

Agri- Economic Im pact 

The greatest crop response to increases in ra infa l l  occurs when the precip ita
t ion is received before the crop is p lanted or dur ing its growi ng season. For the 
two major crops, cotton a nd grain sorg hum, these two periods incl ude the 
months of January, February, and March, and Ju ne, J u ly and August, respec
tively. Duri ng these per iods, s ign ificant i ncreases in crop production could 
resu lt from increased average precipitation. 

Substa ntia l  increases in  reg ional crop revenue could resu lt from a n  increase in 
mean monthly precipitat ion of 1 0  percent in the late winter and summer 
months. 

Based on 1 967 pr ices, crop revenue in the study a rea could increase by 
approximately $323,600 if norma l March precip itation cou ld be i ncreased by 
1 0  percent. 
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Rainfal l  dur ing the spr ing months is very i mportant to determin ing the condi
tion of the range d ur ing the rest of the year .  A 1 0-percent increase in ra infal l  in 
May, for example, would increase forage yield by 29.2 m i l l ion pounds ( 1 3 .3 
m i l l ion kg) over the reg ion, resu lt ing in  a va lue of  as m uch as $ 235,900 in  
i ncome to  the  area l ivestock producers .  

The ra nge condition of  the previous year has a s ignificant impact on  the current 
range condition. A carryover of healthy range plants through the wi nter months 
is very i mportant in  establ ish ing a good stand of plants in the fol lowing spr i ng. 

A 1 0-percent increase in ra infal l  i n  Apr i l  would have the largest effect on total 
i ncome to area l ivestock producers. Th is 0. 1 6  inch (0.41 em) i ncrease cou ld 
resu lt i n  a n  income increase of as much as $299, 1 00. 

A 1 0-percent increase in Apri l -October rainfal l  annua l ly i n  the study area is 
equiva lent to ground water furrow i rrigation requ i rements of 1 5 . 5  x 1 06m3 
( 1 50,565 acre-i nches), and spri nkler irr igat ion of 1 2.7  x 1 06m3 ( 1 23,346 acre
inches), or a total of 28.2 x 1 06m3 (22,826 acre-feet). 

Reduced i rrigation requ irements wou ld reduce furrow i rrigation costs ( in  1 977 
dol lars) by $283,06 1 a n n ua l ly, a nd sprinkler i rr igat ion costs by $291 ,098 
annua l ly for a tota l reduction in costs of $574, 1 59, based on 1 977 i nput prices. 
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