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FOREWORD 

The Texas Water Development Board has interests in the field 
of weather modification which derive both from its statutory responsibility 
for administering the Weather Modification Act of' 1967, and from its 
primary function of planning for an adequate water supply for the entire 
state. Because of these interests, the Board encourages and provides finan­
cial support when possible to basic research in this field. 

In planning any attempt to modify the weather through cloud 
seeding, a knowledge of the statistical distribution both in space and 
time of suitable cloud types is important. This Report provides such 
information for the High Plains of' Texas. 

This report is being published by the Texas Water Development 
Board because it represents an original contribution to climatology, and 
as such it will be of interest not only to the scientific community but to 
all citizens having an interest in the climatology of the Texas High Plains. 

Texas Water Development Board 

�� . . -
c. R. Baskin 
Chief' Engineer 



• 

ABSTRACT 

A study o� the relationship among cloudiness, precipitable water vapor, 

water vapor flux, stability and precipitat ion is presented for the Texas High 

Plains. A cloud census, based on data from three first-order United States 

Weather Bureau stat ions, gives the annual and diurnal variations of cloud types 

and amounts in the area. The census reveals that the most common cloud types 

are altocumulus and cirrus . Total cloud cover is greatest during winter and 

least during the fall. A study of clouds during periods of above normal rain­

fall indicates that precipitation during late fall and winter is ass ociated 

with stratiform clouds which develop in conjunction with cyclonic activity.  

Spring and summer precipitation is  most highly correlated with cumuliform clouds 

characteristic of convective activity. As expected, periods of above normal 

precipitation in the plains area are ass ociated with above normal cloud amounts, 

while dry periods are generally lacking in clouds . An exception is summer 

cumulus which occurs with surprising regularity during both dry and wet periods. 

Investigation of other macro-scale atmospheric features indicates that 

wet periods are further characterized by atmospheric instability and above 

normal values of precipitable water vapor and water vapor transport . Dry periods 

are associated with atmospheric circulation patterns which either serve to cut 

off the supply of low-level moisture, produce subsidence and consequent atmos­

pheric stability; or both . These conditions, which are unfavorable for the 

formation of precipitating clouds, o�en lead to extended periods with very 

few clouds . The success of attempts at artificial precipitation production 

would depend in these cases upon the initiation of cloud development . Oc ca­

sionally, however, sufficient clouds are present during dry periods in conjunction 

with adequate supplies of precipitable water and the absence of upper level sta­

bility. It is these s ituations which may hold promise for artificial cloud 

modification experiments • 
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I. INTRODUCTION 

The problem of providing an adequate water s upply in the Texas plains 

emphasizes the importance of a more comprehensive knowledge of clouds and pre­

cipitation characteristic of this area. Ground water is being depleted at an 

alarming rate. T4e low water table has brought about the realization that 

other water s ources must be found and utilized. 

The Texas Water Development Board ( 1968 ) has published a water plan 

for Texas suggesting that surface water from adjacent areas be pumped in to 

alleviate the water shortage problems in West Texas. It is certain that the 

implementation of this program must overcome many engineering, political, and 

financial obstacles. At the present, however, it appears to be a feasible 

approach to a problem that is fast becoming acute. 

It is obvious that a much cheaper and more direct approach would be 

to tap the water resources of the atmosphere. The problem here is that cloud 

modification techniques are not s ufficiently reliable, and there is no assur­

ance that this reliability will increase s ignificantly before the ground water 

s upply in many areas has been largely depleted. 

Nevertheless,  it is imperative that large-scale s tudies be initiated 

in an attempt to better understand the distribution of precipitation in space 

and time and its causes. The economic future of the Texas plains is dependent 

to a large extent on the solution of hydrologic problems related to the occur­

rence of precipitation. The design of hydrologic structures is also dependent 

on this type of information. 

The present investigation has been initiated as part of a general 

program to obtain greater understanding and knowledge of the precipitation 

process and its behavior in the Texas plains . In particular, the objectives 

are as follows: 

1. to investigate the distribution of cloud types and amounts 
in the area and to relate these to precipitation. 

2. to s tudy in detail characteristically dry and characteristically 
wet months in an attempt to explain some of the factors which 
control the amount of clouds and/or precipitation. 

3. to investigate in particular, dry period cloudiness and the 
potential of artificial modification techniques during such 
periods . 

l 
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It is generally recognized that one is not able to produce general 

rain in the midst of a meteorological drought. In many instances there are 

no clouds present on which to focus our modification efforts. The question 

is not 11How suitable is a typical drought day for cloud seeding11, but 11How 

frequently during an extended drought do seeding opportunities present them­

selves ?11 It may be that several periods during a typical drought are suitable 

for cloud seeding when the natural precipitation mechanism almost reaches the 

stage of rain but does not quite get there. Then the aim becomes to relieve 

the intensity of the drought coniition rather than actually to 11break the 

drought11• 

It is not the purpose of this research to evaluate cloud seeding 

techniques themselves, but rather to investigate the natural occurrences o� 

clouds and precipitation in an e�fort to determine if modification e�forts 

are feasible, especially during dry periods. 

Section II, which �allows, is devoted to a 10-year cloud census 

investigation of the Texas High Plains. Since different types of clouds 

react in different ways to cloud seeding attempts, any progress in the field 

of cloud modification is dependent upon the types of clouds characteristic 

of the area. It has been demonstrated that the seeding of warm active cumulus 

clouds, for example, may result in rain, whereas the same type of seeding when 

applied to warm layer clouds and small inactive cumuli often leads to dissi­

pation ( Carr, 196 5 ) . The internal structure of supercooled clouds, those 

containing liquid water droplets at temperatures below freezing, are almost 

invariably modified to some extent when artificial freezing nuclei or dry ice 

are introduced into them. 

Section III is a discussion of the relationship of clouds and precip­

itation observed in the plains area. The natural occurrence of precipitation is 

described as it relates to synoptic precipitation-producing systems. Cloud 

occurrences during periods of excessive precipitation are described. In 

addition_, a rank correlation study between cloud type and precipitation amount 

is presented. 

Section IV describes some characteristically dry and wet monthly 

periods in the plains. Comparisons of cloud types and amounts are included 

along with a discussion of precipitable water, water vapor flux and atmospheric 

disturbances as they relate to precipitation. 



3 

Section V is an investigation of dry periods. A dry period is defined 

for this study as a period of at least five days duration during 1-rhich no m·,.re 

than a trace of precipitation is recorded within a 60 mile radius of the primau'y 

station. The two primary stations used for this study are Amarillo and Midland. 

Once again the macro-scale features of particular interest are cloudiness, 

precipitable water, water vapor flux, and stability. 

Section VI is a summary of' results and some comments regarding the 

potential for artificial cloud modification in the Texas High Plains. Conditions 

believed necessary for successful seeding operations from a physical point of 

view are discussed. 



II. THE CLOUD CENSUS 

The cloud census is based on ten years (1952-1961) of three-hourly 

cloud data from Amarillo (AMA), Lubbock (LBB), and Midland (MAF). The 

locations of these stations are shown in Figure 1. The selection of this 

particular ten-year period was based on its inclusion of periods of both 

above and below-normal precipitation for the area. This is illustrated in 

Figure 2 which shows yearly departures from the 40-year (1926-1965) average 

precipitation as a function of time. Note that the period from 1952 to 1956 

was relatively dry, while precipitation during the latter five years was, 

for the most part, well above normal. A brief climatic summary for each of 

the stations is given in Appendix I. The results of the cloud census for 

Amarillo and Lubbock are based on the entire ten-year period. Cloud � 

observations were not made at Midland during 1952 and 1953, thus the results 

for this station are based on only eight years of data (1954-1961). Cloud 

amounts for Midland are based on the entire ten-year period. 

A. Definition of Cloud Types 

From the macrophysical point of view, a cloud is the resul t of 

cooling moist air to a temperature below its dewpoint. In the atmosphere, 

this cooling is almost always brought about by lifting of the air, which 

cools during expansion as the pressure falls. A comparison of the temperature 

lapse rate in cloud-forming ascent with the temperature structure of the 

environment determines whether or not the ascending mass will be buoyant. 

During buoyant ascent, when the surrounding temperature is lower 

than the cloudy updraft, upward acceleration is enhanced, thus favoring the 

formation of clouds with large vertical extent. The term "penetrative 

convection" is used to convey the idea that a small volume of cloud air pene­

trates vertically through a region of relatively stable air. Clouds formed 

in thio manner are called cumulus clouds. In some cases only small cumulus 

clouds form. As the clouds grow to higher altitudes, clear, dry air mixes 

into the clouds and causes them to be chilled by evaporation of the cloud 

droplets. When this occurs, the cloud stops growing and evaporates. Small 

cumulus clouds normally last only about five to fifteen minutes (Mason, 1957). 

On the other hand, if the atmosphere is very moist and unstable, the rising 

air may be accelerated as it moves to higher altitudes. Updrafts exceeding 

4 
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two meters per second can develop • .  The cloud can grow into the stratosphere 

to altitudes of more than 18 km. Clouds which develop in this manner are 

called cumulonimbus clouds and often produce torrential rains, hail, lightning 

and thunder. Since the lower part of the stratosphere is composed of very s table 

air, it acts as a deterrent to further cloud growth. It often causes the cloud 
tops to spread out and leads to the development of anvil clouds. 

Despite the release of latent heat of condensation, it is poss ible 

for temperature to decrease upward more quickly in a cloudy updraft than in 

the surrounding clear air. Under such circumstances, a cloud s hould not grow 

or even persist. Nevertheless, cloud growth often occurs becaus e other factors·' 

mainly large-s cale mass flow toward a cyclone center, will force the as cent 

of air by horizontal convergence (Willet, 1944) . Such forced as cent leads to 

the formation of cloud sheets spread over a large area horizontally compared 

to their depth. These clouds ,  which appear as thin stratified layers are called 

stratus. 

Although stratus and cumulus are the bas ic cloud forms, there is an 

infinite variety of cloud patterns which renders complete cloud clas sification 

difficult. Nevertheles s,  different observers can usually agree on some out­

standing features of clouds .  A cloud compos ed entirely of ice crystals is 

called a cirrus . Cirrus clouds form at high altitudes and generally have a 

hairlike and s ilken appearance. 

When cirrus are s o  abundant as to fuse into a layer, it is called 

cirros tratus. A low-level cloud which is broken up into a wavy pattern is 

called s tratocumulus, unles s it is higher, delicate and ass ociated with 

cirrus, when it is cirrocumulus. Similar clouds at intermediate levels 

(2 km to 6 km) are called altocumulus and a stratified layer of cloud at 

thes e levels is altos tratus. Finally, a dark wides pread layer from which 

prolonged rain or s now falls is a nimbostratus. 

Fifteen cloud types are reported routinely by each of the first­

order Weather Bureau stations . These are fog, stratus, stratocurnulus , cunmlus, 

cumulonimbus, fractostratus , cirrus, cirrocumulus, cirrostratus, altocumulus , 

fractocumulus, altos tratus, nimbostratus, altocumulus castellatus, and cumulon­

imbus mammatus . A brief des cription of each of these clouds is given in 

Appendix II. These definitions are taken from the International Cloud Atlas 

( World Meteorological Organization, 1956). 
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After considering the frequency of occurrence of each type of cloud, 

it was decided to combine some of the types, which occur infrequently, with 

similar forms. For this reason, nimbostratus has been included with altostratur;, 

cirrocumulus with cirrostratus, fractostratus with stratus, fractocumulus with 

cumulus, and cumulonimbus mammatus with cumulonimbus. 

B. Data and Data Limitations 

The cloud data were acquired on IBM punched cards from the National 

Weather Records Center, Ashville, North Carolina. More than 87,000 cards 

containing three-hourly cloud data were processed during this investigation. 

The data include the number of cloud layers, the cloud types in each 

layer, cloud type amounts in each layer and the total sky cover. Detailed 

instructions for making and recording these observations are given in WBAN 
Circular N ( Anon, 1956). 

From one to four layers of clouds and obscuring phenomena can be 

recorded at each observation. The clouds whose bases are at approximately the 

same level are regarded as a single layer. The layer may be; continuous or 

composed of detached elements. It is not necessary that there be space between 

layers or that the clouds composing each layer be of the same type. Cumuliform 

,�louds may develop vertically such that they extend both below and above other 

cloud layers. Also, horizontal development may cause swelling cumulus or 

cumulonimbus to form stratocumulus, altocumulus, or cirrus clouds. When clouds 

are formed in this manner and attached to a parent cloud, they are regarded as 

a separate layer only if their bases appear horizontal and at a different level 

from the parent cloud. 

Cloud amounts are reported in terms of fractional portions of the sky 

that is covered by the cloud. Amounts are reported for each of the four layers 

as well as for the sky as a whole. The total of the layer amounts does not 

necessarily equal the total sky cover since the layers may overlap. Thus, the 

cloud amount in each layer is independent of the other layers. 

Cloud types are reported for each of the layers. If more than one 

type appears in a layer, only the predominating type is reported. This can be 

very misleading for two reasons. First, some clouds may be present and are 

not reported. Secondly, the predominant type is assigned the total amount of 

sky coverage of all types in the layer. As an example, 0.2 altostratus and 
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0.4 altocumulus is reported as 0.6 altocumulus. In some instances the most 

significant, rather than the predominant, cloud type is reported. Thus, 

cumulonimbus may be reported even though another type of less significance 

may be predominant. This recording procedure makes it extremely difficult 

to determine the true individual cloud frequencies or amounts. Only the 

frequency with which a cloud type is a predominating type in its layer can 

be determined. In addition to these data limitations, there are several 

others worth noting ( Changnon, l957J DesJardins, 1958; Sellers, 1958): 

l. Cloud identification at night: It is obvious that visual 

cloud observations are severely limited by darkness. In 

many instances, cloud types and amounts at upper lt: v·2ls 

may be difficult to detect and thus go unreported. Cirri­

form clouds are especially difficult to detect at night, 

even when they are the only cloud type present. A sharp 

rise in the frequency of occurrence of cirrus in the early 

morning may be due simply to the fact that the sun has 

risen and observation is possible. A study by Braham (1955) 

in Arizona indicates the number of reports of cirriform 

clouds increased directly with the lunar altitude. Cloud 

amounts in all layers are subject to error under �onditions 

of darkness. 

2. Obscuration by lower layers: In some instances, low-level 

clouds may serve to obscure clouds at upper le·.rP:::.0. Smoke 

and haze also contribute to the obscuration pr(:.blem. This 

probably causes middle and high clouds to be underestimated. 

3. Observer error: Even though the observations are made by trained 

observers, there is an error introduced in the recording of 

types by different observers. A particular clond type may hav.c' 

a variable appearance and may be difficult to differentiate 

from another type under certain conditions. 

All of these limitations should be kept in mind when reviewing the 

results r,f this census. 

No attempt has been made to differentiate between the four layers 

reported. A particular cloud type is recorded and tabulated without regard 

to the layer in which it occurred. Once a cloud type has been recorded at 
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a particular observation time, it �ll not be counted again, even though it 

may be reported at more than one level. Thus no cloud may occur with a 

frequency greater than one at a particular observation time. Central Standard 

Time is used throughout this report. Detailed tabulations of the cloud census 

are included in a recent report by this author ( Haragan, 1969 ) .  

C. Analysis of Total Cloud Amount 

Figure 3 illustrates the annual variation in mean monthly cloud 

cover. The values were obtained by averaging each of the eight daily obser­

vations for a one-month period; thus, each point in the figure represents 

approximately 240 single observations. 

Generally, cloud cover has a maximum in the winter, decreasing to a 

sharp minimum in September at each of the three stations. During most of the 

year, the cloud cover at Amarillo is greater than that at either of the other 

stations. During the late winter and spring this difference is accounted for 

primarily by stratus in association with frontal passages and overrunning 

patterns set up by stationary fronts south of the station. Many late winter 

fronts which affect the Amarillo area dissipate or become stationary soon 

thereafter and have little or no effect on stations farther south. The summer 

difference is accounted for by cumulonimbus in association with more intense 

convective activity at Amarillo. 

In each case, the maximum winter cloudiness is due to frontal activity. 

Since cloudiness is not widespread in time with the passage of an individual 

front, cloud types such as stratus, altostratus and nimbostratus are not domi­

nant on the average. Nevertheless, when they do occur with the passage of a 

front, they tend to be domina�t in the sky for several days at a time. 

Figures 4, 5 and 6 are representations of clear and overcast sky frequency as 

a function of the time of year and the time of day. The contours in these 

figures represent the total number of clear or overcast sky observations for 

the entire data sample. Thus, Figures 4 and 5 are based on a 10-year period, 

while Figure 6 is based on only eight years. As an example in interpreting 

the charts consider that the maximum number of clear sky observations which 

could be made during January at 1800 LST is 310 for Amarillo and Lubbock. The 

number actually reported in this case for Amarillo was between 100 and 120. 

Note that the maximum number of clear sky observations occurs in the fall. 
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This reflects the winter maximum and. fall minimum in sky cover shown in 

Figure 3. 

15 

Spring is a transition season which includes clouds due to late 

winter frontal activity in addition to clouds due to convective activity which 

is being inititated during this season. The secondary maximum in May, shown 

in Figure 3, is mainly a result of' violent convective activity in association 

with squall lines characteristic of' this time of' year ( Staley, 1959). Summer 

sky cover is almost entirely due to convective activity. It is the season 

with the minimum number of' both clear and overcast skies; the frequency of 

cumulus and cumulonimbus clouds is quite high during the summer, but rarely 

do they cover the entire sky. 

The highest frequency of clear skies occurs at each of the stations 

during the fall. This is a season of transition between the summer convective 

activity and the frontal disturbances which dominate cloud production during 

the winter. Clouds which do occur are generally stratocumulus formed by the 

merging of slightly developed cumulus clouds, sometimes in association with 

weak frontal passages of stratus or altostratus clouds resulting from warm 

moist maritime tropical air from the Gulf of Mexico overrunning cooler conti­

nental air at the ground. In the late fall, the cold air often invades the 

plains region so repeatedly that there is little opportunity for return flow • II It 
of Gulf nolsture; these fror.ta:_ systems are usually called dry northers • 
Even under these conditions, however, clouds may form by upslope motion in 

the cold air. 

Average diurnal variations in cloud amount for the ten-year period 

are shown for each month of the year at each station in Figures 7a and 7b. 
Note that January, February, March, and April are all characterized by broad 

daytime maxima and nighttime minima in cloud cover. The amplitude of the cw.'ves 

is probably magnified somewhat by the difficulty in observing high clouds 

during darkness. During February, March and April, the cloud cover at Amarillo 

is greater
-

than at Lubbock or Midland. This is accounted for in large part by 

a higher frequency of occurrence for early morning stratus resulting from 

nighttime cooling of moist air. The higher moisture content at Amarillo is 

also responsible for the higher incidence of afternoon convective activity 

which is reflected in the curves. This peak is noted to a lesser extent at 
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the other stations and becomes pronounced at all three stations during the 

late spring and summer. 

During April, May and June, there is a continuous decrease in cloud 

cover toward the south. The distributions are becoming definitely bi-modal 

with peaks in the early morning and mid-afternoon. The higher cloud amounts 

at Amarillo are accounted for primarily by stratiform clouds at all levels. 

This is probably due to the higher frequency of cyclonic activity in the 

northern portions of the study area during the spring months. 

The first striking difference among the three stations occurs in 

July. The diurnal range in sky coverage at Amarillo is quite small compared 

to the other stations. This reduced amplitude at Amarillo is also character­

istic to a somewhat lesser degree of August and September. The difference is 

accounted for by a higher occurrence of early morning cloudiness associated 

with greater amounts of moisture at Amarillo. 

The greatest diurnal range for the months of June through September 

is found at Midland. During July, August and September, Midland has the 

highest mean cloud cover in the afternoon and the lowest at night. In October, 

the curves for the three stations begin to look more alike. The range at 

Amarillo is still somewhat smaller, however, and the maximum afternoon cloud 

cover increases from north to south. 

Other changes can be noted in November, when the amplitude of the 

Amarillo curve becomes comparable to that at the other stations. A single 

mid-morning peak is apparent at Amarillo, while at Midland the primary peak 

is in the mid-afternoon. The Lubbock curve shows the mid-morning peak that 

is present at Amarillo in addition to a secondary peak during the early 

morning hours. 

Cloud cover increases at all stations in December with Midland 

exhibiting a mid-morning peak which was characteristic of Amarillo and Lubbock 

during November. Further discussion of the diurnal variation of different cloud 

types is contained in the following section. 

D. Analysis of Cloud Types 

Figures Sa and 8b illustrate the mean monthly frequency of occurrence 

for the different cloud types at each of the three stations. The frequencies 

were computed by adding the number of times a particular cloud type was reported 
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during each month over the entire s tudy period and dividing by the number of 

months in the series. Thus J in the case of Amarillo and Lubbock, the total 

was divided by ten, while in the case of Midland the divisor was eight. 

The frequency curves for stratus ( st ) occurrence are bi-modal for 

Lubbock and Midland. Maxima occur in February in as soc iation with the maxi­

mum in frontal activity and in October as a result mainly of nocturnal 

cooling and overrunning in association with early-seas on cyclonic activity. 

At Amarillo, the winter maximum is cons iderably broadened to include the 

entire spring season. This is probably due in part to the higher frequency 

of oc currence of frontal passages in the late winter and early spring at 

Amarillo .  The high frequency in May can be accounted for in large partby 

a relatively high number of stratus obs ervations during May 1954 and May 1957 .  

The minimum at all three stations i s  in August . 

Stratocumulus (Sc) is characterized by maxima in the fall and spring 

with the minimum oc curring during the middle and late summer. The strata­

cumulus curves have much the same shape as those  for stratus . One apparent 

difference is that there is a broad late winter and spring maximum at all three 

stations . The minimum is once again in August, followed by another peak in 

October. The higher frequency at Midland in the fall may be due to the fact 

that the Midland data are weighted by more wet than dry years . 

Cumulus ( Cu) is obviously ass ociated with the warmer half of the 

year , the peak frequency occurring in July and August at each of the stations . 

The annual variation in cumulus frequency is considerably higher than any of 

the other cloud types with the exception of cirrus , which exhibits an annual 

variation almost as large. 

Cumulonimbus (Cb) is typically a late spring and summer cl oud type. 

Early and mid-summer rainfall depends upon the development of these cl ouds 

thru daytime heating, low- level moisture and the absence of subsidence aloft. 

Dry summers are characteriz ed by an extension of the Atlantic anticyclone 

westward which brings upper level stability and inhibits vertical development 

in any but is olated cases . 

Altostratus (As) and Nimbostratus (Ns) are not dominant cloud types 

at any of the stati ons. The distribution is fairly uniform throughout most 

of the year with a maximum in mid-winter during the time of maximum cyclonic 

disturbances . 
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Altocumulus (Ag) is one o� _ the two dominant cloud types in the area.  

It is present at each station in s izable amounts throughout the year . The 

maximum is as sociated with the intense convective activity o� summer and 

is usually due to the merging o� s lightly developed cumulus clouds at middle 

levels . Altocumulus clouds are not usually ass ociated with signi�icant 

amounts o� precipitation. 

Alt ocumulus castellatus (Ac e) is observed frequently tn the spring 
{ i . 

and summer but is practically non-existent d�ing the remainder of the year . 

Cirrus (Ci) is the other dominant cloud type in the area, occurring 

in signi�icant amounts during each month o� the year. The maximum occurrence 

during summer is related to the anvils o� cumulonimbus clouds . The space 

distribution o� cumulonimbus is such that its oc currence may not be reported 

at a station even tho�gh the cirrus from distru1t cumulonimbus may be . 

Cirrostratus {Cs) ru1d Cirrocumulus (Cc) have been combined due to  

their low frequency of  oc currence  in the area. The combination is  dominated 

by cirrostratus, cirrocumulus having the lowest frequency of oc c�·rence among 

those clouds considered in this investigation .  Since cirrostratus is associated 

with the frontal activity of winter ,  the combinatton shows a mid-winter maximum 

and a pronounced minimum during late summer and early fall . The cirrocumulus 

which is reported is associated with summer convective activity. 

The diurnal variation o� seven of the most commoq cloud types is 

shown in Figures 9a, 9b , 9c , and 9d. Mean monthly frequency of oc currence is 

plotted against the time o� day �or each month of the year . Thus , the maxi­

mum frequency at any particular three-hour interval is 30. Midland is not 

included in the figures due to  its shorter period of record for cloud-type 

observations . The statistics for Amarillo and Lubbock are based once again 

on 10 years o� data. 

Cirrus is the dominant cloud type during Janu�, occurring nearly 

15 times per month during the daylight hours and falliqg off t o  a minimum 

frequency of about 5 or 6 times per month in the early pre-dawn hours . This 

nighttime decrease is probably exaggerated s omewhat due to observational 

difficulties during darknes s .  The second most prevalent cloud type is alto­

cumulus . It als o nas a daytime maximum . with peaks at 9 a .m. and 6 p.m. LST . 

Weak convective activity is probably producing s ome late afternoon cumulus . 

Stratus, which occurs only 2 or 3 times per month appears to  be slightly more 
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prevalent in the daylight hours preceding noon and reaches a minimum in the 

early evening. Stratocumulus is most common during the afternoon hours . 

Cirrostratus and cirrocumulus shows a daytime maximum while cumulonimbus is 

practically non�existent . 

Cirrus and altocumulus continue to be the most common cloud types 
during FebruarY• The diurnal variation in each case is identical to January 

with the exception that the frequency at all hours is reduced . An increase 

in convective activity is indicated by the increased frequency of afternoon 

cumulus . Stratus is slightly more prevalent than in January with a maximum 

during the morning hours , while stratocumulus shows a pronounced 6 p.m.  LST 

maximum at both Amarillo and Lubbock. 

Cumulus activity continues to  increase during Marchj however, cirrus 

and altocumulus remain the most c ormnon cloud types . Cirrus has increased 

slightly while altocumulus has increased during the morning hours and decreased 

during the afternoon. It must be kept in mind that as low-level cloud frequen­

cies increase ,  the possibility of not observing the occurrence of upper-level 

clouds als o increases . It should als o be noted that the occurrence of cirrus , 

which during the winter months was due primarily to frontal activity, becomes 

increasingly related to convective activity during the spring and summer 

months . Stratus and stratocumulus are much the same as in February. 

During April, cumulus overtakes altocumulus as a dominant afternoon 

cloud type . The pronounced cumulus maximum at 3 p.m. is equal t o  the cirrus 

frequency at this hour . Cumulonimbus , which has been practically non-existent 

during the previous months is beginning t o  make an appearance with a maximum 

at 6 p.m. at both stations . The maximum in the cirrus frequency at 6 p.m. is 

probably due in part to the increased cumulonimbus activity at this hour . It 

should be remembered , however, that the decrease in cirrus at sunset may als o 

be related t o  the difficulty in observing cirrus during darkness . The low 

frequency of morning stratus remains about the same in April while afternoon 

stratus occurrence has decreased t o  a mean frequency of less than one per 

month. The maximum stratocumulus frequency has als o  shifted from afternoon 

to morning . 

Cumulus and cirrus are the dominant cloud types during May. Cumulus 

reaches a 3 p.� maximum of greater than 15 times per month at both stations , 

falling off to practically z ero at midnight . The cirrus distribution is 
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becoming increasingly bi-modal with a primary maximum at 6 p . m. and a secondary 

maximum at 6 a. m. As mentioned previously, the a:fternoon maximum in cirrus is 

probably related to cumulonimbus development . The increase in cirrus at dawn 

may be due t o  t he dif'ficulty in cirrus observation at night . Altocumulus is 

be coming le s s  and less prevalent as a daytime cloud type . The maximum in 

alt ocumulus frequency has shif'ted t o  6 a . m. during May and f'alls of'f rapidly 

thereaf'ter to a minimum in mid-af'ternoon. Strat ocumulus exhibits the same 

variation to a less er degree .  It reaches a 9 p . m. maximum and decreas es t o  a 

minimum at midnight . The small sec ondary maximum at 6 p . m .  is probably due 

to the merging of afternoon cumulus . The occurrence of cirrostratus and cirro­

cumulus has bec ome ins ignif'icant . Cumulonimbus has become cons iderably more 

f'requent during May with a pronounced maximum at 6 p . m. and a minimum at 9 a . m. 

With the except ion of' their amplitudes , the frequency curves for June 

are almost identical to the May curves . Increas ed f'requencies are noted for 

cumulus , cumulonimbus and alt ocumulus , while de creas e s  character ize stratus , 

stratocumulus , and the combination of cirrostratus and c irrocumulus . Cirrus 

occurrence remains about the s ame with the exception that the 6 a.m. maximum 

is nearly equal t o  the 6 p . m .  value . 

July is characterized by further decreas e s  in stratus , stratocumulus 

and c irrostratus , s o  that the only cloud types of s ignificance are cumulus , 

cumulonimbus , altocumulus , and c irrus . Morning alt ocumulus is increased over 

its June value and c irrus frequency has undergone an overall increase . No 

s ignificant change is noted in the frequency of cumulonimbus . 

The curves for August are almost identi cal to those for July. Cirrus 

and alt ocumulus are d ominant in the morning and during the night , while cirrus 

and cumulus are most prevalent in the af'ternoon. The frequency of cumulonimbus 

remains about the s ame for the ent ire s ummer period .  

The general sequence of cloudiness during a summer day might be the 

following : The sun ris es on a broken deck of alt ocumulus with s cattered c irrus 

or a broken cirrus deck above . By mid-morning cumulus activity has begun, 

alt ocumulus has reached a maximum and cirrus is decreas ing . Cumulus dominates 

the s ky by noon as the alt ocumulus activity generally dies out and the cirrus 

frequency cont inues to decreas e .  By mid-afternoon, cumulus has reached a 

maximum and cumulonimbus activity begins to be prevalent . As the cumulonimbus 

frequency increas e s ,  cirrus als o increas es s o  that by 6 p . m. there is cumulus 
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and cumulonimbus , each thunderhead being surmount ed by an ass o c iated veil 

o� c irrus . As the sun approaches the horiz on the cumulus clouds begin 

either to dis s ipate or t o  �latten out and bec ome alt ocumuli, which as a 

result , increas e slightly. As the sun set s , all conve ctive act ivity, 

except �or a �ew s cattered cumulonimbus , ceases , and the cloudines s  is 

mostly due to alt ocumulus and c irrus . This pattern is maintained through­

out the rest o� the night . 

The description above is identical t o  the sequence o� cloudine ss 

reported by Sellers ( 1958 )  �or a typi cal Ariz ona station during a mid-summer 

day. In making generaliz ations o� this sort , several �act ors , espec ially as 

regards the distribution o� cirrus and cumulonimbus must be cons idered. As 
mentioned previ ously,  there is a space distribution o� cumulonimbus such that 

its oc currence may not be reported at a station even though the cirrus from 

distant cumulonimbus may be . Als o ,  cumulonimbus is not readily s een at night , 

although lightning and thunder may be reported in pres ent weather .  Under 

these circumstances , cumulonimbus clouds would not be reported .  

All cloud types , with the except i on o� s tratus and stratocumulus 

are reported less �equently in September than in August . The less ening o� 

conve ctive act ivity has caused a s harp decreas e in the oc currence of cumulus 

and cumulonimbus . It should be not i c ed als o that the bi-modal character o� 

the c irrus distribut ion has pract ically disappeared and c irrus exhibits only 

one maximum at 6 p.m.  

Oct ober is characteriz ed by a �her decreas e in cumulus , cumulo­

nimbus , and alt ocumulus and a s light increase in stratus , stratocumulus , and 

cirrus . Cirrus is the dominant cloud type , �allowed by altocumulus and cumulus . 

Morning c irrus is increas ing s o  that there is once again a s e c ondary peak 

during the morning hours . In general , October is characteri z ed by de creas ing 

cloudines s .  

With the exc eption o� cirriform clouds , �re quencies continue to 

decrease during November. Cumulonimbus clouds have es s ent ially disappeared 

and the cumulus �reque ncy is down to 2 or 3 per month . Cirrus c ont inues to 

be the dominant cloud type ,  and is beginning to exhibit a broad maximum during 

the daylight hours . Alto cumulus c ontinues t o  be t he second most abundant type 

followed by strat ocumulus and stratus in that order . 
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Cirrus continues to be the dominant cloud type in December . Alto­

cumulus remains the second most abundant type at Lubbock but has become 

insignificant at Amarillo . Very little change is noted in stratus and strata­

cumulus, while cirrostratus and cirrocumulus have increased slightly over their 

November occurrences . No cumulonimbus clouds are reported. 

Figures 10, ll and 12 show the annual ( abcissa ) and diurnal ( ordinate ) 
variations of cloud types on the same diagram for Amarillo, Lubbock, and Midland 

respectively. The contours represent isolines of total frequency of occurrence 

for the entire period under investigation (ten years for Amarillo and Lubbock; 

eight years for Midland ). 

Note that stratus occurrence is a maximum during the early morning 

hours of fall and spring and reaches a minimum during the summer season. This 

early morning stratus is probably due in large part to nocturnal cooling of 

low-level moisture . Stratocumulus is a maximum during the daylight hours of 

spring and fall and is a minimum during the summer. 

Cumulus has a maximum frequency during the summer afternoon hours . 

The cumulus frequency reaches a minimum during the morning and nighttime hours 

of winter, when convective activity is at a minimum . The maximum frequency 

of cumulonimbus occurs also in the summer during the late afternoon and early 

evening . Cumulonimbus cloud frequency is a minimum during the late fall, 

winter, and early spring . 

Altostratus are generally most abundant in the winter and least 

abundant in the fall. No consistent diurnal trend is obvious . Altocumulus 

is prevalent throughout the year with a maximum during the early morning 

hours of summer . The minimum frequency occurs during the nighttime hours of 

fall, winter, and spring . 

Cirrus is also abundant throughout the year. It reaches a maximum 

during the summer between the hours of 6 a .m. and 9 p.m. and a minimum during 

the early morning hours of autumn and winter. Cirrostratus has a maximum in 

the winter and a minimum in the summer and early fall . 

Inspection of the cloud regimes at each of the stations indicates that 

the similarities are sufficient to warrant the construction of frequency ogives 

based on the combined total data sample. After deriving frequency curves for 

each month individually, it was discovered that many curves were almost identical. 
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Thus , individual months were grouped into " cloud seas ons " according to s imila­

rit ies in their distributions . In s ome instances the clouds could reasonably 

be s eparated int o two groups while in other cas e s , t hree or four groups were 

ne cessary . The groups for each cloud type are as follows : 

Cirrus : 

Stratus : 

Cumulus : 

Cumulonimbus : 

Alt o cumulus : 

Strat o cumulus : 

Group I 
II 

Group I 
II 

III 

Group I 
II 

III 
IV 

Group I 
II 

III 

Group I 
II 

Group I 
II 

III 

May thru August 
September thru April 

June thru September 
October thru February 
March thru May 
November thru February 
March thru April , October 
May, September 
June thru August 

April, September , October 
May tW'u August 
November thru March ( not plott ed due 

t o  extremely low frequency) 
Oct ober thru May 
June thru September 

February thru May, Oct ober, November 
June thru September 
Dec ember, January 

Figure 13 shows cumulat ive percentage ogives derived from the fre­

quency hist ograms . The abc is sae in these diagrams are the number of occurrences 

of a particular cloud type while the ordinates represent cumulative percentage 

frequency. Thus , for Group I cumulus , the curve indicates that a freqtcency of 

greater than 10 per month is obs erved 10% of the t ime . For Group II cumulus 

a frequency of greater t han 10 per month is observed 82% of the time . 

E. Amounts of Different Cloud Types 

Figures 14a and l4b show the amount of different cloud types as a 

function of the time of year . It is immediat ely obvious that these curves very 

clos ely res emble those in Figures Sa and 8b for cloud frequency . This indicates 

that clouds tend t o  occur in greater amounts during the time of year that they 

are most frequently observed . 

The curves for stratus are once again bi-modal, with maxima in Oct ober 

and February. The spring maximum at Amarillo is once again prominent . The 
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stratocumulus variat ion is almost identical to t hat for cl oud frequency. This 

is true als o in the cases of alt ostratus and alt ocumulus . For cumulus , the 

shape of the curves corresponds t o  thos e in Figures Sa and Sb , but there 

appears t o  be a greater separation during the time of maximum oc currence ( summer ) . 

Note that while the f:r'equency of cumulus occurrences at Midland and Amarillo is 

about the same during August (Fig. Sa) , the amount of cumulus is greater at 

Midland during this period. This would seem to indicate that while cumulus 

clouds are dominant in the sky the same percentage of t ime at the two stations , 

they oc cur in greater amounts at Midland . Not e ,  however, that the reverse of 

this s ituation is evident in the case of cumulonimbus . The amounts are nearly 

the same ,  but the frequency of oc currence is s ignificantly greater at Amarillo 

during August . This may indicate that a greater percentage of cumulus clouds 

develop int o cumulonimbus at Amarillo during the summer s eas on . 

The curves for cirrus s eem to indicate a s ignificant difference in 

cloud amount between Amarillo and Midland which is not evident in Figure Sb . 

It is important t o  rec ogniz e that this may s imply be due to the difficulty in 

obs erving c irrus ( espe cially the amount ) at night or in the pre sence of lower 

level clouds . 



IIL CL otm AND PRECIPITATION 

The s earch for an adequate phys ical explanation of the formation of 

precipitation elements has been an area of intense investigat ion for many 

years. Bergeron ( 1935 ) concludes that of s everal competing mechanisms , none 

is adequate t o  account for the release of precipitation. He postulated that 

the only factor that could explain the growth of precipitation- s ize drops 

was the appearance of a few i ce crystals among a large population of super­

cooled droplets in those parts of the cloud where the temperature was b.elow 
0 

-10 C .  In this region, there would exist a supersaturation with respect to  

ice s o  that the ice crystals would tend to  grow rapidly. Condensation would 

take place continually on the ice,  while at the same time liquid water would 

evaporate from the droplets . This process would continue until the liquid 

phase was entirely consumed. Thus , Bergeron postulated that every raindrop 

( d>O . 5 mm) originates as an ice particle which grows in this way and therefore 

all rain clouds must extend well above the level of the 0°C is otherm. 

The Bergeron theory, with support from Findeisen, c ame to  be generally 

accepted during the following decade . However , it was obvious to most meteor­

ologists that , in tropical regions , showers often fell from clouds whose tops 

did not reach the freez ing level. Suggestions that rain could be produced 

by wholly liquid clouds began to  become more prominent . In recent years , 

careful visual and radar observations have accumulated which show beyond all 

doubt that heavy rain may fall from clouds which are entirely beneath the level 

of the 0°C isotherm. 

Thus it appears that droplet growth to  pre cipitation siz e  can be due 

to either or both of two mechanisms : 

1 .  the Bergeron process for clouds extending well above the 
freez ing level, and, 

2 .  pure c oales cence for clouds not extending above the freez ing 
level.  

In most instances it appears that a c ombination of the above mechanisms is  

operative. It may, therefore, be a difficult task t o  decide which of the two 

possible mechanisms is responsible for the initiation of the precipitation 

process . During the rainy seas ons in the Texas plains , it is probable that 

both producing processes are operative. 
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Once an ice crystal growing in a dense superc ooled cloud has become 

apprec iably larger than a cloud droplet , its growth will be greatly accelerated 

by ac cret ion of these droplets whi ch will freeze on impact to form ice pellets 

of irregular s hape ( Mas on, 1957) . It appears that most rain of extra-tropi cal 

origin whi ch falls from thick layered clouds is initiated almost entirely by 

the growth of ice crystals , whi ch however, must aggregate to form snow flakes 

if they are t o  produce raindrops of the obs erved s iz e .  

There are , in general, three types of precipitat ion, all of which 

are characteristic to s ome extent of rainfall in the Texas High Plains . The 

first of these is the int ermittent or c ontinuous pre cipitation from a contin­

uous cloud c over of the altostratus or nimbostratus type. This kind of prec ip­

itat ion is c aus ed by the slow upglid e of a large mass of air , due to c onvergence 

in the horiz ontal wind field . The s e c ond type is the showers or squalls of 

short durat ion that begin and end suddenly. This kind of pre c ipitat ion, which 

originates from cumulonimbus clouds , is indicat ive of instability and is caus ed 

by the rapid ris ing of small bodies of air through the atmosphere (thermals ) . 

The third type is drizzle which falls from low stratus cloud layers . This 

kind of pre cipitat ion is indicat ive of stable air mas ses and is not c onnected 

with any appre c iable vert ical velo c ity. In fact , the small drops are able 

t o  fall out of the cl oud because of the abs ence of an appreciable upward motion .  

A .  Texas Precipitation Seas ons 

In the study of poss ible methods of modifying Texas pre cipitation,  

it is  important t o  re c ognize t hat the sequence of meteorologi cal events leading 

to pre cipitat ion in one seas on of the year may not be the same as that produc ing 

prec ipitat i on in another season of the same year ( Staley, 1959) . Over most of 

Texas the heaviest rainfall oc curs in the spring and fall as shown by the bar 

graphS in Figure 15. The graphs at Amarillo ,  Lubbock, and Midland are charac­

teristic of the plains area .  Not e that a d ominant port i on of the annual 

precipitat ion falls in the seven month period from April thru Oct ober . Since 

this is the critical period as regards water supply, it will re ceive the maj or 

emphas is in this res earch. 

The heavy rainfall in April and May is usually the result of conve ctive 

act ivity set off by s quall lines moving out ahead of frontal disturbances . It 

is doubtful that large-scale attempts at increas ing t his pre cipitation would be 
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effective , s ince once the necessary vertical motion is provided , the precip­

itation follows almost without exception. The highly localized nature of the 

precipitation i s  associated with the equally localized fields of vertical 

motion .  The one hope which modification might hold is that these disturbance s ,  

often accompanied by hail and violent winds , could be made less violent by 

cloud seeding operations . Hail suppres s ion experiments in the Soviet Union 

( Sokol , 1967) utiliz ing control areas and statistical analysis have suggested 

that seeding may reduce hail losses by as much as 90% . 

Summer rainfall in the plains area is made up of s cattered showery 

developments which depend mainly upon dayt ime heating, low-level moisture , 

and the absence of subs idence aloft . During much of the summer , the extens ion 

of the Atlantic anticyclone westward brings upper-level stability and inhibits 

vertical development in any but is olated cases . As will be discus sed in the 

next section , general rainfall covering large areas and whose duration is 

greater than a few hours , is ass ociated , even during the summer seas on,  with 

frontal activity. 

Heavy late summer and early autumn rainfall over most of Texas is 

mainly the result of tropical disturbances moving northward and westward from 

the Gulf of Mexico . In the plains area, frontal passages are becoming more 

frequent , and this , coupled with the Gulf moisture leads to an extens ion of 

the summer rainy seas on into the early fall.  Late autumn and winter rains 

are usually the result of warm moist Gulf air overrunning continental polar 

air which is associated with a strong winter anticyclone . 

The period from early November until mid-April is characteristically 

dry in the plains . Precipitation averages over a 50-year period ( Portig, 1962)  

indicate that more than Bo% of the annual rainfall occurs during the seven 

month peri od , April thru October .  It is this rainy seas on which is of primary 

concern here . 

Rainfall records at Amarillo are complete since 1892 while the period 

of rec ord at Lubbock dates from 1911 . These data are available in the climatic 

summaries of the United States published by the United States Department of 

Commerce Weather Bureau ( 1932 ,  19 55 , 196 5 ) .  Frequency distributions of precip­

itation based on these periods of record are illustrated by percentage ogives 

in Figure 16 for Amarillo and Figure 17 for Lubbock. The ordinate in the 
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diagrams is  percentage cumulative frequency of occurrence while the abc issa 

is prec ipitati on in inches .  As an example in reading the curves , not e that 

during April at Amarillo, pre cipitation amounts greater than one inch were 

obs erved 53% of the time . Thus , bas ed on this data sample , there is a 53% 

chance that precipitati on during April will be greater than one inch . For 

May , there is an 87% chance that the pre cipitat ion will be greater than one 

inch.  These curves will be used in Sect ion IV in comparing characteristi cally 

wet and dry months in the plains area.  

B. Synoptic Events Related t o  Periods of Maximum Precipitation During 
the Rainy Seas on 

Bas ed on a network of 32 stat ions distributed throughout the study 

area,  five years of pre cipitation data ( 1956-1960)  were examined in order to 

select periods of maximum general pre cipitation.  A list of stat ions us ed in 

the analys is is given in Appendix IV. The distribution of the stat ions is 

shown in Figure 19 . The rain periods were s elected s olely on the bas is of 

the amount and areal extent of pre cipitation. No synoptic features were 

cons idered in the sele ct ion process . Once the periods had been chos en, synopt ic 

features characterist ic of each cas e were noted and the results compiled s o  as 

to indicate the synopt ic events most frequently as s ociated with wide-s pread 

rainfall in the Texas plains . 

Results of the study showed that springtime pre cipitation is dominated 

by strong conve ct ive activity in as s ociation with fronts and s quall lines . There 

were bas ically four s ynoptic patterns as s ociated with pre cipitation dur ing the 

s pring season. The pattern res pons ible for the heaviest local rains involved 

a squall line moving ahead of a c old front which pas sed through the study area 

from the northwest . In s ituati ons of this type , strong conve ct ive showers were 

often ass ociated with b oth the s quall line and frontal pas s ages . Large amount s 

of pre cipitat ion were deposited over a relatively short time period . These 

st orms were more often than not acc ompanied by strong winds , hail , and occasion­

ally, tornadoes . As was pointed out e arlier it is doubtful that large s cale 

attempts at increas ing the pre c ipitation would be e ffective , for once the 

situat ion has developed , pre cipitat ion falls almost without except ion . In many 

instances , hail damage to crops offs ets any benefit which �ight have been 

derived from the precipitat ion. 

A more beneficial s pringtime rain s ituat ion as far as agriculture is 

concerned is offered by the s e c ond typical pattern, shown in Figure 18 . In 
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this s ituati on a cold front moves through the plains area and becomes stationary 

in north- central Texas . In many instances the front begins a retrograde move­

ment , setting o�f warm-front type continuous precipitation over a wide area 

caused by warm, moist Gulf air overrunning a shallow layer of colder air at the 

ground . In situations of this type, light to moderate precipitation may fall 

intermittently for a period of five days or more . The slow, steady precipitation 

coupled with the lack of damaging wind and hail makes this a favorable pattern 

for agriculture . 

The third pattern is a squall line passage not in ass ociation with a 

frontal system at the surface .  This situation is usually connected with a 

closed low at upper levels to  the west of the precipitation area. Cold impulses 

spawned by this system set off strong convection in the warm moist air mas s at 

the surface . This ,  on s ome oc casions , becomes a "metastable" situation charac­

terized by a s eries of short waves setting off squall line activity at irregular 

intervals over a period of several days . The weather in this case may be quite 

severe , with strong winds , hail and oc casional tornadoes . 

The fourth pattern, illustrated in Figure 19, is a fast-moving cold 

front , more characteristic of winter, which affects the area for no more than 

a one day period as it moves rapidly southward . Precipitation is usually moderate 

during the passage of the front and gives way to clear skies shortly thereafter . 

With the onset of summer, the Atlantic anticyclone extends westward , 

increas ing upper level stability and, thus , inhibiting strong vertical develop­

ment . This limits most precipitation t o  scattered showers which depend upon 

low level moisture and daytime heating. Showers in these  instances may be 

extremely is olated ,  and , while they may be locally heavy in s ome areas , they 

rarely lead to large amounts of precipitation when averaged over the entire 

study area .  In some cas es ,  lessening o f  the upper-level stability coupled 

with strong surface heating and convergence can produce general shower activity 

over large areas . Even though these  showers may be highly localiz ed, their 

continuous development may lead to a significant depos it of pre cipitation. 

It is more likely, however , that general rainfall patterns in summer 

are as sociated with frontal activity, and are relatively rare . A typical 

pattern is a cold front which passes through the plains area, decelerates , and 

becomes success ively more diffuse as it moves southward, usually becoming 

stationary by the time it reaches the c oast . Weather associated with the 
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frontal pass age is usually less severe than in the spring,  but significant 

rainfall usually results . In s ome instances pre cipitation is prolonged when 

the front bec omes stati onary in central Texas and an overrunning pattern is 

established . A s imilar s ituation oc curs when the front becomes stationary 

in the plains area and front o l y s i s subsequently takes place .  Pre cipitation 

whi ch oc curs with this type of devel opment is us ually light to moderate and 

may last for a day or more . Heavier amounts of prec ipitation may occur 

with the pass age of squall lines which form in as s ociation with some of the 

summer frontal activity. While these are usually not as s evere as in the 

spring, they nevertheless may lead to heavy rain showers and oc cas ional severe 

weather.  

Frontal act ivity is again the prime cause of prec ipitat ion during the 

fall . This is espec ially true after mid- October when much of the rainfall is 

brought about by warm moist marit ime tropical air from the Gulf overrunning 

continent al polar air which has been swept s outhward . Oc cas ionally, the cold 

air invades the regi on s o  repeatedly that there is little opportunity for 

return flow of Gulf moisture . These frontal systems are called dry northers . 

Early autumn rainfall , as was mentioned earlier , is due pr imarily to tropical 

disturbances moving northwestward from the Gulf of Mexic o .  

C .  Clouds Characterist ic o f  Rain Periods 

An analysis of cloud types ass o ciated with periods of general pre­

cipitation in the Texas plains was carried out us ing the data des cribed in 

the previous s ection. Cloud types were tabulated for each of the three seas ons 

of interest to this investigat i on .  The results are shown in Table 1 .  Entries 

in the table give the percentage of three-hourly obs ervations which included 

rep o rts of a part icular cl oud type . 

Table l .  Clouds Characteristic of Rain Periods 

Cloud Ty-pe Spring Summer Fall 

st 34% 23% 50% 
Sc 15 13 14 
Cu 26 24 7 
Cb 15  24 5 
As 5 3 3 
Ac 19 33  9 
Ci 26 38 8 
Cs 4 5 1 
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No distinction was made in this analysis between precipitation regimes 
ass ociated with different types of synoptic events . Also ,  it must be remembered 
that many of the clouds reported are in no way related to the occurrence of 
precipitation. For instance ,  stratus is the most abundant cloud type during 

rainy periods in the spring. This might lead one to c onclude that most spring­
time precipitation is ass ociated with stratus clouds . In Section II it was 

point ed out , however, that stratus is characteristic of early s pring mornings 

at Amarillo and may have little or no relationship to precipitation exc ept that 

it indicates the presenc e  of low- level moisture . 

As will be shown later in this s ecti on, most of the s pringt ime pre c ip­

it at i on is associated with cumulonimbus development . The figure of 15% in this 

c as e  may be mis leading for two reas ons . In the first plac e ,  obs ervati ons are 

made only at t hree hour intervals within the longer period charact eriz ed by 

general pre c ipitat i on, and in order t o  be reported , a cl oud must be pres ent at 

the t ime of t he observat ion. S e c ondly , cumulonimbus may b e  pres ent in the area 

and not be reported if another type of cloud dominate s  the sky . An interest ing 

feature which was noted in the s pring is related to s ky  c ondit i on three hours 

prior t o  the formati on of cumulonimbus clouds . There was definit e evidence that 

cumulonimbus were more likely when c irrus cl ouds were pres ent init ially in c on­

j unct i on with s ome form of cumulus . This became more evident in summe r  whe re , 

in 60% of the cas es , cumulonimbus deve lopment was pre c eded by the c ombinat ior1 of 

cumulus and c irrus cloud s .  This sugges t s  that the c irrus clouds may be s erving 

It  I I  i • 
as a s eeder n s ome way t o  enhanc e  t he development of cumulonlmbus . The value 

of 6o% is a c ons ervat ive e stimat e ,  s inc e ,  in s ome instances it is impos s ible t o  

obs erve the pre s ence o f  c irrus clouds . It would b e  helpful t o  che ck this res ult 

us ing hourly dat a which were not available t o  this invest igation .  

Note t hat during the fall rainy per i ods , stratus cl oud s  were reported 

50% of the t ime . This figure represent s  a c ombinat i on of early morning stratus 

which may not reflect pre c ipitat i on development , and stratus in as s oc iation with 

cyc l onic act ivity characteristic of this t ime of year . The small percentages 

for the other cl oud types is no d oubt affected by the ob s ervational diffi cult ies 

as s oc iat ed with a stratus overcast . 

It was decided that a more representative indicat or of the relat ion­

s hip between cloud type and pre c ipitat i on would be a rank- correlat i on analys is 

b etween these two variables . This type of analys is c onc erns it ems which are 
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alTanged in order of siz e  or quantity although the exact s ize  or quantity is 

not considered. In order to perform the analys is , data from each of the 

three stati ons were used to  calculate mean monthly precipitation and mean 

monthly frequency of occurrence of the different cloud types . The months 

were then ranked according to the values of precipitation and cloud frequency. 

Cons equently, each month is represented by numbers denoting its rank with 

respect to precipitation and its rank with respect to  each of the eight most 

common cloud types . The month with the greatest mean monthly precipitation 

was ranked "1"., the next highest was ranked 1 1211  and s o  on until all of the 

mc_>nths had been ranked . A similar procedure was applied to the cloud types . 

A correlation analys is was then made between the ranks in order to show which 

cloud types were most clos ely related to the oc currence of precipitation .  

The rank correlation coefficient i s  given by 

r == 2 1 _ 6 4 (m - n) 
N ( �  - 1 )  

"\There m i s  the cloud frequency rank, n i s  the precipitation rank, and N is the 

!'1wnber of pairs of observations cons idered in the analysis . The above equation 

is derived in Appendix III . 

The c orrelations were performed ac cording to seas ons . The divisions 

were the clas s ical ones of winter ( Dec-Jan-Feb ) , spring (March-Apr-May) , 

summer (June-July-Aug ) , and fall ( Sept- Oct-Nov) . Ten years of data were used 

for Amarillo and Lubbock while only eight years were available at Midland . 

Thus the rank c orrelation coefficients derived for Amarillo and Lubbock were 

bas ed on 30 pairs while the results at Midland are based on only 24 pairs . 

Results of the investigation are shown in Table 2 .  

Two correlations were actually performed for each cloud type . Type 

1 refers t o  the procedure ,  discus s ed above , of correlating precipitation with 

cloud frequency. Type 2 represents a correlation of precipitation with the 

reported amounts of the different cloud types . In most instances there is 

very little difference between the coefficients . Notable exceptions occur 

f:::Jr summer cirrus and cumulus at .Amarillo ,  and fall cumulonimbus at Midland . 

It is difficult to c omment on the apparent dis crepancy in the cirrus correlation 

at .Amarillo because of the difficulties involved in observing cirrus , espec ially 
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Table 2 .  Rank Correlation Coefficients 
of Precipitation and Cloud Frequency 

!:l:;ee AMARILLO 

I Winter Spring Summer Fall 

( cloud r Type r Tn>e r Type r Type 
frequency ) 0. 54  St 0. 74 St 0. 56 Cb 0 . 70 St 

0- 38 As 0.70 Cb 0 . 51 St 0. 5 5  Cb 

0.17 Ac 0. 47 Ac 0 . 31 Ci 0. 50 Sc 

0.13 Sc 0 . 44 Cu 0 . 28 Sc 0. 48 Ac 

0 . 02 Cs 0- 32 Sc o .o6 As 0 . 42 Cu 

-0. 28 Ci 0. 11 Ci -0. 01 Ac 0 . 01 As 

0 . 09 As -0. 06 Cu -0. 06  Ci 

-0. 19 Cs -0. 20 Cs -0 .23  Cs 

II 0. 53  As 0 . 73 Cb 0.65  Cb 0 . 70 St 

( cloud 0 . 46 St 0.68 St 0 . 42 St 0.62 Cb 
amount ) 0 . 27 Ac 0. 44 Cu 0. 42 Sc 0. 51 Sc 

0 .10 Sc 0 . 29 Sc 0 . 27 Cu 0 . 42 Cu 

0 . 02 Cs 0 . 27 Ac o .o8 Ac 0. 41 Ac 

-0 .13 Ci 0 . 10 Ci 0 . 02 As 0 . 02 As 

0 . 07 As -0. 05 Ci -0. 02 Ci 

-0. 23 Cs -0. 58 Cs -0. 26 Cs 

T�e LUBBOCK 

I Winter Spring Summer Fall 

( cloud r Type r Type r Type r Type 
frequency) 0 . 54 St 0.81 Cb 0 . 47 Sc 0 . 75 St 

0 . 28 Sc 0.68 Sc 0. 36 St 0 . 59 Sc 

0. 19 Ac 0 . 6 5  Cu 0. 34 Cb 0 . 48 Cb 

0 . 04 Ci 0. 58 St 0 . 11 As 0. 36 Cu 

-0.14 As 0 . 10 Ci -0 .03 Ac 0. 35 As 

-0. 20 Cs 0 . 10 As -0. 04 Cs 0 . 15 Cs 

0. 03 Ac -0. 15 Ci -0 . 01 Ac 

-0. 33 Cs -0. 24 Cu - 0 . 10 Ci 

If 
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Table 2 .  Rank Correlat ion Coeffic ient s  

o f  Precipitation and Cloud Frequency 

( Cant inued ) 

Tne LUBBOCK 

II Winter Spring Summer Fall 

( cloud r Type r Type r Type r Type 
amount ) 0 . 55 St 0 . 77 Cb 0 . 47 Cb 0 . 71 St 

0 . 27 Ac 0.66 Cu 0 . 46 St 0 . 53 Sc 

0 . 21 Sc 0. 56 St 0 . 41 Sc 0. 51 Cb 
0 . 11 Ci 0. 53 Sc 0 . 18 Ac 0 . 42 As 

-0 .11 As 0 . 15 Ci 0 . 09 As 0 . 41 Cu 

-0 . 16 Cs 0 . 06 As - 0 . 01 Cu 0. 24 Cs 

-O . o6 Ac -0 . 01 Ci 0 . 19 Ac 

- 0 . 40 Cs -0 . 04 Cs -0. 05 Ci 

Type MIDLAND 

I Winter Spring Summer Fall 

( cloud r Type r Type r Type r Type 
frequency ) 0.62  S c  0 . 90 Cb 0 . 51 Sc 0 . 53 Sc 

0. 59 St 0 . 8 5  Cu 0 . 47 St 0 . 43 As 
0 . 07 Ac 0 . 33 Sc 0 . 41 Cb 0 . 42 St 

-0 . 02 As 0. 30 St 0 . 40 As 0 . 42 Cb 

-0 . 02 Cs 0 . 17 Ci 0. 25 Ci 0 . 31 Cu 

-0. 31 Ci -0. 08 Ac 0 . 22 Cu 0 . 15 Ac 

-0 .14 Cs 0 . 08 Ac 0 . 15 Cs 

-0 . 38 As -0 . 01 Cs -0 . 03 Ci 

II 0.62 Sc 0 . 90 Cb 0. 57 Sc 0 .62 Cb 

( cloud 0.60 St 0 . 77 Cu 0 . 52 Cb 0 . 53  St 
amount ) 

0.18 As 0 . 34 Sc 0 . 46 St o.  51 Sc 

-0. 02 Ac 0 . 26 St 0. 40 Cu 0. 35 As 

-0. 14 Cs 0 . 20 Ac 0 . 27 As 0. 33 Cu 

-0.17 Ci -0. 07 Ci 0 . 19 Ci 0 . 29 Ac 

-0 . 27 As 0 . 05 Ac 0 . 12 Ci 

- 0 . 38 Cs - 0 . 01 Cs 0 . 05 Cs 
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the amount , in the presence of other clouds . Cumulus clouds are characteristic 
of summer at each of the stations and are not always indicative of precipitation .  
The significantly higher correlation coefficient at Amarillo in the case  of the 
Type 2 correlation is probably related to  the fact that higher amounts of cumulus 
indicate more substantial convective activity and a higher probability of the 
formation of cumulonimbus and precipitation. Note that the cumulus-precipitation 
correlation is higher in the case of Type 2 als o at Midland. At Lubbock the 
coefficients are both negative and difficult to interpret . The higher correlation 
with cumulonimbus by the Type 2 process in the fall at Midland is probably 
indicative of the increase in precipitation probability with an increase in the 
amount of convective activity associated with larger amounts of cumulonimbus . 

Winter precipitation at each station is associated with stratiform 
clouds which develop in conjunction with cyclonic activity characteristic of the 
season. The relatively high correlation with stratocumulus at Midland iB indic­
ative of greater vertical development in the winter clouds at this station .  
Note that the correlation with stratocumulus decreases in going north from Mid­
land through Lubbock to Amarillo. 

Spring and summer precipitation is most highly correlated >nth cumuli­
form clouds characteristic of convective activity. The relatively high coeffi­
cients in the case of stratus probably reflects both a correlation between 
precipitation and low-level moisture , and the association of stratus with frontal 
passages . 

Fall precipitation is probably the most difficult to define . Convective 
activity ass ociated with low-level moisture and daytime heating continue during 
the early fall. This , coupled with convective showers set off by frontal 
activity, is responsible for the significant correlations with cumulus and cumulo­
nimbus . The high correlation with stratus is once again due in part to nocturnal 
cooling in the presence of low-level moisture j however , stratiform clouds are als o 
ass ociated with weak frontal passages and with systems generated by tropical 
activity which generally lead to  stable-type precipitation in the plains area . 

The highest correlations were in the spring with cumulonimbus , while 
the lowest coefficients were derived for the winter season.  The highest corre­
lation during winter was with stratiform type clouds . The summer pattern is 
much the same as spring except that the coefficients are much lower due to the 
fact that summer air-mass convective showers are so widely s cattered . The 



highest c orrelation during the fall is with stratiform clouds in conj unction 

with cyclonic activity . Cumulonimbus clouds are still prevalent , however , 

espe cially in the Midland area, where cumulonimbus had the highest coefficient 

in the fall . 

D. Precipitable Water Vapor 

It is obvious that precipitation must be a function of the amount of 

water c ontained in the atmosphere . One measure of atmospheric water content 

is "pre cipitable water" . By definition, precipitable water vapor is the depth 

of water that would be ac cumulated on a flat , level surface of unit area if 

all of the water vapor in a column of the atmos phere were condensed and 

precipitated . Thus, the precipitable water vapor in a column of air may be 

express ed as the t otal mas s ,  P , of water per unit area in the c olumn . Thus , 
v 

p o z  
v 

= -

where p is the dens ity of the air ,  p the density of the water vapor , p is atmos-
v 

pheric pres sure and g is the acceleration of gravity .  Since specific humidity, 

q ,  is defined as the ratio of the density of water vapor to  the density of moist 

air, the above relationship may be expres sed as 

p = ­
v 

1 J2 g 1 
q o p  � -

1 J2 - m 6 p  g 1 

where m is the mixing ratio, defined as the ratio of the density of water vapor 

to the dens ity of dry air. 

In pract ice , the formula used in calculating precipitable water from 

an actual atmospheric s ounding is 

= 
g 



where P is the precipitable water contained in a layer o� atmosphere 6p 
vi i 

pres sure units thick. The total precipitable water is then the sum or the 
precipitable water �ontained in each layer, or 

p = \ p v L vi i 
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Precipitable water is usually expressed as a length unit ( em) instead of a 
mass unit . This is permissible since in the cgs system the density of water 
is unity, making length and mass numerically equivalent in unit cross section . 

In a recent report , Baker (1969 ) has made a statistical study of 
the depth o� precipitable water for_ five stations in western Texas and eastern 
New Mexico.  He �ound that a normal distribution adj usted �or skewness and 
kurtosis may be used to describe adequately the �requency distribution o� the 
observed depths of precipitable water grouped by pentads ( 5  day intervals ) .  
The data �or February 29 were neglected so that the data for one year could 
be grouped into 73 pentads . Two of the stations used in the study, Amarillo 
and Big Spring are located in the area being investigated in the present 
research. The period on which the statistics were based at Amarillo was from 
July 1952 through May 1965 while at Big Spring the period of record was �rom 
July 1949 through May 1965 .  

The statistics derived by Baker have been used in the present inves­
tigation to construct percentage �requency ogives for precipitable water at 
Amarillo and Big Spring. For the purposes o� this study, the data at Big 

Spring are considered to be applicable to Midland, since the stations are only 
35 miles apart . 

The frequency ogives for the seven months under investigation are 
shown in Figure 20 �or Amarillo and Figure 21 �or Big Spring. The curves 
indicate that at both stations , precipitable water increased �rom April to 
a maximum in July and August and then decreased during September and Oct ober . 
These curves will be used extensively in the next two sections as a standard 

to compare precipitable :water amounts during characteristically wet and dry 
periods in the plains area. 

In order to  get some idea o� the role played by precipitable water 
in affecting precipitation, it was decided to compare measured precipitable 
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water with the expected values derived from Baker ' s  data for some of the maj or 

precipitation periods . The results of this study are shown in Tables 3, 4, and 

5 for spring, fall, and summer, respectively. Reitan ( 1957) has shown that the 

summer rainfall in Arizona and the s outhwest is primarily determined by the 

moisture content of the air over the state. An inspection of the tables 

indicates that above-normal precipitable water is also characteristic of s igni­

ficant rainfall in the Texas plains . Column 8 in the tables gives the percent­

age of time that precipitable water would be expected to be greater than the 

observed value based on the distribution derived by Baker. On only 10% of the 

days was the value of precipitable water les s  than the median of the distribution. 

On the average, the probability of a day with greater precipitable water was 23% 

for spring and summer and 15% for the fall. 

E. Atmospheric Stability 

In dealing with atmospheric  motions responsible for the production 

of clouds and precipitation, it is important to realize the role played by 

stability. Showalter ( 1953)  has derived an extremely simple , thermodynamically 

s ound and easily understood tool for making a very rapid check on convective 

instability. 

The Showalter stability index is computed as follows : The 850 mb 

parcel is lifted dry adiabatically to saturation and then pseudo-adiabatically 

to 500 mb . The lifted 500 mb temperature is then subtracted algebraically 

from the observed 500 mb temperature . A negative number indicates instability 

( rising air warmer than its surroundings ) and a positive number indicates sta­

bility in the atmospheric layer from 850 mb to 500 mb . Experience has indicated 
0 that any positive index of 3 or less is very likely to be ass ociated with 

showers and quite likely to produce thunderstorms . Thunderstorms have increas ing 

probability as the index falls from 1° to -2° . Negative values of -3° or greater 

may be indicative of severe thunderstorms . 

Stability indices were computed for the selected rain periods discussed 

earlier and are given in column 9 of Tables 3,  4,  and 5 .  Note that the values 

are lowest during summer and highest in the fall. Admittedly, the determination 

of the Showalter index in the c older months of the year is somewhat dubious , 

but it does serve to  illustrate a comparison bet•Neen wet and dry periods . Sta­

bility during dry periods will be dis cussed in Sections IV and V .  Based on the 

criterion that any positive index of 3° or less is very likely to be associated 
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Table 3 .  Precipitable Water ( em) and Stability Index 
for Spring Precipitation Periods 

AMARILLO 
Yr Date Sfc-850 8 50-700 700-500 500-400 Total % above 
57 Apr 26 0 . 215  o . 6o6 0 . 427 0. 048 1 .  30 25% 

27 0 . 369 0 .801 0. 312 0 . 023 1 . 50 21 - 1 . 1  
28 0 . 299 0 . 729 0 .469 0 . 079 1 . 58 19 +5 . 8  
29 0 . _388 0 . 899 0 . 634 0 . 149 2 . 07 10 +3 . 7  

May 9 0 . 38 5  1 . 079 0 .680 0 . 074 2 . 22 25  +3 . 8  
10 0 . 391 1 . 204 0 . 749 o . o67 2 . 41 15 +6 . 0  
12 0 . 233 0 . 686 0 . 377 0 . 058 1 . 35 42 +8 . 0  
13 0 . 281 0 . 773 0. 433 0 . 042 1 .  53  31 +2 . 5  
30 0 . 191 0. 385 0 . 277 0 . 058 0 . 91 73 - 0 . 4  
31 0 . 199 0. 555  0 . 245 0 . 037 1 . 04 45 +1 . 3  

58 May 12 0 . 358 0 . 884 o. 593 0 . 094 1 .93  17 -1 . 7  
13 0 . 464 1 . 131 0 . 59 5  o . o82 2 . 27 7 -1 . 3 
14 0 . 507 0. 924 0 .  332 . 0 . 036 1 . 80 22 +0 . 7  

59 Apr 7 0 . 2 58 0 . 950 0 . 630 0 . 144 1 . 98 1 - 2 . 3 
8 0 . 177 0 . 564 0. 447 0. 038 1 . 23 11 +2 . 2  

60 May 30 0 . 479 1 . 193 0 . 816 0 . 143 2 .63  7 +1 . 8  
31 0 . 453  1 . 019 0 . 678 0 . 115 2 . 26 24 +2 . 2 

Mean 1 . 77 23% +2 . 3  

Table 4 .  Precipitable Water ( em) and Stability Index 
for Fall Precipitation Periods 

AMARILLO 
Yr Date Sfc-8 50 850-700 700- 500 500-400 Total % above 

57 Oct 20 0 . 275  0 . 838 0. 718 0 . 102 1 .93  11% +8 . 0  
21 0 . 287 0 . 807 0. 566 0. 037 1 . 70 19 +12 . 9  

22 0 . 388 0 .990 0 . 459 0 . 045 1 . 88 12 +1 . 8  

23 0. 223 0 . 563 0 . 353 0 . 029 1 . 17 42 +6 . 4  
58 Sept 15 0 . 541 1 . 268 0 . 425 0 . 056 2 . 29 24 -0 . 9  

16 0 . 403 1 . 116 0 . 906 0 . 160 2 . 58 11 +4 . 8  

59 Oct 30 0 . 223 0 .823 0 . 780 0. 145 1 . 97 1 +12 . 0  

31 0 . 282 0 . 952 0 . 664 0 . 037 1 .94 1 +9 . 4  
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Table 4. Precipitable Water ( em) and Stabi lity Ind,�x 

for Fall' Precipitation Periods 

( Continued ) 
AMARILLO . 

Yr Date SFc-850 850-700 700- 500 500-400 Total % above Index 

60 Oct 15 0 . 317 0 .889 0 .467 0 . 0)0 1 . 70 23 +4 . 0  

16 0. 333 0 . 892 0. 561 0. 030 1 . 82 19 +5 . 0  

17 0. 382 1 . 119 0. 884 0 . 158 2 . 54 1 +4. 5  

18 0 . 352 0 .961 0. 514 0. 040 l.S:r 12 +4 . 0  

Mean 1 . 95 15% +6 . 0  

Table 5 .  Precipitable Water ( em) and Stability Index 

for Summer Precipitat ion Periods 

AMARILLO 

Yr Date Sfc-850 850-700 700- 500 500-400 Total % above 

57 June 23 0. 485 1 . 339 1. 131 0 . 217 3 . 17 2ojo +2 . 5  

24 0 . 486 1 . 147 0 . 691 0. 043 2 . 37 35 +4. 0  

Aug 14 0 . 490 1 . 253 0 . 983 0 . 182 2 . 91 32 +0 . 3 

15  0 . 520 1 . 254 0 . 947 0. 124 2 . 84 36 +0. 1 

58 June 21 0 . 499 1 . 516 1 .172 0 . 268 3 . 46 1 - 2 . 0  

22 0. 397 1 . 329 0. 908 0. 049 2 . 68 20 +4 . 0  

23 0. 624 1 . 572 1 . 006 o . o82 3 . 28 2 - 2 . 2  

24 0 . 264 1 . 100 0. 746 0 . 106 2 . 22 42 +0 . 7  

July 3 0. 534 1. 520 1 . 059 0 . 152 3 . 26 6 -0 . 1  

4 0 . 482 1 . o8o 0. 452 o. o44 2 . 06  73 - 2 . 0  

5 0 . 527 1 . 665 1. 315 0. 212 3 . 72 4 +0.8  

25 0 . 533 1 . 180 0 .830 0 . 105 2 .65  38 +2 . 0  

26 0 . 489 1 . 230 0 . 845 0 . 097 2 .66 38 -1 . 0  

. 27 0. 478 1 . 087 0 . 642 0 . 124 2. 33 60 +1. 9 

28 0 .657 1 . 513 1. 033 0 . 213 3. 42 5 -2 . 3 

59 June 22 0. 537 1 . 421 1 . 006 0 . 233 3 . 20 2 - 1 . 8  

23 0. 592 1 . 609 1. 225 0 . 295 3 , 72 < 1 -1 . 2  

July 14 0 . 533 1 . 395 1 . 188 0. �60 3 . 38 6 0 . 0  

15 0 . 487 1 . 131 0. 630 0. 053 2 . 30 62 +2 . 6  

16 0 . 589 1 . 204 0. 442 0 . 054 2 . 29 62 -0. 9 

17 0 . 519 1 . 278 1 . 041 0 . 275 3 . 11 13 +1 . 2  
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Table 5 .  Precipitable Water ( em) and Stabil::.ty Indtjx 

for Summer Precipitation Periods 

( Continued ) 
AMARILLO 

Yr Date Sfc-850 850-700 700- 500 500-400 Total 1o above 
uY 

Index 

60 July 4 0 . 514 1 . 313 0 . 919 0 . 214 2 . 96 2D - 0 . 5 

5 0 . 588 1 . 510 1 . 183 0 . 277 3 . 56 7 +1 . 1 

6 0 . 601 1 . 458 1 . 052 0 . 213 3 . 32 13 +0. 6  

7 0 .634 l. 555  1. 262 0. 309 3 . 76 3 +1 . 6  
8 0.636 1. 521 1 . 071 0 . 201 3 . 43 10 +1 . 1  

9 0. 601 1 . 426 0 .896 0 . 193 3 . 12 18 +1 . 2  
Aug 9 0 . 597 1 . 390 1 . 023 0 . 266 3 . 28 9 - 1 . 8  

10 0 . 574 1 . 431 1 . 163 0. 201 3- 36 8 +4. 8  

11 0 . 531 1 . 213 0. 686 0 . 045 2 . 48 24 +2 .2 
Mean 3 . 01 23% +0 . 6  
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with showers , precipitation could have been expected in 60% of the spring cases , 

8� of the summer cases , and 17� of the fall cases . The mean stability indices 

were 2 . 3,  0 . 6 ,  and 6 . 0  for spring, summer and fall respectively. It is 

interesting to compare these values to those computed by Semonin ( 1960 )  for 

average conditions over a 5-year period at Rantoul, Illinois . His calculations 

show a mean stability index for spring of 8. 5 ,  for summer of 4. 0 and for fall 

of 8 . 0. While direct comparis on is probably not advisable , it is apparent that 

the values for wet periods in the Texas plains are indicative of greater insta­

bility. 

It should be noted that not all cases of convective instability will 

show a negative stability index, s ince the technique selects only the more 

pronounced cases of convective instability ( Showalter , 1953 ) .  It is pos sible 

to have convective instability when the index is 6° if the air is quite dry at 

500 mb . However, such cases might offer more resistance to convection than can 

be realiz ed by the usual lifting mechanisms . 



IV. A STUDY OJ<' SOME CHARACTERISTICALLY WET AND DRY MONTHS IN THE TEXAS PLAINS 

Thus �ar the investigation has been limited t o  a dis cussion of charac� 

teristic cloud types and amounts in the plains,  their relation to some selected 

synopti c  events produc ing pre cipitation, and computed values of precipitable 

water and stability during these periods . 

It is the purpos e  of this s ection to c ompare some characteristi cally 

wet and dry months on the bas is of clouds , pre cipitable water,  water vapor flux, 

and s ynoptic s ituat ion, to obtain some idea o� the role played by each in the 

production o� precipitation .  

A .  Selection of Periods for Study 

Maps o� the t otal monthly precipitation over the plains area were 

constructed for each of the s even months considered in the investigation 

( April thru Oct ober ) during the peri od from 1952 until 1960 . Seventy stat ions 

were used in the analyses . On the bas is of these 6 3  maps , months of maximum . 

and minimum pre c ipitation were s elected for intensive study. The months selected 

are shown in Table 6 .  

As was shown in Figure 2, the period from 1952 until 1961 was composed 

of 5 years of below-normal precipitation and 5 years of above-normal precipitat ion 

s o  that the probability of finding a representat ive wet and dry month for each 

of the seven months studied was enhanced . 

Table 6 .  Selected Wet and Dry Months in the Texas Plains 

Month Wet Dry 

April 1957 1956 
May 1957 1953  
June 1960 1953 
July 1960 1957 
August 1957 1956 
September 1958 1956 
October 1960 1952 

In order t o  determine if the months s ele cted were characteristically 

wet and dry with res pect to the long-term mean monthly precipitation,  comparis on 

was made to the ogives in Figures 16 and 17 . This comparison makes it possible 

to determine the percent age of t ime that the monthly prec ipitat ion during the 

period from 1892 until 1968 was greater ( or less ) than the month being cons idered 

67 
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at .Ame.rillo .  At Lubbock the long term mean is based on the period from 1911 

until 1968 . The results of this comparison are shown in Table 7, which als o 

shows the mean monthly precipitation based on 30 years of data for 28 selected 

stations , and the t otal monthly precipitation for the wet and dry months based 

on these same 28 stations . Columns 4, 5 ,  7 and 8 are based on the longer 

periods of record at Amarillo and Lubbock. 

Month 

April 
May 
June 
July 
August 
September 
October 

Table 7 . Precipitation During Wet and Dry Months 

% Above % Above % Above 
Mean Dry AAA LBB Wet AAA 
1 . 57 0 . 28 90 86 3 - 43 8 
3 - 32 1 . 09 86 82 5 - 39 13 
2 . 60 0 . 66 89 83  4 . 39 20 
2 . 48 l .  23 78 68 6 . 6 5  7 
2 . 15 0 . 91 83 72 2 . 01 67 
2 . 04 0 . 13 96 96 2 . 63 34 
2 . 05 0 . 00 100 100 5 - 35 5 

As an example in interpreting the table , note that the 

% Above 
LBB 

7 
ll 
20 

2 
44 
36 
9 

t otal precip-

itation for the dry April ( 1956 )  was 0 . 28 inches whi�e that for the wet April 

( 19 57) was 3 - 43 inches . This compares t o  a 30-year mean precipitation of l .  57 

inches . Comparing these values with the ogives based on the total period of 

record it is shown that 90% of the months at Amarillo had greater amounts of 

precipitation than the dry month considered in this research . At Lubbock, 86% 

of the months were greater . As far as the wet month is concerned , only 8% of 

the Aprils at Amarillo and 7% of the Aprils at Lubbock had m�re precipitation 

than the wet month considered in this research . 

In general, it can be seen that the months selected as being charac­

teristic of wet and dry periods were truly representative . The only exception 

is the wet August . Note that 67% of the Augusts at Amarillo and 44% of Lubbock 

had a greater amount of precipitation than August 1957. This indicates that 

there were no Augusts during the period from 1952 until l96J which had excessive 

precipitation compared to  the long-term mean . Note that in the case  of October 

19 52 there was no measurable precipitation during the month. This month is the 

driest month on record for the entire United States ( Namias , 1960) .  

B. Clouds During Wet and Dry Months 

Tables 8 and 9 are tabulations of cloud frequency and amount for wet 

and dry months at Amarillo and Lubbock respectively. With the exception of 
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Table 8 .  A Comparison of Cloudiness During 

Dry and Wet Months 

AMARILLO 

Cloud Frequency Amount 
Date Type Mean Dry Wet Mean Dry Wet 

April St 22 . 7  6 71 154. 0  41 540 

Dry 1 56 Sc 30. 2  16 32 190. 2 100 189 
Wet 1 57 Cu 26 . 5  27 29 54. 6  3 5  83 

Cb 9 . 4  4 10 29 . 7 7 43 

As 7 . 5 9 16 42 . 3  55  73 

Ac 42 . 5  32 33  1 5 3 · 9  144 108 

Ci 75. 0 8 3  62 277 · 9 259 248 

Cs 22. 1 1 5  39 16 5 . 7 95  256 

May St 27 - 3 12 5 5 189 . 7  96 369 

Dry ' 53  Sc 25 . 2  32  35  134 . 7  157 167 
Wet ' 57 Cu 45 . 5  52 48 98 . 0  121 114 

Cb 29 . 0  13  22  97- 7 29 77 

As 4 . 6  6 5 29 . 7 34 31 

Ac 59 . 0  42 67 191 . 3 124 226 

Ci 105 . 2  115 88 369 . 4  381 29 3  

Cs 16 . 9  38 14 121 . 6  282 91 

June St 10 . 7 6 17 61 . 1  jO } Ol 

Dry ' 53 Sc 16 . 4  1 5  17 81 . 9  44 75 
Wet ' 60 Cu 54 .6  47 36 107 . 6  98 97 

Cb 40 . 6  24 46 107 . 0  57 163 

As 4 . 0  1 7 27 . 5  10 53  

Ac 71 . 1  50 61 194. 2  101 1?8 
Ci 103 . 5  77 117 305 . 4  247 325 

Cs 10 . 9  1 5  6 78 . 2  114 ?6 
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Table 8 .  A Comparis on of Cloudiness  During 

Dry and Wet M�nths 

( Cont inued ) 
AMARILLO 

Cloud Frequency Amount 
Dat e Type Mean Dry Wet Mean Dry Wet 

July St 8 . 9 2 35 48 . 0  4 257 
Dry 1 57 S c  10. 8  7 13 48 . 6  9 75 
Wet ' 60 

Cu 66 . 0  76 5 5  148 . 3  172 149 

Cb 48 . 7  29 42 ll9 . 5  51 91 

As 3 . 2 0 2 19 . 1  0 8 

Ac 96 . 7  75 62 298 . 7  198 181 

Ci 131 . 4 142 126 35 5 . 7  335 330 

Cs 12. 1  19 6 71. 5  92 49 

Aug St 7. 3 7 ll 38 . 8  58 60 

Dry 1 56 Sc ll. l  6 16 39 . 2  20 47 
Wet ' '57  

Cu 66 . 0  63  6 5  l36 .6 119 172 

Cb 42 . 3  30 33 94 . 8  59 114 

As 2 . 5 2 4 19 . 4  4 21 

Ac 107 . 6  76 110 308 . 7  170 406 

Ci 117 . 3 142 123 299 . 0  424 250 

Cs 11 . 1  10 5 72 . 0  72 21 

Sept St 13 .6  4 38 9 3 . 4  40 209 

Dry 1 56 Sc 15 . 5  3 27 81. 5 6 184 
Wet ' 58 

Cu 33· 3 18 41 57. 6  12 142 

Cb 21 . 3  10 34 37 · 5 27 35  

As 3 . 0  1 5 22 . 1  7 41 

Ac 70 . 2  40 82 187. 1  55  316 

Ci 6 5 . 6  59 83 149 . 7  156 192 

Cs 5 . 7  2 10 36 . 0  12 69 
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Table 8 .  A Comparison of Cloudiness During 

Dry and Wet Months 

( Continued ) 
AMARILLO 

Cloud Frequency Amount 
Date Type Mean Dry Wet Mean Dry Wet 

Oct St 2l.J. . 2  1 41 178 . 1  10 341 

Dry ' 52 Sc 23. 8 4 21 122 . 8  30 lo6 
Wet ' 60 Cu 13 . 1  4 14 21 . 3  1 17 

Cb 9 . 1  0 21 26 . 5  0 77 
As 5 . 2 4 0 39 . 0  38 0 
Ac 45 . 9  30 49 151 . 9  82 144 
Ci 68 . 7 58 60 173 . 1  96 117 

Cs 10. 1  4 4 69 . 0  31 10 
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Table 9 · A Comparison of Cloudiness During 

Dry and Wet Months 

LUBBOCK 

Cloud Frequency .Amount 
Date T;y:pe Mean DrY; Wet Mean Dry Wet 

April St 13 . 4  2 43 101 . 1  20 349 

Dry 1 56 Sc 31. 4  26 53  204. 3 195 325 
Wet ' 57 Cu 19 .9  21 16 46 . 3  34 78 

Cb 7 . 1  4 12 30 . 1  4 73 

As 3 . 3  3 6 22 . 8  28 46 
Ac 39 . 4  54 33 161. 7  220 129 

Ci 63 . 0  5 5  73 244 . 2 151 321 

Cs 17 . 3  16 12 134 . 3  140 101 

May St 13 . 4  11 19 104.6 93 137 

Dry ' 53 Sc 30. 7  27 47 197 .6  190 33) 
Wet ' 57 Cu 38 . 1  38 47 89 . 2  73 ] {)() 

Cb 26 . 3  10 26 106 . 6  51 ·-: �0 ·� - ./  
As 2 . 3 6 2 14. 1  29 13 
Ac 49 . 6  21 44 178 . 6  8 3  183 

Ci 77 . 4  7 5  56 282 . 4  332 ?56 

Cs 12. 9 21 5 9 3 . 6  169 )E' 

June St 7 . 2  0 2 44. 1  0 16 

Dry I 53  Sc 21 . 1  9 15  110 . 8  35 60 
Wet ' 60 Cu 46 . 8  32 36 94. 8  68 62 

Cb 3 3 · 9  14 54 139 . 6  48 218 

As 2 . 2  3 1 13 . 5 24 6 

Ac 59 · 7  33 51 195 . 6  87 ao 
Ci 71 . 9  60 76 213 . 8  177 255  

Cs  7 . 0  9 5 62 . 3  5 5  36 
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Table 9 .  A Comparison of Cloudines s During 

Dry and Wet Months 

( Cont inued ) 
LUBBOCK 

Cloud Frequency .Amount 
Date Type Mean Dry Wet Mean Dry Wet 

July St 4. 9 1 16 34- 3 5 152 
Dry ' 57 Sc 1 5 . 1  5 22 6 5 . 2 15 105 
Wet ' 60 

Cu 6 3 . 8  61 32 109 . 4  128 65 

Cb 38 . 2  21 59 129. 1  71 197 
As 3 - 9  0 0 30 . 6  0 0 

Ac 77 - 1  67 63  271 . 4  221 207 

Ci 8 5 . 1  128 69 269 . 1  483  175 

Cs 7 . 2 6 1 51 . 8  51 6 

Aug St 3 . 0  3 5 14. 1  30 19 

Dry ' 56 Sc 14. 8 17 10 64.9 90 48 
Wet 1 57 

Cu 5 5 - 5  38 50 112 . 7  69 107 

Cb 31 . 1  17 36 88 .8  42 113 

As 1 . 6  0 1 11 . 5  0 7 

Ac 77 .8  59 96 251 . 0  184 380 

Ci 87. 6  9 5 85  259 · 3  316 297 

Cs 6 . 8  2 8 45 . 5  14 45 

Sept St 8 . 6  1 31 62 . 0  10 209 

Dry ' 56 Sc 20. 2  5 41 125 . 8  30 265 
Wet ' 58 

Cu 27 . 4  13 51 68 . 0  20 213 

Cb 16 . 7  12 23 50. 9  49 so 
As 1 . 2 0 2 9 · 3  0 ll 

Ac 56 . 6  34 60 176 . 9  51 206 

Ci 41. 3  54 68 121 . 4  133 182 

Cs 6 .6 1 13 36 . 4  4 73 



74 

Table 9 ·  A Comparison of Cloudiness During 
Dry and Wet Months 

( Cant inued ) 
LTJBBOCK 

Cloud Frequency Amount 
Date Ty;pe Mean Dry Wet Mean Dry Wet 

Oct St 22. 3 0 32 180 . 4  0 292 

Dry t 52 Sc 29 . 5  2 32 189 . 8  0 164 
Wet 1 60 Cu 11 . 1  0 14 23 . 4  0 23 

Cb 6 . 0  0 11 21 . 5  0 20 

As 2 . 5 0 1 17. 5  0 0 

Ac 34. 4  22 39 137. 3 75 160 

Ci 45 . 5  33 34 130 . 7  80 112 

Cs 8 . 4  11 3 66 . 8  84 29 
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cirrif'orm clouds , the data for cloud frequency are shown graphicaL.y in Figures 

22a, 22b, and 22c . Cirrus clouds were omitted because of the observational 

difficulties which would tend t o  make thes e  data non-representat ive . 

In each cas e ,  s olid lines in t he figures represent cloud frequency 

for the dry months and the dashed lines denote cloud frequency for the wet 

months . In the c as e  of stratus , the frequency was higher for the wet month at 

both Amarillo and Lubbock. The large differences in the spring are ac count ed 

for in large part by early morning stratus indicative of low-level moisture 

during the wet months . This is true t o  a les s er extent of the other months 

als o .  Fall stratus oc curs als o in ass ociation with cyclonic activity. It is 

obvious that stratus is characteristi c  of the wet months and is practi cally 

nonexistent during dry months . 

In the case of strat ocumulus , there is a significant difference between 

wet and dry months in the spring and fall with low frequencies and smaller differ­

ences in the summer . The only cas e in whi ch the dry month frequency was higher 

than the wet month frequency was in August at Lubbock. Rec all that this month, 

August 19 5 7 ,  was really not characterist ic of wet Augums in the plains . 

As expected , cumulonimbus development is cons iderably greater during 

the wet months . On only one oc c as ion, August at Amarillo, c ould the difference 

be c ons idered ins ignificant . Once again the exception oc curs during August . 

Only 33% of the Augusts at Amarillo had less precipitat i on than August 19 5 7 .  

It i s  int eresting t o  note i n  Figure 22b that cumulus tends to have a 

higher summer frequency during the dry months , espe c ially at Amarillo. Even 

during the spring t here is very little difference between wet and dry months . 

This indicates that c onvective development was initiated during the dry months 

but , in most instances , was not strong enough t o  produce cumulonimbus clouds 

and subsequent pre c ipitation .  One might s peculate at this point on the cloud 

modifi cation pos s ibilit ies offered by this s ituation, where cumulus clouds are 

plentiful but are not able by natural means t o  reach the pre cipitat ion stage . 

It is true that the natural precipitat ion effic iency ( fra ction of condensat e  

that reaches the ground as prec ipit at ion ) t ends t o  be quite low for is olated 

cumulus clouds over flat terrain (Braham, 1952 ) . This is due in part t o  the 

dry environment through whi ch thes e c louds must penetrat e .  Entrainment of dry 

ambient air caus es evaporat ion of the cloud droplets and c ons equent ly halts 

the growth of the cloud . It may be that the s e  advers e environmental int eractions 
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are sufficient t o  prevent artificial st imulation of preci} itat ion . The fact 

is that we do not know enough about the microphys ics and tynamic s  of this clas s 

of cl?ud to permit this type of j udgment . Ac c ording t o  the report of the Panel 

on Weather and Climate Modification t o  the Nati onal Academy of Sciences ( 1966 ) ,  

the s e ns ible c ours e of action is to carry out nucleation experiments at the 

same t ime that we s e e k  to increas e our bas ic knowledge about is olated cumulus 

cloud s ,  wat ching carefully for clues as to  vulnerable s pots that may hold 

promis e  in achieving us eful modifi cation results . 

Altocumulus frequency for the wet and dry months is shown in Figure 22c . 

Although this cloud type is not generally as s ociated with s ignificant amounts of 

pre c ipitat ion, it i s  one of the two most abundant clouds o ccurring in the plains 

and is indi cative of middle-level moisture . Note that , with three small exceptions , 

the frequency of oc currence for altocumulus is higher during the wet months . 

Curves for alt ostratus are als o  shown in Figure 22c , but the frequency in this 

case is so low that it is doubtful if any meaningful clue s can be obtained . In 

most instanc es the frequency is higher for the wet months . 

A study of the values for cloud amount s in Tables 8 and 9 leads to  the 

s ame c onclus ions indi cated by the cl oud frequencies . As one would expect,  fewer 

c louds are present dur ing dry months . The one notable except ion occurs again 

in the case of cumulus . Part icularly during June and July, the amount of cumulus 

for the dry months appears t o  be equal to or slightly greater than that during 

the wet months . As was point ed out previously, this fact des erve s more cons id­

erat i on as regards its implicat ions relating t o  cloud modification efforts . 

The only other cloud for which amounts are frequently higher during 

the dry months is cirrus . This is probably due to the fact that lower level 

clouds during wet months are able to obs cure the cirrus clouds , thus they are 

not reported . Cons equently, cirrus oc currence i s  probably underestimated : 

e s pe c ially dt-ring wet months with cons iderable low and midile- level cloudines s .  

c .  Pre cipitable Water and Water Vapor Flux During Wet and Dry Mont hs 

Figure 2 3 shows a graphical comparison of pre cipitable wat er dur ing 

wet and dry months for Midland . The computations were made ac cording to the 

e quat ion 
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Note that precipitable wter for the wet months is equal to or slightly higher 
than the dry months for April thru July and significantly higher during August , 
September, and October . Values for Amarillo were plotted when available . 
For Amarillo, wet months are denoted by a small circle ( o ) and dry months by a 
cross mark (x) . Table 10 is a summary of results for precipitable water. The 
table is complete for Midland and contains results for Amarillo when they were 
available . Columns 5 and 7 give the probability, based on the precipitable 
water vapor ogives in Figures 18 and 19, of an observation being greater than 
the value in columns 4 and 6 respectively. Considering the dry months , it is 
obvious that small departures of precipitable water from normal are characteristic 
of April thru July . In the case of August ,  September , and October, however, 
deficiencies in precipitable water are apparent . The wet months are generally 
characterized by precipitable water values above normal . The most pronounced 
departure occurred in the case of September, where precipitable water values 
for the wet month were well above normal . 

In addition to precipitable water, one would like to have some cumula­
tive measure of the effects of cyclonic or frontal activity and associated 
disturbances of temperature , moisture , and wind on precipitation. It was decided 
to define a "precipitation index" , which is related to precipitation efficiency, 
in order to assess  these effects . The precipitation index ( PI ) is defined as 

PI = Mean monthly precipitation 
Mean monthly precipitable water 

A comparis on of the precipitation index for wet and dry months is shown in Figure 
24. Higher values of the index are indicative of a higher level of atmospheric 
activity in triggering precipitation development . It is evident from the figure 
that dry months are characterized by lower values of the index during five of the 
seven months under consideration . The only exceptions are April and August where 
the indices are essentially the same for the two months within the accuracy of 
the computations . 

Vertical distributions of precipitable water are shown for wet and dry 
months for Midland in Figure 2 5 .  It is obvious that the largest differences are 
accounted for by low-level moisture . Only in the case of the fall months , 
September and October, do there appear to be significant differences in precip­
itable water at upper levels . Note that June is the only month for which 
precipitable water during the dry month is greater than that for the wet month . 



Date 

Apr I 56 
' 57 

May ' 53 
' 57 

June ' 53 
160 

July ' 57 
1 60 

Aug I 56 
' 57 

Sept I 56 

' 58  
Oct ' 52 

'60 

Table 10 . Pr cipitable Water f'or Wet and Dry Months 

Mean P. W. P.W. 
Condition Precip. MAF � above PJA.A 

Dry 0 . 28 0. 41 48 

Wet 3 . 43 0 .46 38 0. 50 

Dry 1 .09 0 .61 59 
Wet 5 · 39 0. 70 46 0 . 70 

Dry 0 . 66 0.91 52 
Wet 4 . 39 0 .95 46 0 .90 

Dry 1 . 23 1 . 09 48 0.99 
Wet 6 . 65 1 .19 32 1 . 09 

Dry 0.9l 0.98 66 
Wet 2 . 01 1 . 12 44 1 . 13 

Dry 0. 13 0 .70 70 
Wet 2 .63  1 . 28 l2 0.99 

Dry o . oo 0. 33 81 

Wet 5 · 35 0.65  40 0. 53 

82 
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Fig. 25 Vertical Distribution of Precipitable Water 
for Wet and Dry Months 
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An ins pection of Figure 24, however, indicates that the precipitation index 

was quite high for the wet June which indicates that a high level of atmos­

pheric activity was responsible for a greater precipitation efficiency during 

this month. 

In general it is true that sufficient supplies of precipitable water 

in conjunction with some atmospheric disturbance to initiate vertical motion 

are necess ary in order to realize s ignificant amounts of precipitation .  From 

the present study it appears that late summer and fall precipitation is more 

sensitive to changes in precipitable water. During the spring and early summer, 

only small differences in precipitable water for wet and dry months are noted , 

indicating that once the necessary vertical motion is provided , precipitation 

follows almost without exception .  

To examine the importance o f  atmospheric motions in ac counting for 

precipitation in the face of small variations in precipitable water, the 

transport of water vapor in the atmosphere was computed for wet and dry months . 

The amount of the transport is dependent upon the horiz ontal velocity of the 

water vapor . This advection of water vapor is given by 

l ,,P2 Q = - 1 qv dp g J p l 

where q is the specific humidity, v is the wind velocity and p is atmospheric 

pressure . Since veloc ity is a vector,  we must specify a direction for each 

calculated value of the flux. 

Precipitable water in a particular layer was previously expressed as 

= 
g 

and the total precipitable water as 

p = \ p v L vi i 



Water-vapor flux in a particular layer can be expres sed similarly a s  

where the t otal flux is given by 

'\r = I  Qvi i 

-1 ··1 Flux is expressed in units of gm em sec 

Figures 26 (a thru g) illustrate the flux of water vapor at Midland 

for each of the wet and dry months . The vertical scale on the diagrams is 

pressure . Fluxes in each layer are denoted by a magnitude given by the lengtll 

of the arrow plotted in each layer, and a direction of flow, shown by the arrow. 

The s calar magnitude of the total flux is given at the bottom of each diagram. 

Inspection of the diagrams leads one readily to the conclusion that 

the values of water vapor transport are greater during the wet months . During 

the wet April there is a slightly larger flux at all levels . The largest 
difference appears t o  be in the layer between 600 and Boo mb. The direction of 

transport is much the same at all levels for the dry and wet months . 

The flux is greater at all levels in the case of the wet months 

during May also.  In this case the most significant difference is in the layer 

between Boo and 900 mb. During the wet months the direction of the flow in 

this layer is from the s outh-s outheast , which implies direct transport of Gulf 

moisture into the area. The direction in this same layer for the dry month is 

from the south-southwest. Note the considerable difference in total flux which 

is apparently accounted for primarily by this low-level transport. 

In June, the maj or difference once again is in the layer between Boo 
and 900 mb . Since precipitable water values were much thE same for the two 
June months , the implication is that higher wind speeds were prevalent in the 

lower levels during the wet month to effect the significant difference in flux. 

Note that there als o was a small northerly transport at upper levels during the 
wet month, while during the dry month the upper levels are sufficiently dry to 

produce a negligible flux. 
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July was unique in that a c ons iderably greater flux of water vapor 

was noted dur ing the dry month. It will be shown in the next section, however, 

that July 1957 was lacking in cyclonic activity s o  that even though large amount s 

of moisture were being transported acros s the area, there was no mechanism to 

initiate the production of prec ipitation.  

A more typical; pattern is exhibited in August ,  when once again there 

is a substantiall� larger transport in the 800-900 mb layer during the wet month. 

This s ame pattern is charact eristi c als o of September . 

It is evident from the October diagram that in 1952 there was an almost 

ins ignificant amount of water vapor transport acros s the plains area. The t ot al 

flux during the wet month was more than five t imes greater than that of the dry 

month. Re call t hat October 1952 was the driest month on rec ord in the United 

State s .  

D. Circulation Patterns Ass oc iated with Wet and Dry Months 

Another fact or which must be c ons idered when dis cus sing the dynamics 

of wet and dry periods is the as s o ciated atmospheric circulat ion patterns , and 

the storm traclm whi ch result . It is the s e  patterns which determine the flux 

of moisture int o a particular area and als o guide the st orms whi ch are largely 

res ponsible for developing the vert i cal motions which aid the precipitat ion 

process . 

The wet and dry Aprils ( 1957 and 1956 ,  respe ctively ) were much the 

same in many res pects . Mean temperatures were below normal during both months , 

although slightly more s o  in 1957.  As was seen in previous sections , pre cip­

itable water and water vapor flux into the area were much the same , although 

in both instanc es the higher values occurred during the wet month. Prec ipitat ion 

during April 1956 , however, was only about 25% of normal while that in 1957 was 

up t o  300% of normal . Examination of the mean 850 mb and 700 mb chart s for these 

months i�dicates that the reas on for this difference in prec ipitation is probably 

two-fold . In the first place ,  s torm centers during 1957 were steered further 

s outh in ass ociati on with a 700 mb pressure trough through New Mexic o  and Ariz ona ; 

whereas the mean 700 mb trough for April 1956 was over the California c oast and 

the main st orm track was north of the Texas plains . St orm tracks for both months 

are shown in Figure 27 . Secondly, there was slightly greater moisture inflow 

into the plains area from the Gulf of Mexic o  during 1957 due to s outheast winds 
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at lower levels . Mean surface winds during 19 56 were from the s outhwest . 
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The s ituation for May was a little different .  In this case there 

was cons iderably more Gulf moisture transported into the plains area during 

1957 in ass o ciation with mean s outheasterly winds in the lower levels . The 

low-level winds for May 1953 (dry) had more of a westerly c omponent caus ing 

most of the moisture to affect only easterly portions of the state . An even 

more significant difference in this cas e ,  however, was the lack of cyclonic 

activity during May 1953 .  Note in Figure 28 that only one storm center pas sed 

through the plains area during May 1953 ,  while in 1957, two storms pas sed 

through the area with two more in the near vicinity. This lack of st orm 

activity would probably have limited precipitat i on t o  small amount s even if 

this moisture inflow had been much higher. 

A s omewhat different factor seemed to be respons ible for the lack 

of precipitation during June 195 3 .  In this cas e ,  the westward extens ion of 

the Atlanti c  anticyclone caus ed the area to be dominat ed by this feature of 

the circulation during the month. A high degree of stability and strong 

subsidence caus ing temperature to average 6 to 8 degrees above normal , retarded 

any vertical development which might have been initiated . During June 1960 the 

Atlant ic ant icyclone was much weaker and was cent ered far t o  the east of its 

1953 posit ion , allowing cyclonic activity to proceed in the production of above­

normal amount s of prec ipitation. 

A similar s ituation was re spons ible for the below-normal precipitation 

during July 1957. In this cas e ,  as was shown previously, the flux of moisture 

was greater over the plains area during the dry month of July 1957, but the 

high degree of stability in as sociat ion with a mean high pressure area centered 

over northeast Texas and Oklahoma t ended to prevent the development of pre cip­

itation . Another notable feature was the complete abs ence of cyclonic activity 

in the plains area during the month of July 19 57 .  As a result of the high 

stability, temperatures during 1957 averaged 2 t o  3 degrees above normal in 

as soc iation with relatively strong sub s idence . In contrast , temperatures 

during July 1960 averaged 1 to 3 degrees below normal . 

August was the month for which a repres entative wet period could not 

be found . Both August 1956 and August 19 57 were relatively dry with respect 

to the normal August pre cipitat ion so that 1957 was termed wet only in comparis on 
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to 1956 . Fronts frequented the area on both occas i ons caus ing highly localized 

showers . Dirferences in the amount of prec ipitat i on can only be related t o  

d ifferences in atmospheric moisture . Note in Figure 21 that higher prec ipitable 

water values were ass oc iated with August 1957.  Als o the flux shown in Figure 26e 

was s ignificantly greater in the c as e  of the wetter month. 

Both September 1956 and Sept ember 19 58 were under the influence of 

the western portions of the Atlantic ant i cyclone . Temperatures in 1956 averaged 

2 t o  3 degrees above normal while those in 1958 were about 1 d egree above normal . 

In 1958, however, orientat ion of the upper level cont ours was such that larger 

amount s of l ow-level moisture were able to penetrate int o the plains area. 

Winds over Texas at 700 mb during 1956 were easterly while in 1958 they were 

from the s outh and s outh-s outheast .  A signifi c ant c ontribut ion t o  the Sept ember 

19 58 pre c ipitat i on was brought about by the inland movement of Tropical Storm 

Ella. 

In October 1952,  the t otal prec ipitat ion which fell over the entire 

United Stat e s  was the l owest of s ome 60 years of rec ord . Namias ( 1960)  has shown 

that the rainfall of October 1952 was only about one-fourth the amount normally 

received over the United States in October, the deficit amount ing t o  about 

3 . 3  x 1ol1 t ons of wat er .  As Namias points out , it is not s urpris ing t o  see 

that this rec ord dryne ss o c curred at the t ime of the year when the westerlies 

and cyclone belts are charact eristically far north and vertical stability is a 

maximum . The drought regime of this month i s  related t o  the macro- s cale average 

monthly features shown in Figure 29 by the mean 700 mb c ontour patt ern. This 

wave pattern has the s ame phase as the normal October pattern but it s amplitude 

is much greater. The net effect of this ampl ificat i on has been cit ed as three­

fold by Namias : ( 1) t o  depl oy Canadian Polar air mas ses rapidly s outheastward 

int o  the eastern United Stat es , result ing in anomalous c old air in the east with 

the polar front frequently found off the eastern s eaboard ; ( 2) t o  effectively 

shut off most of the nat i on ( except Florida) from access t o  moist air from the 

Gulf of Mexic o  ( s e e  Figure 26g ) ; and ,  ( 3 ) t o  shunt cyclones away from borders 

of the United States . The last effect is illustrated with respect t o  the pre­

s ent study in Figure 30. Not e that the only cyclone path in the vic inity for 

Oct ober 1952 terminates in the northeastern c orner of Kansas . All of the other 

t racks are for Oct ober 1960 whi ch was unusually wet in the plains area. In this 

cas e ,  low-level moisture was fed int o the area, and coupled with cyclonic 

activity, produced about 250% of the normal pre c ipitat i on for this month. 
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V. DRY PERIODS IN THE TEXAS PLAINS 

.As was seen in the previous s ection, causes for long-term dry periods , 

on the order of a month, must be related to monthly mean values of precipitable 

water, water vapor flux, and to average circulat ion patterns over this time 

period . A dry month is dry by virtue of the fact that it is deficient in precip­

itation,  not because precipitation is not obs erved . 

In this sect ion, dry periods of shorter duration are considered for 

which no measurable precipitat ion occurs . Precipitable water, stability, and 

low-level cloudiness are c omputed for these periods when artificial stimulation 

of prec ipitat ion would be most needed ; that is when the natural precipitation 

process is either not functioning or is very inefficient . 

The dry periods chosen for study in this investigation consist of at 

least five cons ecutive days in which no measurable precipitation occurred within 

a radius :::Jf 60 miles of each of two primary stations . So that cloud observat ions 

as well as computations of precipitable water and stability could be utilized , 

the two primary stat ions selected were Amarillo and Midland .  The periods chosen 

and the ir durations are given in Table 11. The duration for these dry periods 

was about 6 . 2  days in the spring and fall and 7 . 7  days in summer. Individual 

stati ons experienced much longer dry peri ods , especially in the summer .  It was 

felt, however, that point rainfall measurements might be misleading when compared 

to  evaluations of precipitable water and stability. 

A. Dry Period Cloudiness 

Table 12 is a tabulation of clouds reported during the dry periods . 

It is obvious from a brief examination that low clouds are especially deficient . 

The mean cloud c over during spring, summer , and fall dry peri ods is 36%, 18% and 

14% respectively. This compares to  an expected mean cloud cover based on the 

cloud census in Section II ( 10 years at Amarillo and 8 years at Midland ) of 41% , 

35% , and 31% for spring,  summer, and �all. The latter values represent averages 

of the mean cloud cover at Amarillo and Midland . 

Table 13  gives the percentage of observations ( 3-hourly ) which included 

particular cloud types . As a c omparison, the expected percentage based on 10 

years of data at Amarillo and 8 years of data at Midland is included along with 

the percentages for heavy precipitation periods taken from Table l. As an example 
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Table 11 . Dry Per� in the Texas Plains 

Duration 
Date Year {da;z:s2 

I .  .Amarillo 
Spring Apr 3 - 7 1958 5 

Apr 1 - 6 1959 6 

Apr 23 - 30 1959 8 

Apr 3 - 10 1960 8 

Apr 15  - 21 1960 7 

Summer July 3 - 18 19 57 16 

Aug 28 - Sept 3 1958 7 
Aug 25 - 29 1959 5 
June 26 - 30 1960 5 

Fall Sept 15 - 19 1957 5 

Oct l - 5 1957 5 
Oct 27 - 31 19 57 5 
Oct 3 - 10 1958 8 

Sept 10 - 15 1959 6 

Oct 16 - 26 1959 ll 
Sept 1 - 6 1960 6 

II. Midland 
Spring Apr 7 - ll 1957 5 

Apr 2 - 6 1959 5 

Apr 22 - 26 1959 5 

Apr 15 - 19 1960 5 

May 2 - 9 1960 8 

Sununer July 2 - 16 1957 15 

Aug 22 - 30 1957 9 

Aug 26 - Sept 3 1958 9 

June 14 - 18 1959 5 

Aug l - 6 1959 6 

Aug 10 - 14 1959 5 

June 17 - 21 1960 5 

Aug 2 - 6 1960 5 

Fall Sept 29 - Oct 4 1957 6 

Oct 7 - ll 1959 5 

Oct 22 - 27 1959 6 
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Table 12. Dry Period Cloud Types 
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Date St+sF Sc Cu+cF Cb As+Ns Ac+Acc Ci Cs+Cc 

Apr 3 - 7 
Apr 1 - 6 

' 58 0 

' 59 0 

Apr 23 - 30 ' 59 

Apr 3 - 10 ' 60 

Apr 15 - 21 160  

Apr 7 - 11 1 57 

Apr 2 - 6 ' 59 

Apr 22 - 26 ' 59 

Apr 1 5  - 19 ' 60 

May 2 - 9 ' 60 

July 3 - 18 I 57 

Aug 28 - Sept 3 ' 58 

Aug 25 - 29 ' 59 

June 26 - 30 

July 2 - 16 

Aug 22 - 30 

Aug 26 - Sept 

June 14 - 18 

Aug 1 - 6 

Aug 10 - 14 

June 17 - 22 

Aug 2 - 6 

Sept 15 - 19 

Sept 29 - Oct 5 

Oct 27 - 31 

Oct 3 - 10 

' 60 

' 57 

' 57 

3 ' 58 
I 59 

' 59 

' 59 

1 60 

1 60 

' 57 

' 57 

' 57 

' 58 

Sept 10 - 15 ' 59 

Oct 16 - 26 1 59 

Sept 1 - 6 ' 60 

Sept 29 - Oct 4 ' 57 

Oct 7 - 11 1 59 

Oct 22 - 27 1 59 

0 

0 

0 

0 

0 

0 

1 

3 

0 

0 

0 
2 

0 
0 

0 

0 

0 

0 

0 

0 

0 
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0 

0 

1 

0 

0 
2 

0 

0 

2 

0 

1 

2 
0 

0 

1 

0 

2 

2 

0 

1 
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Table 13. Cloud Percentages 

Cloud Spring (1)) Summer (1)) Fall (%) 
Type Dr:t: Ex:eected Wet D!:;! Ex:eected Wet Dry Ex:eect ed Wet 

St 0.8  10. 0  34. 0  0 . 3 4 . 0  23 . 0  0 .8  8 . 0  50 . 0  
S c  1 . 8  11 . 0  15 . 0  1 . 1  5 . 0  13 . 0  1. 3 8 . 0  14 . 0  

Cu 6 . 8  15 . 0  26 . 0  20.4  25 . 0  24. 0 4 .8  10. 0  7 . 0  

Cb 0 . 8  8 . 0  15 . 0  5 . 2  18. 0  24 . 0  0 . 6  6 . 0  5 . 0  

As 0 . 6  2 . 0  5 . 0  o . o  1 . 0  3 . 0  0 . 0  2 . 0  3 . 0  
Ac 21 . 0  21. 0  19 . 0  22 . 3  37 . 0  33 . 0 14. 0 24. 0  9 . 0  
Ci 44. 6  37 . 0  26 . 0  46 . 5 47 . 0  38 . 0  22 . 3  28 . 0  8 . 0  

Cs 10. 3 8 . 0  4 . 0  2 . 9 5 . 0  5 ·  0 3 . 8  3 . 0  1 . 0  

in reading this t able , stratus clouds during s pring dry periods were reported in 

0 .8% of the observations . Based on long-term averages , they would be expe cted 

to be reported in 10% of the obs ervat ions , while during rainy periods they were 

reported 34% of the t ime . Thus stratus clouds are highly correlated with spring-

t ime prec ipita t ion and have a frequency of occurrence far below normal during 

s pring dry periods . 

Reference t o  Table 2 indicates t hat the clouds most clos ely correlated 

with springt ime precipitat i on are cumulonimbus , stratus , strat ocumulus and cumulus . 

Note from Table 13 that spring dry periods are s eriously deficient in each of 

these c loud types . Middle and high clouds appear in some inst ances to be more 

frequent during dry periods , but this is most likely due t o  the fact that they 

can only be obs erved in the abs ence of low-leve l  cloudiness . For this reas on 

only low-level clouds are important in this c omparison. 

Table 2 indicates that , during the s ummer s eas on, the clouds most 

clos ely ass ociated with precipitation are cumulonimbus , stratus , and strata­

cumulus . Once again, each of these cloud types exhibit s lower-than-expe cted 

frequencies during dry periods , and higher-than- expected frequencies during 

wet periods . The same is true of fall, when the cl ouds correlated with pre cip­

itation are once again stratus , strat ocumulus , and cumulonimbus and t o  a les ser 

extent , altostratus which includes nimbostratus . In each cas e ,  dry period 

frequencies are well below thos e expected on the bas is of the cloud census . It 

should be noted that fall cumulonimbus during wet periods is s lightly below the 

expected value als o,  which indicates that stratiform clouds are predominantly 
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as s oc iated with pre c ipitat ion during this s eas on. It is poss ible that wet 

pe riod cumulonimbus has been underestimated due t o  the abundance of low-level 

stratus . 

In each of the s eas ons , it is apparent that l ow- leve l  clouds are 

lacking during dry periods . Since c loud modification practices to initiate or 

increase precipitat i on are more readily performed on low cl ouds ( Semonin, 1960 ) ,  

the data presented indicat e  that investigations on methods of init iating low 

cl ouds may be as important as the seeding of existing cloud s . 

B. Pre cipitable Wat er, Vapor Trans port , and Stability During Dry Periods 

Table 14 is a tabulat ion of pre c ipitable wat er, water vapor flux and 

stability for the dry periods . Precipitable wat er is expre s s ed in cent imet ers , 
-1 -1  ( ) flux in gm em s e c  and stability ind ex Showalt er, 1953 in degrees . Fre-

quency ogives bas ed on Baker ' s  ( 1969 ) pre cipit able wat er distribution have been 

c omput ed for each dry period . Probab ilit ies that prec ipitable water would be 

higher during a part icular period have been calculated using the ogives and are 

shown in the c olumn adj ac ent t o  pre c ipitable water. Not e that on the average , 

during the s pr ing dry peri ods , pre cipitable water values were slightly higher 

than normal . In the summer and fall , the mean pre cipitable water was slightly 

below normal . In only a few cases were there large deviati ons in precipitable 

wat er vapor. This is not to say, however, that small variat i ons are not 

important . It appears in s ome cas e s  that small deviat ions from normal may be 

s ignific ant in affe ct ing the prec ipitat i on pr oc e s s . 

An int erest ing c omparis on involves prec ipitable wat er during dry 

periods with values of this parameter for wet periods given in Tables 3 ,  4,  

and 5 ·  This c omparison is shown i n  Table 15 . It is obvious that precipitable 

water is higher during the wet periods . It seems that large amounts of prec ip­

itat i on are as s o c iated with relat ively high values of prec ipitable water, but 

that a s erious lack of pre c ipitable water is not a requirement for ext ended dry 

periods . Thi s is e s pec ially true under cond it i ons of high stability. 

Als o in Table 15 is a c omparis on of mean wat er vapor fluxes for wet 

and dry peri ods . The values in the table repres ent the magnitude of the flux j 

d ire ction has not been cons idered . Not e that for each of the thre e s eas ons , the 

flux during wet periods is s ignificantly higher than that during dry per iod s . 

The mean s eas onal fluxes were not available for comparis on .  Comparis ons can be 
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Table 14. Precipitable WaterJ FluxJ and Stability 

During Dry Per iods 

Dat e : Year Stat ion P. W. �cm2 � above Flux S . I .  

Apr 3 - 7 1958 PJAA. 0 . 60 63  882. 21 9 . 8  

Apr 1 - 6 1959 AMA 1 . 08 25 ll74. oo 7 . 7 

Apr 23 - 30 1959 AMA 0 . 86 58 1227 . 20 7 . 1  

Apr 3 - 10 1960 AMA 1 . 03 31 1075 . 78 6 . 5  

Apr 15 - 21 1960 AMA 0 . 77 54 1248 . 61 9 . 1  

Apr 7 - ll 1957 MAF 0 . 8 5  56 1091 . 38 11 . 0  

Apr 2 - 6 1959 MAF 1 . 03 35 912 .80  8 . 1  

Apr 22 - 26 1959 MAF 1 . 18 44 1137 . 30 7 . 1  

Apr 15 - 19 1960 MAF 1. 24 44 1326 . 40 7 · 9 

May 2 - 9 1960 MAF 1 . 32 52 1431 .70 6 .7 

Spring Mean : 1 . 00 46 1150. 70 8 . 1  

July 3 - 18 1957 AMA 2 . 21 67 1601.97 2 . 9  

Aug 28 - Sept 3 1958 AMA 2 . o8 56 1689 . 91 3 . 4 

Aug 25 - 29 1959 PJAA. 2 . 68 30 1990 . 29 1 . 0  

June 26 - 30 1960 PJAA. 1. 94 66 2043 . 90 2 . 0  

July 2 - 16 19 57 MAF 2 . 25 73 1713 . 93 2 . 0  

Aug 22 - 30 19 57 MAF 2 . 43 60 1793 . 23 1 . 5 

Aug 26 - Sept 3 1958 MAF 2 . 24 69 1532 . 87 3 . 1  

June 14 - 18 1959 MAF 2 . 31 48 1643 . 59 1 . 2  

Aug 1 - 6 19 59 MAF 2 . 80 52 1672. 25 - 0 . 4  

Aug 10 - 14 1959 MAF 2 . 65 56 1811 . 6 5  1 . 3 

June 17 - 21 1960 MAF 2 . 43 43 1815 . 43 -0 . 2  

Aug 2 - 6 1960 MAF 2 .79 45 2645 . 03 0 . 6  

Summer Mean ! 2 . 40 5 5  1829 . 50 1 .  5 3  
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Table 14. Precipitable Water , Flux, and
. Stability 

During Dry Periods 

( Continued) 

Date Year Station P. W. (em) % above Flux s . r .  
Sept 1 5  - 19 1957 AMA 1. 56 64 1538 . 06 5 . 8 

Oct 1 - 5 1957 AMA 1. 28 48 1184. 48  5 . 2  

Oct 27 - 31 1957 AMA 0 . 90 60 939 . 82 11 . 7  

Oct 3 - 10 1958 AMA 1. 39 43 1070.10 6 . 0  

Sept 10 - 15 1959 AMA 1 . 18 86 708 . 54 10. 7  

Oct 16 - 26 1959 AMA 1 . 10 49 1277 . 72 11 . 0  

Sept 1 - 6 1960 AMA 2 . 43 27 19 59 ·  77 4 . 4  

Sept 29 - Oct 4 19 57 MAF 1. 33 75 1o45 . 86 8 . 2  

Oct 7 - 11 1959 MAF 1.98 24 2056 . 93 4 . 4  

Oct 22 - 27 1959 MAF 1 . 28 52 1133. 13 11 . 8  

Fall Mean : 1 . 44 5 3  1291 . 44 7 · 9 
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made , however, with the fluxes calculated in Section IV for wet and dry months . 

These are given below : 

� Wet 

Spring ( April, May) 1239 . 26 1749 . 03 
Sunnner ( June , July, Aug ) 18 58 . 29 1938 . 68 

Fall ( Sept , Oct ) 949 . 8 5  1709 . 42 

It s eems apparent that periods of above-normal rainfall are as s ociated 

with a greater flux of atmospheric water vapor . This is not to say, however, 

that large fluxes of water vapor, or indeed , high values of precipitable water ,  

lead t o  prec ipitat ion . Another important fact or which must be c ons idered is 

stability. 

Table 1 5 .  Precipitable Water and Stability 

for Wet and Dry Periods 

P .  W. ( em) Stability ( deg ) Flux ( gm -1 -1 ) em sec 

Seas on Dry Wet Dry Wet Dry Wet 

Spring 1 . 00 1 . 77 8 . 1  2 . 3 1150. 70 1617 . 20 

Summer 2 . 40 3 . 01 1 . 5 0 . 6  1829 . 50 2403 . 03 

Fall 1. 44 1 . 9 5  7 - 9 6 . 0  1291 . 44 2407 . 78 

Values of mean stability index for the dry periods are shown in Table 

14 and comparis ons with the wet per iods are given in Table 1 5 .  In general , it 

appears that stable atmos pheric conditions , which are unfavorable for the 

formation of pre cipitating clouds , are predominant during dry periods . Most 

exceptions to this rule occur in the summer, with a mean stability index for 

dry periods of 1 . 5 .  During this s eas on, when t emperatures are quite high , 

the effect of pre cipitable water is quite important . What is usually mis s ing 

is a mechanism causing the initiati on of precipitating clouds . Of cours e ,  it 

is quite likely that showers did oc cur in the area during s ome of the summer 

dry pe riods , but they were s cattered such that they were not obs erved by the 

network of stati ons used in this investj gation. It is apparent from a study 

of Table 14 that both available wat er and stability are important factors in 

the production of precipitat ion . During the spring and fall, stability appears 
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to  be the controlling �actor .  On several occas i ons during these two seasons 

relatively high values o� precipitable water are pre sent . Vertical development 

is retarded, however, by subsidence in as sociation with a stable atmos phere . 

Values o� the Showalter stability index are characteristically lower during the 

summer. Most o� the summer dry periods occur in ass ociati on with below-normal 

values o� prec ipitable water. 

It is interesting to not e ,  however,  that in a �ew o� the summer dry 

periods , the ingredients �or precipitation appeared to be present , but �or s ome 

reas on or another, precipitation was not realiz ed . An example o� this s ituation 

is the case o� August 1-6 ,  1959 at Midland . The mean precipitable water in this 

case was very near normal and the Showalter stability index had a value o� -0 . 4,  

which was the lowest mean index computed . This may serve to  indicate that very 

slight deviations in the amount o� precipitatle water may be important to the 

�ormation o� precipitation during the summer seas on as suggested previous ly.  

Another example which is  even more striking is the cas e o� June 17- 21 , 

1960 at Midland . In this case ,  the prec ipitable water was above normal �or the 

seas on ( the probability o� higher precipitable water was 43%) and the computed 

stability index was - 0 . 2, yet , n o  precipitation. The cas e o� August 25- 29 at 

Amarillo is another example o� a period o� high precipitable water content and 

relatively low stability index with no s igni�icant cloud development and precip­

itation. 

Tables 16 , 17 and 18 are two-dimensional fr�?quency tabulations o� 

stability index and precipitable water �or the dry periods . Entries in the 

tables represent the number o� days that precipitable water and stability were 

within certain j oint limits . For example , during the �all dry periods there 

were 6 days when precipitable water was between 0 . 80 em and 1. 19 em while the 

stability index was between 6 . 0° and 7. 9
°

. 

Occasions when the stability index and pre cipitable water seem to  

�avor the producti on o� precipitation are evident in the tables . During th� fall 

there were �our instances when the pre cipitable water was greater than 1 . 60 em and 
0 the stability index was less than 1 . 9 • On two occas ions the precipitable water 

greater than 2 . 0cm when the stability index was negative . During two o� the 

spring dry periods the precipitable water was greater than 1 . 60 em and the stability 

index was negative , while in the summer there were 10 occasions of negative stability 
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Table 16 . Precipitable Hater and Stability 

for Dry Periods 

AMARILLO AND MIDLAND - Fall 
0 . 00 o.4o o .8o 1 . 20 1 . 60 2 . 00 2 .40 

P.  W. to to  to  t o  to to  to 
Stab . 0.39 0.79 1. 19 1 . 59  1 .99 2 . 39 2 .79 

-1. 9  - o. o 1 1 

o. o - 1. 9  1 1 

2 . 0  - 3 - 9  3 4 1 

4 . 0 - 5 · 9  4 4 1 1 2 

6 . 0  - 7- 9 1 6 J. 1 

8 . 0  - 9 - 9  1 4 4 1 

10 . 0  - 11 . 9  1 3 h 1 

12 . 0  - 13 .9  5 

14. 0 - 15 - 9  1 

16 . 0  - 17 · 9 1 

1B . o  - 19 . 9  1 2 

20. 0  - 2.1. .  1 

Table 17. Precipitable Water and Stability 

for Dry Peri ods 

AMARILLO AND MIDLAND - SJ2ring 
o .oo o .4o o.8o 1 . 20 1 . 60 2 . 00 2 . 40 

P. W. to  to  to  to  to to  to  
Stab.  0.�2 0.79 1 . 12 1 . 22 1 .22 2 . �2 2.12 

-1. 9 - o.o  2 

0 . 0  - 1 . 9  1 1 

2 . 0  - 3 - 9  1 3 

4. 0 - 5 -9 3 6 5 l 

6 . 0  - 7 · 9  4 4 J 

8 . 0  - 9 - 9  6 3 2 

10 . 0  -11 . 9  2 2 1 

> 12. 0  8 2 1 



P. W. 
Stab. 

- 5 . 9  - (-4 . 0 )  

-3 ·9  - ( -2 . 0 )  

-1 .9  - o .o  

o . o - 1 . 9  
2 . 0 - 3 -9 
4 . 0  - 5 - 9 
6 . 0  - 7 ·9 
8 . 0  - 9- 9 

10. 0 - 11. 9  

12. 0  - 1 • 

Table 18 . Precipitable Water and Stability 

for Dry Periods 

AMARnLO .AND MIDLAND - Summer 
o .8o 1 . 20 1 . 60 2 . 00 2 .40 2 .8o 

t o  t o  to t o  t o  t o  
1 . 19 1.59 1 .99 2 .39 2 .79 3. 19 

1 

5 7 3 
1 7 5 15 3 

5 6 5 1 
2 5 4 1 

l 1 2 2 

1 

1 
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3 . 20 3 .60 
to to 

3.59 3-99 

2 

3 1 

1 
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index as s oc iated with values of precipitable water greater than 2.80 em. It is 

thes e periods which may hold the most promis e for cloud modificat i on efforts • 



VI. SUMMARY AND CONCLUSIONS 

This study has c ons idered the relat i onship among cl oudines s ,  pre cip­

itable wat er vapor , water vapor �lux , stability, and pre c ipitation in the Texas 

High Plains . It repres ent s a d i��erent approach t o  learning more about s ome 

o� thos e  �act ors whi ch exert control over the product ion and/or s uppre s s ion o� 

cl ouds and pre cipitat i on in the plains ar ea. 

The cloud c ens us in Sect ion II s erved two purpos e s % it pre s ent ed the 

annual and diurnal variat i on o� cloud types and amount s in the high plains , 

and , it s erved as a bas i s  o� c omparis on �or the oc currence o� cl ouds during 

wet and dry periods . S e ct i on III c ons idered cloud � c c urrence s  during pe ri ods 

o� ab ove - normal pre c ipitat i on in addit ion to a ''rank correlat ion!! study between 

cloud type s and amount s and pre cipitat i on .  Sect i on IV •m. s  devoted t o  an inve s ­

t igat i on o �  charact eristi cally wet and dry months . This s e ct i on c ompared cloud 

oc currences , pre c ipitable wat er vapor , wat er vapor �lux, and st orm act ivity 

during mont hs with heavy and light pre c ipit at i on . Inve stigati ons of dry periods 

of shor�er durat ion were pre s ented in Sect i on V. The periods cho s en for study 

c ons isted o� at least �ive c ons e cutive days in whi ch no meas urable prec ipitat i on 

oc curred within a 60-mile radius of Amarillo or Midland . Thes e two stat i ons were 

chos en s o  that s imultaneous values o� cloud oc currences , pre c ipitab le water vapor, 

wat er vapor flux and. stab ility ind.ex c ould be computed . 

In summary ,  the following gene ral statement s can be made c oncerning the 

results of this res earch : 

( l ) the most c ommon cloud type s in the plains area are alt ocumulus 

and cirrus . Both of the s e  have a maximum during the s ummer 

months but are prevalent thr oughout the year. Summer als o owns 

the dist incti on o� having the minimum number of both clear and 

overcast skie s . This means that summer s kies are usually populat ed 

by s c attered clouds but over c ast s are rar-2 . Total c l oud &m ount i s  

a maximum during winter , decreas ing t o  a sharp min irnwn i n  September . 

The fall seas on has the highest number of clear- s ky obs ervat i ons . 

( 2 ) pre c i pitat i on during ·the late fall and irlnter is 2"b S c)ciated with 

strati�orm clouds wh ich develop in c onjunction with cyclonic 

act ivit y .  Spring and summer pre c ipitat i on is most highly c orrelated 

with c umuliform clouds characterist i c  of c onve ctive act ivity . The 
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highest rank-correlation coe��icients derived between clouds 

and precipitation were �or cumulonimbus in the spring. The 

lowest coefficients were found in the winter. 

( 3) above-normal cloudiness is ass ociated , as expected, with rainy 

periods in the plains . In practically all cases considered, 

�ewer clouds were present during dry months . The one notable 

exception was summer cumulus "Which occurred with surprising 

regularity during both dry and wet periods . More intense con­

vective development during wet periods led subsequently to the 

�ormation of cumulonimbus , which was de�initely more prevalent 

during the wet periods . 

(4)  wet periods were generally characteriz ed by above-normal values 

of precipitable water . During most dry periods , however, there 

were only small deviations �om expected values (median o� the 

distributions ) . This indicates that precipitable water is a 

�airly conservative quantity, especially during the summer and 

�all, in the Texas Plains . It appears that large amounts o� 

precipitation are as sociat ed with relatively large amounts o� 

precipitable water, but that a serious deficit in precipitable 

water vapor amounts was not a �eature of extended dry periods . 

( 5 ) wet periods were �urther characterized by larger amounts o� 

water-vapor transport , indicating a continuous supply of precip­

itable water to  the area ,  and by unstable atmospheric conditions . 

Dry periods were generally associated with atmospheric stability, 

which is un�avorable for the �ormation o� precipitating clouds . 

In most instances,  extended dry periods were related to atmos­

pheric circulation patterns which either served to cut off the 

supply o� low-level moisture , produced subsidence and consequent 

stability, or both. 

( 6) items ( 3 ) ,  ( 4) ,  and ( 5 ) taken together permit the following 

generalization t o  be made l drought periods on the Texas High 

Plains may not be markedly deficient in water vapor, nor even 

clouds ( in the summer seas on) ; the missing ingredients are 

atmospheric instability and as sociated circulat ion patterns . 

Drought on the Texas High Plains is therefore a relatively local 
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phenomenon under the c ontrol of atmos pheric circulation on a 

large ( possibly hemispheric ) s cale . Shorter-term dry periods 

may well be affe ct ed by migratory weather s ystems on a smaller 

( c ontinental ) s cale . 

It s e ems pertinent at this point t o  make s ome obs ervations conc erning 

the potential of cloud modification experiment s in the high plains . Several 

instances were noted when the ingredients for pre c ipitat i on appeared to be pre­

s ent , but precipitat ion was not obs erved t o  oc cur . It is oc casions like the s e  

which hold the most promise i n  cloud modificat ion studies .  Summer cumulus was 

frequently obs e rved during dry peri ods in summer . This indi cates that c onve ction 

was initiated but not strong enough, for one reas on or another, to develop into 

pre cipitation-producing clouds . It is pos s ible , but by no means certain, that 

these situat i ons may lend themselves t o  succes s ful seeding operati ons . 

It is important that field research b e  initiated t o  evaluate the pos si­

bilities of artificially increas ing rainfall in the Texas plains . It should be 

kept in mind , however, that there are good climatol ogical reas ons that the plains 

area is s emi-arid . Primary among the s e  is the 11rain shadow" effect of the s outhern 

Rocky Mount ains . Thus , attempts t o  modify clouds should be aimed at producing 

small increas es during periods when the natural precipitation me chanism is not 

quite sufficient t o  produce measurable rainfall. 



APPENDIX I 

LOCAL CLIMATOLOOIC.AL DATA FOR AMARILLO, LUBBOCK AND MIDLAND 

The des cript ions whi ch follow have been extracted from the Local 

Climat ol ogical Data Annual Summaries publis hed by the Environmental Sc ience 

Servi ces Administrat i on .  

Amarillo, Texas The stat i on i s  l ocated 7 statut e  miles ENE of main post office 

in Amarillo on the northern high plains of Texas in the s outhwest-central part 

of the Texas Panhandle . The t opography in vic inity of the stat i on is rather 

flat and on the divide between the wat ersheds of the Canadian River and the 

Prairie Dog Town Fork of the Red River . There are numerous shallow lake s , often 

dry, over the area and the nearly treeles s gras s lands s lope gradually d ownward 

to the east reaching a pronounc ed e s c arpment , the Caprock, about 60 miles east 

of Amarill o ,  dropping s harply from around 3 , 000 to near 2 , 000 feet m. s . l .  The 

terrain gradually rises t o  the west and northwest t o  s ome 5 , 000 feet about 

100 mile s  t o  the west where high tablelands and foothills of the Ro cky Mount ains 

c ommence . The Continental Divide in the Rockies is about 300 miles we st of 

Amarillo .  In t he stat i on vi c inity there i s  upslope effect from north, east , 

and s outh ,  which helps produc e fog and stratus part icularly from late fall t o  

early s pring. Strong winds from s outhwest thr ough north will oc cas i onally res ult 

in blowing dust restrict ing vis ibility t o  less than 1 mile . To the east , s outh 

and we st , most of the land i s  under c ult ivat ion , c ons iderable of it irrigated, 

while t o  the northwest , north and northeast graz ing land predominates . Soil 

of the area is chestnut loam int erspersed wit h gray and red loams , all overlying 

a substratum of cal i che . 

Departures from normal pre c ipitation are wide , with yearly totals 

ranging from 9 . 94 inches in 1956 to 39 . 75 inches in 1923 . The area is o c ca­

s i onally subj e ct ed to prolonged droughts of s everal months durati on, but as a 

rule the s e as onal distribut ion is fairly uniform. Three-fourths of the t otal 

annual pre cipitat i on falls between April and Sept ember, oc curring from thunder­

st orm act ivit y .  The average frequency of pre cipitat i on amount s inc lude 

annually : 53 days with trace ,  11 days . 50 or more , 4 days 1 . 00 inch or more and 

1 day 2 . 00 inches and over. An even snow c over is very unusual becaus e of high 

winds . Snow i s  usually melted within a few days aft er it falls . Heavier snow­

falls of 10 inches or more usually with near bli z z ard c ondit ions have oc curred 
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20 times in 72 years , usually over a 2- 3-day period . The heaviest, 20 . 6  inche s ,  

occurred March 25-26 , 1931�, i n  23 hours , much melting as it fell , the greatest 

depth on ' the ground reaching only 4 . 5 inches .  The record greatest depth on 

ground was 16 . 5  inches February 26 , 1903, when 17 . 5 inches fell in 49 hours . 

The most damaging blizzard occurred March 23-25 ,  1957 , when 11 . 1  inches fell, 

reached a depth of 10 inches , and northerly winds averaged 40 m. p.h.  with gusts 

over 50 m. p .h .  for 24 hours producing s evere drifting . 

The Amarillo area is subj ect to  rapid and large temperature changes ,  

especially during the winter months , when cold front s  from the northern Rocky 

Mountain and Plains states sweep across the level plains at speeds up to 40 m. p.h.  

Temperature drops of from 40° to 60° within a 12-hour period are not uncommon in 

association with these fronts ,  and 40° drops have occurred within a few minutes . 

Normally, the coldest period occurs in mid-January, however, the record minimum 
0 . 0 temperature , -16 , occurred February 12, 1899 . Long term records of 0 , or 

below, average less than 3 days per year. Normally, the warmest period oc curs 

in July, but the record maximum temperature of 108° occurred June 24, 1953 .  
0 Ten1peratures 100 , or higher, average 6 days per year , slightly more frequent 

in July than June or August . Usually there is low humidity and sufficient wind 

to  prevent the high daytime temperatures from being particularly uncomfortable ,  

and rapid cooling occurs at night • .  
Humidity averages rather low, frequently dropping belo1v 20 percent and 

occasionally below 4 percent in the spring. Low humidity moderates the effect 

of high summer afternoon temperatures ,  and makes evaporative cooling systems very 

effective most of the time . 

Severe local storms are infrequent , though a feiY thunderstorms , with 

damaging hail, lightning , and wind in a very localized area ,  occur most years , 

usually in spring and early summer.  These storms are often accompanied by very 

heavy rain, which produces local flooding, particularly of roads and streets . 

Tornadoes are rare, one of record moving through the city of Amarillo late 

Sunday afternoon, May 15 , 1949 , causing 6 deaths and 87 injuries , \Yith damage 

estimated at $!1 , 800, 000. In the county-wide area 10 tornadoes have been recorded 

in 70 years . 

Lubbock, 'Texas Lubbock is located on the high,  level surface of the South Plains 

Region of northwest Texas , at an elevation of 3 , 243 feet . The South Plains are 

part of the Llano Estacada which is isolated from the remainder of the High Plains 
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by the Canadian River on the north and the Pecos River on the west and south­

west . An erosional escarpment , the "Break of the Plains" , often referred to  

as  the C�prock, forms the eastern boundary . 

The surface is  featureless except for an eros ional escarpment , small 

playas , small stream valleys , and low hummocks . The escarpment , from 50 to 250 

feet high, results from headward eros ion of streams to the east and s outheast . 

Numerous shallow depressions of typically circular outline dot the area. 

During the rainy months , they form ponds and small lakes . A few small stream 

valleys , tributary to the Braz os River, constitute the only appreciable relief 

due to water erosion. There are few surface obstructions offered to horiz ontal 

winds , except southeast to east winds which are deflected upward by the eros ional 

es carpment . 

The climate of the area is semiarid , trans itional between desert condi­

tions on the west and humid climates to the east and southeast . The normal annual 

precipitation is 18 . o8 inches . Maximum precipitation usually occurs during May, 

June , and July when warm, moist tropical air is carried inland from the Gulf of 

Mexico .  This ai� produces moderate to heavy afternoon and evening convective 

thunderstorms , s ometimes with hail. Snow occas ionally occurs during the winter 

months , but is generally light and remains on the ground only a short time . 

Precipitation in the area is characteriz ed by its erratic nature , varying during 

the period of record from as much as 40. 5 5  inches to only 8 . 73 inches annually, 

and from as much as 13. 93 inches to none in l month . 

0 The normal annual temperature is 59 . 7  • The warmest months are June , 
0 July, and August , with a normal daily maximum in July of 92 • The record maxi-

mum temperature of 107° oc curred in June 1957 and July 1958 .  

The coldest months are December and January with a normal daily minimum 
0 0 temperature in January of 25 . 4  and a monthly mean of 39 . 2  • The record minimum 

temperature of -9° occurred in January 1947. 

The heat of summer is moderated by low humidity and wind during the 

daytime . The high elevation and dry air allow rapid radiation after nightfall 

so  most summer nights are cool, with a minimum in the s ixties . 

Midland, Texas Midland is located on the southern extens ion of the South Plains 

of Texas . The terrain is level with only slight occasional undulations . There 

is a rnarl:ed downslope of about 900 feet per 100 miles to the east and southeast 
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and ups lope of about 600 feet per 100 miles t o  the north and west. 

The climat e of Midland is typi cal of a semiarid regi on. The vegetation 

of the area consists mostly of native gras s e s , and there are very few trees in 

the area, mostly mes quite .  

Drought s o c cur with monot onous frequency. Several years which show 

an excess in pre c ipitat i on might be misleading, since extremely heavy downpours 

would show as large ac cumulat i ons but the runoff would .be s o  great and rapid 

that l ittle bene fit would be derived from the rainfall .  

Most o f  the annual pre cipitat ion i n  the Midland area c omes as a result 

of very violent s pring and early summer thunderst orms . The s e  are usually acc om­

panied by winds in excess of 40 m. p . h. , exc ess ive rainfall over limited areas , 

and s omet imes hail . Due t o  the flat· nature of the c ountrys ide ,  l ocal flooding 

oc curs , but this is of short duration .  Tornadoes are oc cas ionally sight ed , 

mostly aloft , but the sparsity of populat ion in the area, with most people 

concentrated in cit ies or t owns , c auses very infrequent damage or injury. 

There is very l ittle pre cipitat i on in the wint er and infrequent snow. 

Fog and driz zle due to the ups l ope from the s outheast oc cur fre quently during 

night hours , but generally clear by noon .  

During the late wint er and early s pring months , dust st orms oc cur 

very frequently . The flat plains of the area with only gras s as vegetat i on 

offer little res istance t o  the str ong winds that o c cur . � in many of the se 

storms remains sus pended in the air for s e veral days after the storm has pas s ed .  

The s ky  is o c cas i onally obs cured b y  dust but i n  most st orms vis ibilities range 

from l t o  3 miles . 

Daytime t emperatures are quit e hot in the summer , but there is a large 

diurnal range and mos t night s are c omfortable . The normal daily maximums in 

the summe r months range in the low t o  mid-nineties , while the normal minimums 

range in the upper s ixt i e s . In wint er the t emperature range is from the upper 

fift ie s  t o  the l ow and middle thirt ies . 

The t emperature usually first drops below 32° 
in the fall about the 

0 
middle of November and t he last t emperature below 32 in the spring c omes early 

0 
in April . However, below 32 t emperatures have been rec orded as early as 

October 31 and as lat e as April 20. 
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Winters are characteriz ed by frequent c old periods followed by rapid 

warming . Springs have very violent thunderstorm act ivity, while summers are 

hot and dry, with numerous small conve ct ive showers . Extremely variable weather 

occurs during the fall . Frequent c old frontal pas s age s are followed by chilly 

weather for 2 or 3 days , then rapid warming . Cloudines s is at a minimum. 

The prevailing wind directi on in this area is from the s outheast . 

Thi s ,  t ogether with the ups lope of the terrain from the s ame direction, caus es 

frequent low cloudines s  and dri z z le during wint er and s pring montns . Glaz e 

oc curs when the temperature is below freez ing, but usually last s for only a few 

hours . Maximum temperatures during the summer months frequently are from 2° t o  
0 6 c ooler than thos e at places 100 miles s outheast , due t o  the c ooling effect 

of the ups lope winds . 

Very low humidit ies are c onducive to pers onal comfort , be cause even 
0 

though summer afternoon t emperatures are frequently above 90 , the low humid ity 

with resultant rapid evaporat i on, has a c ooling effect • 



• 

APPENDIX IT 
* 

DESCRIPl'ION OF CLOUD TYPES 

Fog (F) A sus pens ion o� very small water droplets in the air, gener­

ally reducing horiz ontal vis ibility at the earth ' s  sur�ace to less than l km 
( 5/8 mile ) . When s��iciently illuminated, individual �og droplets are �re­

quently vis ible t o  the naked eye j they are then o�en s een to be moving in a 

s omewhat irregular manner . The air in �og usually �eels raw, clammy, or wet . 

This hydrometer �orms a whit ish veil which c overs the lands cape j when mixed 

with dust or smoke , it may, however, t ake a �aint c olorat ion, o�en yellowish.  

In the latter c as e ,  it is generally more pre sistent than when it c onsists o� 

water droplets only . 

Stratus (St) Generally grey cl oud layer with a �airly uni�orm bas e ,  

which m ay  give drizz le ,  ice prisms , or snow grains . When the s un  i s  vis ible 

through the cloud, its outline is clearly dis cernible . ·  Stratus does not produce 

halo phenomena except , pos s ibly, at very low t emperatures . Sometimes Stratus 

appears in the �orm o� ragged pat ches called �ract ostratus . 

Strat ocumulus (Sc) Grey or whit ish, or b ot h  grey and whit ish, patch, 

sheet , or layer o� cloud which almost always has dark part s , c omposed o� tes s el­

lations , rounded mas s e s ,  roll s ,  etc . , which are non- �ibrous ( except �or virga ) 

and which may or may not be merged ;  most o� the regularly arranged small elements 

have an apparent width o� more than �ive degrees . 

Cumulus (Cu) Detached clouds , generally dens e with sharp outline s ,  

developing verti c ally in the �orm o� rising mounds , domes , or t owers , of which 

the bulging upper part o�en res embles a cauli�lower . The sunlit part s of these 

clouds are mostly brilliant white j their bas e is relatively dark and nearly 

horiz ontal . S omet ime s cumulus is ragged . In this cas e it is called fractocumulus . 

Cumulonimbus (Cb) Heavy and dense cloud , with a c ons iderable vertical 

extent , in the form of a mountain or huge t owers . At least part of its upper 

portion is usually smooth, or fibrous or striat ed ,  and nearly always flattened ; 

this part o�en s preads out in the shape of an anvil or vast plume . Under the 

bas e  of this cloud ,  which is o�en very dark, there are frequently low ragged 

cl ouds e ither merged with it or not , and prec ipitation s ometimes in the form of 

virga . Often hanging protuberances like udders are seen on the under surface of 

*Thes e  definit ions have been taken from the Internat ional Cloud Atlas ( 1956 )  

120 



.. 

121 

cumulonimbus clouds , in which case the name cumulonimbus mammatus applies • 
Altostratus (As) Greyish or bluish cloud sheet or l�er of straited , 

fibrous , or uniform appearance, t otally or partly c overing the sky, and having 

parts thin enough to reveal the sun at least vaguely, as through ground glass . 

Alt ostratus d oes not show halo phenomena. 

Nimbostratus (Ns) Grey cloud layers , often dark, the appearance of 

which is rendered diffuse by more or less continously falling rain or snow, 

which in most cases reaches the ground . It is thick enough throughout t o  

blot out the sun .  Low, ragged clouds frequently oc cur below the layer, with 

which they may or may not merge . 

Altocumulus (Ac) White or grey, or both white and grey, patch, sheet , 

or layer of cloud , generally with s hading, compos ed of laminae , rounded mas s e s , 

rolls , et c . , which are s ometimes partly fibrous or diffus e and which may or 

may not be merged ; most of the regularly arranged small element s usually have 

an apparent width of between one and five degrees . Sometimes alt ocumulus clouds 

occur as altocumulus castellatus which presents , in at least s ome portion of its 

upper part , cumulus-like protuberances in the form of turrets which generally 

give the cloud a crenelated appearance .  The turrets ,  s ome of which are taller 

than they are wide , are c onneted by a c ommon base and s eem to be arranged in 

line s .  The castellatus character is especially evident when the clouds are 

s een from the s ide . 

Cirrus (Ci) Detached clouds in the form of white ,  delicate filaments 

or whit e  or mostly white patches or narrow bands . The s e  clouds have a fibrous 

( hair-like ) appearance ,  or a s ilky sheen , or both. 

Cirrostratus (Cs) Transparent , whitish cloud veil of fibrous or 

smooth appearance ,  t otally or partly c overing the sky, and generally producing 

halo phenomena. 

Cirrocumulus (Cc) Thin, white pat ch, sheet or layer of cloud without 

shading, compos ed of very small elements in the form of grains , ripples ,  etc . ,  

merged or s eparat e ,  and more or less regularly arranged ; most of the elements 

have an apparent width of less than one degree .  



APPENDIX III 

DERIVATION OF FORMULA FOR RANK- CORRELATI ON COEFFICIENT 

1 .  Standard definition of correlation coefficient is 

mn - m n r = (] (] m n 

where m is the rank with respect to cloud frequency and n 
is the rank with respect to  precipitation 

( )2 2 -- 2 2 .  Since m - n = m - 2 mn + n 

l 2 + 1 2 l ( )2 then mn = 2 m 2 n - 2 m - n 

Substituting ( B) into ( A) we get 

1 2  1 2  1 2 
r = .::2�m=-,+::::::::,:2==:n='=;:;o=

-=-=2�7-l;m?==o-====n�)�=---=m;....;.;;n 

3 .  But m = n 

2 2 and m =- n 

/
m2 _2 2 _2 "/ - m  n - n  

- m 

N + l 
2 

2 2 (] and n 

(N + l) (2N + l) 
6 

where N is the number of precipitation-cloud frequency 
pairs in the ranked data. 

4.  Substitution of  D and E into C yields 

6 2 
l - �m - ni r = 

N2 - 1 

or r = l - 6 I �m - nL
2 

N ( N
2 - 1)  
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( A) 

( B) 

( c ) 

( D )  

(E) 
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