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A bstract

The cumulus cloud events of the Florida peninsula that were observed during a

19-day period of photoreconnaissance in August and September 1957 are described

and illustrated. The associated meteorological and rainfall events are also described

and the intercorrelations among the various observations are pointed out. The study

findings revealed that the principal factors governing the cloud and rainfall situations

of the different days were (1) the low-level advection of water vapor into the peninsula

from the oceanic surroundings, (2) the wind transport, into the heated peninsula from

the oceans during the daytime, of pre-existing cumulus populations containing

appreciable liquid water, (3) the low-level convergence, and associated updraft

motion, engendered by the synoptic situation and the peninsula sea breezes, and (4)

the precipitable water content of the lower Florida air mass.
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The Cumulus and Meteorological Events
of the Florida Peninsula During a

Particular Summertime Period

1. THE OBSERVATIONAL PROGRAM, 'ITS OBJECTIVES, AND THE METHOD OF ANALYSIS

1. 1 Introduction

During 19 days within the period 8 August to 6 September3 1957, trimetrogon and

nose oblique aerial photographs of underlying Florida cumuli were obtained by three

photoreconnaissance jet aircraft of the Tactical Air Command. The aircraft were

held to pre-established flight paths by radar control and a variety of flight plans were

conducted to sample the day-to-day and diurnal variations in the convective situations.

Data covering a wide range of situations were obtained over extensive areas of the

Florida peninsula and the offshore regions.

Illustrations, syntheses, and discussions of these photographic and associated

meteorological data are presented in this paper. The various studies that were

attempts to ascertain the general and particular characteristics of the cumulus

populations of the peninsula are described. The typical manner of their variation

is described with the meteorological situation, with the time of day, and over the

different regions and topographical features of the peninsula.

(Received for publication 14 May 1965)
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These observations and investigations were quite comprehensive, since several

scales of motion and time periods were considered. Also many types and degrees of

variability were found to exist in the data. There was, in addition, a formidable

problem of organizing the descriptive and illustrative material into a textual form

that would provide an accurate picture of the overall complex of events. A few

words concerning the adopted structural form are appropriate.

First of all, in the present section, the observational program and the acquired

data are described and the general objectives and procedures of analysis are out-
lined. Then, in Sections 2 and 3, which constitute the main body of the paper, two

self-contained reports are presented that describe, respectively; (a) the cumulus

features and events of the peninsula as observed by the aerial photoreconnaissance

and, (b) the meteorological situations and events that were analytically established

to be associated with the cloud events. The general scheme of description in these

chapters is first to consider the overall events at the largest synoptic-scale of

motion, and then to consider by time periods the typical events of the several

topographical regions of the peninsula categorized according to the general maeteor-

ological situation. No attempt is made to provide a series of case studies of each

of the days of observation. Rather, the objective is merely to illustrate and report

the customary typical events that appeared to be representative and characteristic

of this data period.

In the last chapter of the report, Section 4, the findings of the various separate

studies are collated and their implications concerning the basic causes of the cloud

and rainfall events of the peninsula are discussed.

Three appendixes are also included. The first reviews previous work concerning

cumulus convection. The second describes the photogrammetric analyses and dis-

cusses the construction, and accuracy, of the analysis products, that is, the

nephanalyses, the mosaics, and the other photographic diagr ams. The third contains

the code tables, the diagram captions, and the Florida sectional map, which pertain

to these products and are essential to their interpretation.

1.2 The Observational Program

To begin the description of the observational program, we might first list the

meteorological and operational reasons which originally led to the choice of the

Florida peninsula as the site for the cumulus study.

1.2.1 METEOROLOGICAL REASONS

a) The frequency of occurrence of cumulus clouds over the Florida peninsula is
relatively high during the summer months.
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b) The topography of the peninsula is of low relief and the terrain and vegeta-

tion are quite uniform over various extensive regions within the peninsula.

c) Florida radiosonde observations, which were studied prior to the program,

revealed that the air mass structure over the peninsula during the summer was

relatively homogeneous with regard to the spatial and day-tco-day variations in

temperature and humidity.

d) The fact that Florida is a peninsula, which is heated strongly by the sun and

surrounded on three sides by oceans, presumably establishes the boundaries of the

daytime cumulus activity at the coastlines and provides the possibility that the

peninsula-scale meteorological events, such as the divergence, the vertical veloc-

ities, and so forth, might be calculable from the surface and upper-air measurements

of the meteorological stations along the coast.

1.2.2 OPERATIONAL REASONS

a) Since cumulus convection over the peninsula is an almost every day event,

this means that the dollars and cents cost of conducting a photoreconna~issance

program, and of maintaining special flight and support groups at an airfield within

the peninsula, could be held to a minimum (relative to the costs of a similar opera-
tion at some other site). In other words, the progr am could be carried out in a

relatively brief period over Florida, whereas, at the other sites considered, there

was a high probability that the aircraft would frequently be grounded because of the

absence of clouds.

b) The author had acquired some previous experience with the aerial photography

of clouds during 1956 and, from this experience, it was apparent that photo-maps of

clouds, which were meaningful, could not be successfully constructed when the velocity

of the cloud motion was in excess of about 10 knots. Thus, the fact that the wind

velocities over the peninsula during the summer were, on the average, less than this

was an important factor in the choice of the Florida site.

c) The normal air traffic over the peninsula is relatively light, which means

that CAA clearance to fly the photoreconnaissance aircraft along particular paths as

desired could be readily obtained.

Three RF84F photoreconnaissance aircraft with flight and maintenance crews

were supplied for the purposes of the cloud observation program by the 29th Tactical

Reconnaissance Squadron, TR C, Shaw AFB, South Carolina. During the program,

these aircraft were based at MacDill AFB in Tampa, Florida. This base was selected

because the support facilities required for the aircraft were readily available and

because an Air Defense Command ground-control-radar that could be utilized to

vector the aircraft along particular, pre-established flight paths was also available.

Another important factor in the choice of this base was the existence, at the Base

Weather Station, of a CPS-9 weather-radar which could be used on a part time basis

for the purposes of the investigation.
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Each of the photoreconnaissance aircraft was equipped with four aerial cameras

of the K-17 and T-ll types. One camera, the "vertical camera", was positioned to

look directly downward from the aircraft. Two cameras, the "right and left oblique

cameras", were arranged to look normal to the flight path of the aircraft at a

depression angle of 30 from the true horizon. The fourth camera, the "nose oblique

camera", pointed forward and was depressed 20 from the true horizon. A photo-

graph of one of these jet aircraft which shows the camera positions is presented in

Figure 1.

These aircraft were flown over the peninsula during the period 7 August to

6 September, 1957, in accord with various operational plans and along several

different types of flight paths. The plans and paths were designed to accomplish two

basic objectives: (a) to photograph periodically and systematically the initiation

and progressive development of the cloud populations over the entire peninsula and,

(b) to photograph, in detail, the development of the particular populations within the

peninsula which were of visually homogeneous appearance and which were growing

in a regular fashion over uniformly-heated terrain. The first objective was

accomplished by flying two of the aircraft simultaneously along flight paths which

encircled, respectively, the northern and southern halves of the peninsula. One

aircraft was radar-vectored along a flight path, of the general shape of a rectangle

or loop, which encircled the northern half of the peninsula. The other aircraft was

vectored along a similar path which encircled the southern half of the peninsula.

(These paths, for a particular set of sorties flown on 12 August 1957, are illustrated

in Figure 2.) This type of flight plan enabled the right and left cameras to record

all clouds over the peninsula and offshore areas out to distances of some fifty miles

or more from the coast. (Normally, this photography was accomplished from a

flight altitude of 35,OO0 to 39,000 ft and the individual photographs were taken at a rate

of about one every 20 seconds. Thus, since the true air speed of the airplanes was

approximately 450 knots, this meant that one photograph was taken from each camera

every 3 to 5 miles along the flight path. At any rate, in accord with conventional

photoreconnaissance procedure, there was always a 66 percent overlap in the subject

coverage of successive photographs.)

Sorties of this type, which provided photographic coverage of the clouds over the

entire peninsula, were flown at intervals of about every two or three hours on most of

the days. The first sorties were flown at the time the first thermally-produced cumuli

began appearing over the peninsula, at about 0800-0 900 EST. Later sorties were flown

throughout the morning hours and were terminated at 1400-1500 EST, usually. This

termination time varied from day to day, however, depending on: (a) the operational

state of the aircraft and camera equipment and, (b) whether or not substantial numbers

of clouds existed which had top altitudes exceeding flight altitude. (When this latter

condition occurred, the aircraft could no longer be flown in accordance with visual
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flight rules and the operations had necessarily to be terminated. Also under these

circumstances, the photoreconnaissance technique of cloud observation "broke down",

since the photographic views of the cameras were frequently obscured by the

presence of tall clouds very near the aircraft.)

Other photoreconnaissance flights, that were designed to accomplish the second

of the stated objectives, that is, that were designed to photograph the details of the

population developments over uniformly-heated terrain, were flown in conjunction

with, or "sandwiched between", the sorties just described. These "local area

flights" were planned on a day-to-day basis and the particular site was selected, on

the morning preceding, according to:

a) the results of a meteorological and cloud forecast made for the day,

b) the observed characteristics of the early-morning echoes on the CPS-9 radar,

c) the sum and total of the previous experience gained from the photo-

reconnaissance, radar, and meteorological observations, which indicated, rather

quickly after the operations commenced, where the regions of regular, uniform

cloud-growth would most likely be found under particular meteorological circum-

stances.

Several types of flight plan were flown over these specially-selected sites to

obtain detailed information about the initiation and development of the cumulus

populations. Early in the program, the airplanes were vectored around a "racetrack

type" of path designed such that the clouds over the site would be photographed

repeatedly with the vertical cameras at about ten minute intervals. This flight plan

proved to be operationally unfeasible, however, because of radar guidance problems

and because an intolerable amount of potential photoreconnaissance time was lost in

the turns at the ends of the path. Hence substitute plans were devised. One of these

was a plan whereby the aircraft were vectored successively from the west to the

east coasts of the peninsula along paths which, with each crossing, were "moved"

some ten to twenty miles north, or south, of the previous one. This type of flight

plan, which is illustrated in Figure 3, proved to be very satisfactory. It permitted

the clouds over the study site to be photographed about once every twenty minutes

with the oblique cameras and it also enabled the later construction, from the vertical

photographs, of mosaic-diagrams ("cloud maps") of the cumulus populations that

existed across an entire east-west section of the peninsula. On several occasions,

when particularly extensive coverage was desired, two or more aircraft were

devoted to this "east-west, back and forth" type of photomapping operation. An

example of a "mosaic diagram" constructed from the photographs of one such

operation is illustrated and described in detail in Appendix C.
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the "north heading" and "south heading" legs of this path were designed to lie along

a common line. Hence, the cumuli along this line were photographed twice on each

sortie.

On the days that this plan was utilized, one sortie was flown each hour from the

beginning of the cumulus convection until midafternoon. Consequently, with the folded

path described above, photographic coverage of the central and northern portions of

the peninsula was secured about every half hour and coverage of the sourthern portion

of the peninsula was obtained every hour.
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While this summarizes the several types of photoreconnaissance plans that

were flown strictly for the purposes of cloud observation, it is also pertinent to

note that, once each day, usually in the late afternoon, an aircraft was dispatched

from Tampa, Florida to Albany, Georgia to transport exposed film rolls to the

processing center. Photographs of the clouds enroute were also secured by this

aircraft. Likewise, on its return flight to Tampa, usually early on the following

morning, the aircraft provided photographic coverage of the clouds over southern

Georgia and northern Florida.

In addition to these photoreconnaissance observations, two other kinds of cloud

observations were made routinely and systematically during the study period. First,

the cloud echoes were observed by the CPS-9 weather radar (3.2-cm wavelength) and

by an FPS-3 ground-control radar (23-cm wavelength). Both of these radars were

operated on most of the days and scope photographs were obtained periodically.

The primary observational effort was made with the CPS-9, however, which was

operated in various types of PPI and RHI scan that were designed to reveal the

three-dimensional echo characteristics and time changes of the cumulus populations.

Ground observations of the meteorological and cloud conditions at the different "focal

sites" of the daily operations were also made by an observer who traveled from site

to site by automobile. This individual operated a portable, time-lapse, dome-of-sky

camera that provided a minute by minute record of the sky cover and of the direction

and speed of the cloud motion.

1.3 The Acquired Data, a Description and Listing

Fifty-eight successful photoreconnaissance-sorties were flown on the 19 days

during the study period. The dates and times of these sorties are listed in Table 1.
In all, there were some 95 flight hours of cloud photography, of which roughly 62

percent was for the morning hours, the remainder for the afternoon hours. About

150,000 individual photographs were acquired.

The quality of the photographs taken with the vertical aircraft cameras was

consistently good but about 35 percent of the ones taken with the oblique cameras

were either partially or totally "fogged", because the view ports in the aircraft were

not heated and were occasionally subjected to icing. Fortunately, this icing obscura-
tion didn't usually affect all of the oblique cameras simultaneously; so that, for most

sorties, sufficient "quality-photographs" were available to permit analysis.

The auxiliary observations obtained during the program consisted of sixteen days

of systematic and special CPS-9 radar photographs, nine "partial days" of FPS-3

radar photographs, and 19 days of observational records and sky camera photographs

taken at the different focal sites of the operations. The dates, times, and locations

of these observations are given in Table 1. Various other meteorological data were



Table 1. Dates and Hours of Photoreconnaissance, Sky Camera, and Radar Observations

Number of hours of photoreconnaissance during indicated hour

8-9 9-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18

Sky Camera Location
and hours of opera-
tion.

Hours of Hours of
CPS-9 Radar FPS-3 Radar
Observation Pht r

1. 0* 0.6*
0.8 1.0
1. 3* 1. 0*
1. 0* 1. 8*

0.6*
0.9
0.5*

1.0 0.8
0.8* 0.9*
2.0* 1.4

1.5
0.8* 1.3*

1.8*
1.0* 1.8*
1. 3* 2. 0*

0.6* 2.0*
0. 5 0. 5

0. 2

0. 1*
0. 1*
0. 7
0.8*
1. 0*
2. 1*
0. 1
2. 0
0. 5
1. 2*
2.4*
1. 5*
0. 5*
1. 4*

0.8 0.9

1. 8

1. 6*
1. 0*
1.9

0. 8*

2. 0

1. 3*

1. 3

0. 8
2.0* 0.1
0. 3*
2. 0* 1. 5*

0. 8

0. 3

0.3 0.1

0. 9

0. 3 1.7 1. 3

0.8 2.0* 0.5*
1.5* 1.5*

2.0* 0.8*
0.8* 0.8* 1.0* 0.8*

1. 0

0. 1*

1. 0* 2. 0* 0. 9*

Section Hours
72E 9-15 E
73W 9-15 E
74C 8-14 E
64Nw 9 -13 E
95NE 9-13 E
74NW 8-16 E
63C 8-14 E
645W 8-14 E
645w 7-14 E
73W 9-18 E
74C 8-16 E
63NE 9-16 E
72W 11-14 E
435W 6-15 E
43SW 6 -12 E

Not Ope rate d

0. 5 1. 0 0. 5*
Total Number of days 12 17 15 7 10 5 5 7 7 3-
with observations
during indicated hour

Total Number of days 9 11 10 5 4 1 3 5 4
when substantial areas
of cloud rows were ob-
served during indicated
hour
*Substantial areas of rows observed during hour.
Note: Photoreconnaissance observations were made on certain days prior to 08:00 E and subsequent to 18:00 E.

However, they were few and brief and are not included in the above tabulation.

Date of Acft.
Sorties

8 Aug
9,",

10 "
12 "
13 "
16 "
17 "
19 "
20 "
25 "
26 "
27 "
28 "
29 "
30 "

1 Sept
3 "
5,,
6 "

3
3

4

5

4
4
6
4
4
4
4
3
4
2

12- 14E
11- 17E
10- -15E

8 -17 E
8-16E
6-16E
6-13E
6-i5E
6-i5E
6-18E
6-17E
7-16E
9-16E
5-14E

Ir r egular

None

8-4"

8-17 E

15-18 E
14-16 E
9-11 E
9-11 E
None

10 -18 E
8-11 E
None

g p y
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also secured and utilized for the purposes of the investigation. Thus, the surface

and upper air observations for the synoptic and airways stations of the peninsula

were obtained from the conventional sources. The hourly temperature, hourly

rainfall, and surface-wind reports of the U.S. Weather Bureau cooperative, climato-

logical, and hurricane stations were secured from the Bureau. Other records,

concerning such things as the water temperatures of various inland lakes, and the

hourly temperatures, pressures, and humidities at particular Florida stations, were

obtained from the U.S. Army Corps of Engineers, the U.S. Geological Survey, and

The Florida Power Corporation.

1.4 Comments about the Data Analyses

The photoreconnaissance data just described were analyzed in several ways

that were designed to reveal the characteristic features of, and the temporal-spatial

differences in, the cumulus populations at the different scales of motion. The details

of these analyses are elaborated in Appendix B and a full description of the analysis

products is given in Appendix C. It is sufficient here merely to point out that, for

each of the 58 sorties, the flight paths of the aircraft were established to an accuracy

of about 500 feet. The location and orientation of each of the photographs taken

along these paths were then determined and the map positions, altitudes, and vertical

thickness of the clouds shown in the photographs were established by various photo-

grammetric techniques.

There were several end products of these analyses, each of which was designed

to reveal and illustrate the particular features at specific scales of motion. Thus,

the features of the largest scale, the peninsula-scale, were determined by constructing

nephanalysis charts wherein the map boundaries of the different cumulus regions and

population types were plotted on a Florida map. Specially constructed "Canadian

Grids" were utilized in this plotting. Information about the average base altitude of

the clouds, about the shape of the clouds and their vertical thickness, and about the

pattern structure of the cumuli within the populations was also supplied on these

charts in coded form. An example of such a chart is shown in Figure C3, Appendix C.

Another type of diagram that was extremely useful in revealing the appearance

of the cumulus populations at the peninsula scale was the "panoramic-mosaic."

These mosaics were constructed from particular series of oblique photographs that

were taken during times when the aircraft were making procedural turns (at the

corners and ends of the programmed flight paths). Once assembled they showed the

photographic appearance of the cumuli over very extensive areas of the peninsula

and the oceanic surroundings. One such mosaic is shown in Figure 7.

Detailed information about the appearance and characteristics of the individual

cumuli within the different populations was obtained by assembling the successive
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vertical photographs from each of the fifty-eight aircraft sorties into "strip

mosaics." The photographs were carefully "matched together" for the particular

horizontal plane of the cloud bases and the altitude of this plane, that is, the altitude

of the "average base," was established from parallax measurements performed on
the clouds and terrain features shown in the photographs. A second independent

technique was also employed to determine the base height of various of the individual

cumuli shown in the photographs. This sun-shadow triangulation technique involved

measuring the displacement of the clouds from their shadows on the ground and the

computation of the base heights from knowledge of the camera optics and the solar

angle at the time of the photography.

These strip mosaics, once assembled, were photographed and printed at a

smaller common map scale. Then each group of prints, for each of the sorties,

was assembled together, in its proper position along the flight path drawn on a

Florida map. To this map was added the analytical and meteorological information

pertaining to the situation. The resultant diagrams, called "mosaic diagrams,"

revealed most of the local-scale details of the cumulus populations, their differences

from site to site over the peninsula, and their associations with the topographical

features of the peninsula. An example of one such diagram is shown in Figure C2,

Appendix C.

1.5 Explanatory Remarks Concerning the Separate Cloud and Meteorological Reports
of the Succeeding Chapters

As mentioned in the introduction, the cloud and meteorological events of the

peninsula that were revealed by the photoreconnaissance were extremely varied and

complex; so much so, in fact, that they cannot be described herein without extensive

reference to numerous diagrams, photographs and tables, and without also considering

the various situations of the several scales of motion of the different days, of the

various times of day, and of the different geographical locales.

These descriptive problems are truly formidable ones, and, in the two sections

that follow, the author has attempted to resolve them, to the extent possible, by

deliberately separating the materials and discussions concerning the cloud and radar

situations from those concerning the associated meteorological conditions. Thus,

the cloud and radar situations are reported in the following section with a bare

minimum of reference to the meteorology. In the subsequent section, the details of

the associated meteorology are elaborated and the particular correlations that were

found to exist among the various events are explained and illustrated.

These next two sections are presented as separate, self-contained reports.

This organization is advantageous in that it retains the natural grouping of the

analytical endeavors of related type and permits their discussion in context. But it

must be emphasized that neither of these reports is actually independent of the other.
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They are as the "two sides of a coin." The logic of the organization of the one

stems directly from the work efforts and findings of the other.

2. THlE CUJMHLUJS EVENTS OF THlE FLORIDA PENINSULA

2.1 Introduction

In this section, the cloud features and events that were observed during the

photoreconnaissance over the Florida peninsula will be described and illustrated.

The major features of synoptic scale are described in Section 2.2. The features

that were distinctive and important to rainfall, but which were not caused by the

immediate solar heating of the peninsula are discussed in Section 2.3. Then the

features and events that were of characteristic solar origin and were of typical,

widespread occurrence over the peninsula are described in Section 2.4.

From time to time in these discussions, comments are made with regard to

the associated meteorological situations. It should be noted that these comments

are based on a very extensive fund of observational and analytical information.

For example, for each of the days of photoreconnaissance observation, the hourly

values, the diurnal trends, and the daily averages of such things as the sea breezes,

the divergence, the temperatures, the precipitable water, and the rainfall are known.

However, as mentioned previously, the details of these observations, and of the

analyses performed on them, are not contained in the present section; they are

presented in Section 3. It should also be mentioned that summary climatological

information concerning the Florida peninsula is presented in Figures 50 and 51 and

in Table 4.

The captions and code tables pertaining to the cloud maps and mosaic diagrams

are located in Appendix C. Also, for all figures that contain oblique photographs or

panoramic mosaics, information concerning the site of the photography and of the

location of the various cloud features shown in the photographs is provided by

abbreviated reference to the sectional map of Figure Cl, Appendix C.

2.2 Easterly #aves, Fronts, and \Major Cumulonim bus Bands

Although the Florida site and observational period were selected to minimize

the occurrence of synoptic-scale weather events of dynamic origin, four such events

(two cold fronts and two easterly waves) did occur during five of the nineteen days

of the photoreconnaissance. The dates of these occurrences and summary descriptions

of the pertinent meteorological events are given in Table 3, Chapter 3.
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2.2.1 THE EASTERLY WAVES

In the instances of the easterly waves, there was a marked, but general, cloud

and radar effect on two days (the 28th and 29th of August) but no noticeable effect

on the other day (the 3rd of September). Thus, on the 28th, as illustrated by the

radar scope photographs of Figure 5, the clouds over the southern half of the

peninsula evidenced widespread vertical development (in excess of 60,000 feet)

which was not at all similar to the type of growth observed on the other days.

Nevertheless, on this same day, over the northern half of the peninsula, the clouds

did develop in a "typically-thermal" fashion (typical being deduced from the totality

of the observations).
By the 29th, the easterly wave of the 28th had moved to the west, so that the

trough line now intersected the northern half of the peninsula. The clouds over this

area formed well before sunrise, as strato-cumulus, and evidenced rapid and wide-

spread development (but not as great as on the 28th). The radar events of this day

are shown in Figure 6. It can be seen that the southern half of the peninsula was

relatively free of echoes. Photoreconnaissance observations for this region revealed

that the cloud development there was 'typically thermal.''

One feature of the radar echoes of the 29th, which is worthy of note, is that

the banded patterns, which were oriented along the east Florida coast at 0934 EST,

developed progressively with time and moved gradually across the peninsula toward

the west.

2.2.2 THE COLD FRONTS

With the cold fronts that occurred during the observation period, there was

little cloud evidence over the peninsula of any predominance of the dynamic influence

of these fronts over the "typically thermal" influences that generally characterized

the Florida cumulus regime. Likewise, there was little radar evidence of the

existence of these fronts along the frontal lines carried on the synoptic weather

maps. However, these statements must be qualified somewhat if we also consider,

in addition to the cloud and radar patterns over the peninsula proper, those that

occurred over the oceanic surroundings. Patterns did occur offshore, which,

although more or less disconnected individually, were, in their totality, vaguely

indicative of fronts.

Observational data for 20 August 1957 have been assembled to illustrate one of

these cold front situations. The gross cloud situation is illustrated (for three times

and locations) by the panoramic mosaics of Figure 7, and by the cloud map of

Figure 8. The plan view appearance of the clouds along the flight path of one of the

aircraft is shown in Figure 9, and the CPS-9 radar echoes for the day are presented

in Figure 10. In this situation, as well as with others that will be described
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28 AUGUST 1957
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Figure 5. Radar Echoes on 28 August 1957. Photographs show the PPI echoes de-
tected by the CPS-9 radar located at MacDill AFB. The times are- as indicated.
The radar was operated at a maximum range setting of 200 miles, an antenna
elevation of 1/20 and with the STC (Sensitivity-Time Control) circuit turned on

subsequently, the associated rainfall, the precipitable water, the surface and upper

air winds, the "sea breeze" convergence, the vertical velocities, and other items of

meteorological pertinence, are all summarized in Table 3, Section 3.
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Figure 6. Radar Echoes on 29 August 1957. Operation of radar was as
described in Figure 5 caption

From the cloud map of Figure 8, it can be seen that a cumulus band of extensive

development existed over the Gulf of Mexico and that there was the suggestion of a

band over the Atlantic Ocean some 70 miles off the east Florida coast. At 1000 to

1200 lEST, these bands paralleled the 1200 lEST weather map position of the cold

front but were located about 100 miles ahead of the front. Thus, although the clouds

17
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Figure 7. Panoramic Mosaics for 20 August, 0835 to 0948 EST. Information
concerning the particular mosaics has been drafted immediately above each.
The first reference is to the times of the photography, the second to the flight
altitude and the third to the site of the photography (see the sectional map
Figure Cl)
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Figure 8. Nephanalysis and Associated Synoptic Analyses for 20 August 1957. Neph-
analysis, at left, shows the plotted boundaries of cumulus populations (of the types
specified by the letter code described in Appendix C) observed during combined
photoreconnaissance sorties No. 357 and 358. These sorties were flown during the
period 0955 to 1145 EST at an altitude of 36,000 ft. The associated surface weather
map for 1300 EST is shown at the upper right and the upper streamline analyses for
1900 EST, for the levels 2,000, 10,000 and 30,000 ft, are shown in sequence below

seemingly were not those of the front itself, it might be presumed that they were

somehow associated with the front.

However, over the peninsula proper, as can be seen from Figures 7 and 8, there

was no unique indication of a front in the cloud patterns. There were many row-band

patterns, some roughly paralleling the front, that is, paralleling the wind at cloud

level, and some oriented along the west Florida coast, but no particular one of these
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Figure 9. Mosaic Diagram for 20 August, 0810 to 0950 EST. Vertical photographs
obtained during sortie No. 336 are shown "matched together" along the flight path of
the aircraft. The "matching plane" of the construction was the plane of the average
cloud bases. This varied somewhat from point to point along the path, as indicated
by the non-underlined numbers drafted immediately adjacent to the mosaic strips
(which numbers tell the cloud base altitude in feet). The underlined numbers pro-
vide information about the cloud tops in the vicinities pointed out by the arrows.
For an explanation of the other coded information plotted on this diagram [ the wind
vectors, the sky cover symbols, the rainfall data], the reader is referred to
Appendix C
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Figure 10. Radar Echoes on 20 August 1957. Operation of radar was
as described in Figure 5 caption, except that the antenna elevation
angle was j*, rather than 1/2*
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could be concluded to be more 'frontal" than any other.* Similarly, the radar echo

patterns for this day, as shown in Figure 10, reveal little that is definitely indicative

of a front or that corresponds at all to the frontal position carried on the weather

map. Granted, there were numerous banded structures present on the scope but

these were oriented generally NNE-SSW, or at an angle of some 500 to the weather

map orientation of the front.

2.2.3 MAJOR CUMULONIMBUS BANDS AT THE SYNOPTIC SCALE

The fact that the cold fronts of the observational period did not produce marked

cloud effects does not imply that important dynamic influences were absent during

the period. To the contrary, there were many instances of such influences, all

clearly independent of the immediate solar heating of the peninsula itself. Thus, on
five of the 19 days, major cloud bands, of several types, occurred over and/or

adjacent to the peninsula.? In addition, other such bands were frequently observed
over the oceans surrounding the peninsula.

*If the reader should attempt intercomparisons among the nephanalyses of
Figure 8 and the accompanying surface and upper-air analyses, he must be fore-
warned that the isobars of the surface analysis give little or no information about
the wind direction, that the streamline analyses are for 1900 EST, after the advent
of the convective activity, and that, in general, the wind field of the Florida region
was characterized by the frequent presence of low-level wind maxima, or "jets"
(see Section 3 and Table 6), which meant that the wind speeds and directions varied
importantly with altitude.

Hence, in the situation illustrated in Figure 8, and cited above, it may be
pointed out that although the orientation of the row-band patterns (excluding the
bands along the west coast) does not correlate with the wind directions shown in
the accompanying synoptic analyses, this actually was a situation which evidenced
considerable agreement between the winds (at the cloud level and time of occurrence
of the clouds) and the orientation of the rows and bands. This can be seen by an
intercomparison of Figures 7 and 9, which both pertain to the same observation time.

Conversely, in other situations, it was found that the pattern orientation of the
clouds was sometimes in excellent agreement with the wind directions shown on the
conventional synoptic analyses when, in actual fact, the particular winds at the time
of the cloud occurrence and at the level of the clouds deviated considerably.

These are important points that must be emphasized.

t In general, the distinction between a cloud row and a cloud band adopted herein
was that a row consisted of a line (or string) of individual cumulus clouds, or a
string of separate 'small bunches" of cloud elements. A band, on the other hand,
was subjectively defined as being either a particular row which contained cumuli
that were very much larger than those in any of the adjacent rows, or as consisting
of an assemblage of particularly close-spaced rows which was organized in the form
of a "strip of clouds' which extended over considerable horizontal distance. One
example of rows and bands in coexistence is illustrated in the panoramic mosaics of
Figure 7. The rows are obvious everywhere, and the bands can be seen to be oc-
casionally present, running parallel to the rows and containing very large cumuli.
For example, a band can be seen in the second mosaic, in the middle, and other
bands are also apparent in the lower mosaic, at the extreme left and right.
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An excellent example of one of these major bands occurred on 1 September 1957.

This band, as shown in the cloud map of Figure 11, was present over the Atlantic

Ocean and over the eastern portion of southern Florida. Oriented approximately

E-W, it extended into the Atlantic as far as the eye could see, out to at least 150

miles. This is vividly illustrated in the panoramic mosaics of Figure 12.

The tremendous horizontal and vertical extent of this band, and its definite

geometric organization, as shown by the nephanalysis, all indicate that the dynamic

factors which produced and are sustaining it were fully as energetic and pronounced

as those associated with most extratropical fronts. Yet it is a fact that this band

was not detected on the conventional synoptic analyses for the day.* Moreover, it

might be pointed out that these dynamic factors, whatever their original origin, were

extremely important to the rainfall events of the peninsula. This was shown by the

reports of the U.S. Weather Bureau Cooperative Network of stations which revealed

that the hourly rainfall amounts for the region of the southeastern peninsula on this

day were much greater than those reported elsewhere.

Major bands of this same kind (as illustrated in Figure 12) were also observed

on three other days during the study period. Those of 9 August and 6 September

were very similar in that both extended into the peninsula from over the Atlantic

Ocean and both were oriented E-W. However, their activity and general vertical

development were somewhat less than was the case on 1 September. The band of

the third day, 19 August, was visually similar, and was also oriented E-W, but it

differed in that it occurred over the Gulf of Mexico, and extended into the peninsula

from the west.

The meteorological circumstances common to the occurrence of all four of these

bands were: (a) that they always appeared over oceanic areas "upwind of the penin-

sula;" (b) that the wind speeds associated with the bands were consistently in excess

of 10 knots (to 20,000-ft altitude); and (c) that the orientation of the bands corres-

ponded closely to that of the wind.

*One of the particular difficulties of establishing the presence of such bands
from the regular synoptic observations can be pointed out. Thus, in this case of
1 September cited above, the band intersected the Bahama Islands (a fact estab-
lished from photoreconnaissance). The observing stations on these islands were
reporting thunderstorms and rain. This information, plus the reports of the Florida
stations, should have provided the clue that would have made the synoptic analyst
aware of the presence of the band. However, it is logical that the analyst would
ignore the clue because midday, island-associated thunderstorms are a common
phenomenon in the Bahamas and there was nothing else in the reports that would
suggest to him that these thunderstorms were different, in the sense that they were
part of an organized complex.
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Figure 11. Nephanalysis and Associated Synoptic Analyses for 1 September 1957.
Nephanalysis, at left, shows the plotted boundaries of cumulus populations (of the
types specified by the letter code described in Appendix C) observed during com-
bined aircraft sorties 371 and 373. These sorties were flown during the period
1045 to 1245 EST at an altitude of 36,000 ft. The associated surface weather map,
for 1300 EST, is shown at the upper right and the upper streamline analyses, for
1900 EST, for the levels 2,000, 10,000,and 30,000 ft, are shown in sequence below
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Figure 12. Panoramic Mosaics for 1 September 1957, 1148 to 1226 EST. Drafted
information concerns the times of the photography, the flight altitude, and the sites
of the photography (see the sectional map, Figure Cl)
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On two of the days cited above, smaller, less extensive bands were additionally

observed over the oceanic areas downwind of the peninsula, some 30 to 70 miles

off the downwind coast. The position and orientation of these "downwind bands"

suggested that they were a continuation, or extension, of the same "line phenomena"

which, at the synoptic scale, were also responsible for the "upwind bands." In

other words, both the upwind and the downwind bands appeared to lie along the same,

common line on the map. But, to reiterate, there was no cloud connection between

these bands across the peninsula proper, or across that strip of ocean immediately

downwind of the peninsula.

As a final general comment concerning synoptic bands of the type described

above, it might be remarked that many were also observed over the oceanic areas

somewhat removed from the peninsula. In fact, there seemed to be certain, pre-

ferred locations where such bands customarily appeared day after day. For

example, one band, oriented E-W, was frequently located just south of the peninsula,

between Florida and Cuba. Another, of variable orientation, was also located be-

tween Florida and Cuba, near Cuba. A third was commonly located along the Florida

Keys, paralleling the Keys. With regard to the possible origin of such bands, it

would seem that most were products of some dynamic event, or events, connected

with the g ener al cir culation of the atmo spher e in the Florid a r egion. Pr ob ably

they were features similar to certain of the cumulonimbus bands observed occasion-

ally by Tiros satel].ites. Some of them might have resulted from some type of

interaction among entire regions of convective activity, the bands occurring along

the boundaries of such regions. Of course, in the case of the bands that revealed

ties to particular topographical features, such as the bands along the Florida Keys,

it is quite apparent that the differential heating and radiational cooling of these

features relative to their oceanic surroundings played an important role in the

initiation and sustenance of the bands aloft.

Major cumulonimbus bands of a somewhat different type than those described

above were observed near the peninsula on one of the other days of the photo-

reconnaissance, 5 September. There were two bands, as illustrated in Figure 13,

which existed just offshore of the peninsula and were oriented parallel to the coast-

lines. One band was located about 10 to 20 miles off the west Florida coast, to the

north of latitude 28*N, the other was located a similar distance from the east

Florida coast, to the south of latitude 28*N. These bands, which contained many

large, active cumulonimbus clouds, were present at the time of the first photo-

reconnaissance, at 0834 to 0845 EST, and, apparently, from the evidence of the
early copious rainfall reported by the coastal stations adjacent to the bands, these

later moved inland over the peninsula itself. But this could not be verified positively

from the photoreconnaissance, because no aircraft sorties were flown later than

0945 on this day due to maintenance problems.
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EAST COAST BAND
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0844E 31,800' SECTION 45N

Figure 13. Offshore Coastal Bands, 5 September 1957. Drafted information con-
cerns the times of the photography, the flight altitudes, the sites of the photography
(see sectional map, Figure Cl) and the directions of view

The low-level winds over the peninsfila on this day were generally southerly,

roughly paralleling the two bands, and the wind speeds were generally greater than

10 knots (see the hodographs of Figure 14). Thus, in these respects, the "wind field

situation" of these "offshore coastal bands" was similar to that of the other bands

described previously. But the similarity departed at this point, for it was rather
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Figure 14. Time Hodographs of Surface Winds, 5 September 1957. The black vec-
tors show the 24-hr vectorial-average winds for twelve airways stations. The roots
of the vectors mark the station locations, except in the case of the station at
Orlando, where the vector has been displaced for clarity. The small black dots,
connected by the fine lines, show the hourly winds, that is, they show the positions
of the tips of hourly wind vectors which are not themselves drawn but which are
presumed to extend outward from the station location to the dots. The times
of these hourly winds are indicated, every third hour or so, by the small
numbers drafted next to the dots. The times are in EST. The velocity scale
is at the lower left

obvious that these bands, because of their close proximity to the peninsula, and be-

cause of their "symmetrical" locations along the two opposed coastlines, were not

features whose origin was completely independent of the peninsula meteorological

events. Instead, they were features that had been formed somehow during the

nighttime hours, either as a direct or an indirect consequence of the differential

radiational-cooling-events (of the peninsula relative to the oceanic surroundings)

and of the low-level seaward-moving land-breeze circulations that normally
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accompany such differential cooling. However, with regard to this possibility, it

may be remarked that although the diurnal cycles of the surface and upper-air

winds (and of the horizontal divergence and convergence) were investigated for all

of the 19 days of the observations, as reported in Section 3, there was nothing in

the particular wind and divergence situation of this night of 4-5 September 1957,

the night of the formation of the bands, that was different in any marked respect

from the situations of the other days, when such bands did not occur.

2.3 Cloud Features and Events Within the Peninsula Proper

With the exception of the offshore coastal bands of 5 September just mentioned,

the prior comments of this chapter have been concerned with cumulus features of

(suspected) dynamic origin that were of a scale which, in terms of their horizontal

area, ranged upward from about 40,000 square miles. Thus, these were very large

features which were somehow related to the general circulation and weather events

at the synoptic scale and were not the immediate, direct products of the thermal

(solar heating) events of the peninsula proper.

No further mention of these major features will be made herein. It is assumed

that the reader is now aware of their occasional occurrence over and near the

peninsula during the study period and that he will remember that, whenever they

were present, they acted to dominate all of the cloud, the meteorological, the radar,

and the rainfall events along the local courses of their trajectories across the

peninsula.

With these preliminary comments, the emphasis of the report will now be

shifted to a description of those cumulus features and events that were observed
within the confines of the peninsula proper and were either: (a) produced as the

apparent direct consequence of nocturnal radiational influences, which caused

groups of cumulus clouds to be present over the peninsula in advance of the solar

heating of the day; or (b) were produced as the result of topographical influences

working in conjunction with the solar heating; or (c) were produced simply by the

solar heating of large land areas of uniform surface characteristics.

To begin these descriptions, it may be reported that two different categories of

cumulus-cloud populations were observed over the peninsula during the period of

the earliest photoreconnaissance, that is, during the general period 0600-0900 EST.

The first category consisted of populations (of occasional occurrence) which were

already at an advanced stage of development and which had apparently formed as the

consequence of certain nocturnal radiational events over local areas within the

peninsula. The second consisted of populations of "typically thermal" origin which

formed and developed in obvious correlation with the solar heating and which were

the populations of the customary, widespread occurrence over the peninsula.
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(Actually, it is these latter populations that are the ones of our primary interest and

to which we will devote the majority of the subsequent descriptive efforts. But first,

so that we shall have considered in advance all of the population types of other than

thermal origin, it is advantageous to comment briefly about the "nocturnal clouds.")

2.3.1 CLOUD STRUCTURES OF APPARENT NOCTURNAL FORMATION

On several of the days, the earliest photoreconnaissance revealed the presence

of fairly extensive groups and bands of cumuliform clouds, such as those illustrated

in Figure 15, photographs 2 and 4, in Figure 16, the lower mosaic, and in Figure 17,

the upper mosaic. * These clouds, which were at a developmental state considerably

in excess of that of any of the other cumuli over the peninsula, had apparently formed

and developed sometime during the nighttime hours; at least this was the indication

of the cloud and weather reports from the observing stations in the near vicinity.

The mechanism of the formation of these "residual nocturnal clouds" is un-

known and can only be hypothesized. There were no obvious correlations with any

of the particular topographical features of the peninsula, nor was there anything in

any of the synoptic and special analyses (described in Section 3) that was even

suggestive of cause. Perhaps they were somehow associated with particular regions

of localized, low-level convergence that had been established through differential

radiational cooling. Or perhaps they might have been the remnants of certain of the

cumulonimbus and thunderstorm complexes of the convective activity of the pre-

ceding day. At any rate, irrespective of the precise mechanism of their origin,
these nocturnal cloud structures, once formed, tended to be persistent and important

features of the total convective situation over the peninsula. For example, the first

mosaic of Figure 17 shows, at the right, a band of these nocturnal clouds that was

present to the north of Lake Okeechobee at 0918 EST on 12 August. This band, if

we correctly interpret the cloud and rainfall reports of the nearby airways and

cooperative stations, had been present much previous to this and, as is shown in the

second and third mosaics of this figure, it was also a persistent, dominant feature

of the same local area at 1250 EST and as late as 1614 EST. Moreover, although it

may not be entirely obvious from these particular mosaics, it may be reported that

this band developed progressively with the solar heating and that it was an important

rain producing feature of the local area on this day. Thus, this was a cloud feature

which had been pre-established by certain meteorological events of the nighttime

period and which had been further energized and developed by the solar heating of

the day.

*In the figures of this report which contain multiple aerial photographs, the
convention of reference is that the numbers begin at the upper left, increase to the
right, then shift to the left of the next row, and so on.
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Figure 15. Groups of Cumuli (early morning). Drafted information concerns the
dates and time of the photography, the flight altitudes of the aircraft, the sites of
the photography (see sectional map, Figure Cl) and the directions of view

The other group and banded structures of nocturnal type that were observed on
the other days of the photoreconnaissance had an appearance and behavior quite

analogous to this of 12 August. Some were large structures that were very persis-

tent and important to rainfall; some were smaller, less persistent, and relatively

unimportant.
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CUMULUS BANDS

BAND OF CUMULUS CONGESTUS 20 AUG. 1957 0902 E ST 37,100 FT
SECTION 95SW LOOKING E-S

BAND OF CONGESTIJS AND CUMULOMiMBUS SAUG.1957~O 825E5T~33,O0O FT
SECTION 64E LOO KING ESE-S

L SOUTHEAST t&r

Figure 16. Bands of Cumuli (early morning). Drafted information concerns the
times of the photography, the flight altitude and the sites of the photography (see
sectional map, Figure Cl)

2.3.2 CHARACTERISTIC DAILY AND DIURNAL EVENTS AND TOPOGRAPH-
ICAL INFLUENCES

To this point, all of the cumulus features of dynamic origin, and of origin other
than thermal, have been described and we are now in a position to discuss that very

large body of observed cumulus data concerning the population features and events

associated with the solar heating of the peninsula, and concerning the differences

in these events that occurred with the different wind and air mass situations over
the peninsula and that occurred locally due to the surface topography.
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SECTION 64E LOOKING E- S 0948E 35.5OO'

E A ST JOUThE AST

SECTION OmLOOKHNG E-SE 1250E 3OOO0C

SECTO#4 MNW LOOKING NE-SE 1W14 260DQ

SOUTHE AST

Figure 17. Cumulus Band of 12 August 1957 (three observational times). Drafted
information concerns the sites of the photography (see sectional map, Figure Cl),
the directions of view, the times of the photography, and the flight altitudes

Since these discussions will deal with an extremely wide range of cumulus
phenomena, at several scales of motion, on various days, and at different times of

the day, it is essential that the framework of their organizational logic be pointed

out and that the general plan of the remainder of this chapter be outlined.
As was mentioned in the introduction, the cloud report of this present section

and the meteorological report of the subsequent section are not really independent

of one another, the logic of the organization of the one being heavily dependent on
the sum and total of the findings reported in the other. Thus, the discursive

scheme employed from here on is actually based on the meteorological findings

reported in Section 3. In this section, it is pointed out that the cloud, radar,



39

rainfall, and meterological events .of the data period could be categorized generally

according to the velocity and direction of the synoptic wind drift across the peninsula

on the individual days. The first of these categories included days when the synoptic

wind drift was slight and when the wind regime over the peninsula was predominantly

of the "-brezevs land-breeze" type. The second included days when the synoptic

wind drift was of substantial velocity greaterr than 10 knots to 20,000 ft). Within

this category there were three recognizable subcategories based on the general

direction of the drift. These were: (a) days when the winds were directed generally

normal to the peninsula from the east; (b) days when the winds were directed

generally normal to the peninsula from the west; and (c) days when the winds were

directed generally parallel to the peninsula from the south. There were no days

during the data period when the wind flow was from the north.

Having indicated these several categories of meteorological situation, we may

now state that the plan of the remainder of the section is first to describe the cumu-

lus features and events of the earliest observational time and then to proceed, by

time periods, according to the several developmental stages of the convection, to a

description of the situations of the latest observational time (mid-afternoon). Within

each time period, the initial descriptions will concern the events of the first of the

meteorological categories cited above and the later comments will be reserved to

telling how the events of the second category differed from those of the first.

Additionally, as is appropriate within the context of the discussion, the influences

of the various topographical features will be pointed out and certain of the associated

radar and meteorological happenings will be cited. In this regard, the author has

taken the occasional liberty of referring ahead of himself to pertinent analytical

findings that are not actually described in detail until Section 3.

Two other introductory comments are pertinent. First, it will be noted that the

stated time limits of the developmental stages discussed are such that they overlap

one another. This is because the sequence of convective events proceeded at some-

what different rates on the different days. Second, it should be mentioned that, since

words fail to be capable of adequately describing many of the features, considerable

effort has been devoted to their illustration.

2.3.2.1 Characteristic Features and Events During the Period
of Initial Cumulus Formation

The very first cumuli associated with the solar heating of the peninsula custom-

arily appeared during the period 0600 to 0830 EST. On most days, and more or less

irrespective of the synoptic situation, they appeared over two preferred places: (a)

over the St. Petersburg peninsula on the west Florida coast; and (b) along southern
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coast of Lake Okeechobee, over a small peninsula that juts into the lake from the

south (see Figure 18 at the upper left).

FIR ST "BUILDUP" CUMULI. OF SOU THERN F L OR I DA
OBSERVED OV ER LAKE OI(EECHOBEE PENINSULA

25 A UG. 1957 082 3E 36,7 00 '
SECTION 85C L OOK ING D OW N

CLOUD BASE - 1,150'

CUMULUS GENERATED BY ISL AND
IN LAKE OKEECHOBEE

I6 AUG.I957.vI234E 30, 200'
SECTION 75C LOOKING DON

CLOUD RASE -3A900

ML ES NO -MALES

CUMULI GENERATED BY NARROW COASTAL STRAND

3 SEPT. 1957 -uO926E 'V 33,600'
SE CTION 45C LOOKIN G D OW N

CLOUD BASE ?tO5O

2 2 4 5

MILES

SMAL L CUMULUS GROUP
25 AUG.1957 0824E 36,700'
SECTION 85C LOO KING DOWN

CLOUD BASE 730'

No~m MILES

Figure 18. Fine Scale Cumulus Features

On the days of light wind, the cumuli that succeeded these very first ones tended

to appear primarily along the Atlantic and/or Gulf coasts of the peninsula (some few

miles inland of the coasts) and around the periphery of Lake Okeechobee (a mile or

so inland of the lake). Sometimes certain of the other, larger lakes also became
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"ringed" with clouds. Thus, the initial patterns of cloudiness over the peninsula

consisted of semicontinuous bands of clouds which parallelled one or the other, or

both, of the coasts and a "crescent," or "horseshoe," of clouds around Lake

Okeechobee, which usually had its open side over the northeast quadrant of the lake.
There were also certain, preferred locations within these patterns where the sub-

sequent growth rate of the cumuli was much greater than elsewhere. One such place

was in the region of the coastal strip between St. Petersburg and Inglis (on the west

coast); another was along the coastal strip between Miami and Melbourne (on the

east coast). The clouds likewise developed very rapidly within the "Lake Okeechobee

Crescent" and within the "cloud rings" about the other inland lakes. These observa-

tions left little doubt that the places of preferred cumulus formation on these days

of light wind speed were places where horizontal gradients of temperature had been

rapidly established by the advent of the solar heating.

On days when the synoptic winds over the peninsula were of substantial velocity,

(that is, speeds '> 10 Knots to 20,000 feet) the situations differed appreciably from

those of the small wind speed days. In general, there were three principal patterns

of initial cloudiness: (a) there were days when coastal bands appeared along the

upwind coast; (b) there were days without coastal bands when other banded structures,

which parallelled the winds, extended into the peninsula from the oceanic areas up-

wind of the peninsula, and; (c) there were days when an upwind coastal band co-

existed with "parallel bands". This latter situation is illustrated in the cloud map

of Figure 8.

The "Lake Okeechobee Crescent" was also a pronounced pattern feature on
these days of substantial wind, although it was somewhat less well developed than

on the days of light wind. Sometimes the open side of the crescent occurred on the

downwind side of the lake, but most often, as on thc days of light wind, it was located

over the northeast quadrant of the lake. However, the "rings of clouds" around the

other inland lakes, which were so very prevalent on the days of light wind, were

either absent entirely, or they were very ill-defined and present only around the

larger of the lakes.

On these large-wind-speed days the cumuli were observed to extend generally

into the peninsula in a more or less unbroken fashion from off the upwind ocean.
There were usually very few or no clouds that were present over the downwind side

of the peninsula, or over that strip of ocean downwind of the peninsula extending

some 50 to 70 miles out from the coast. Thus, it appeared that the cumulus popula-

tions were being continuously transported into the peninsula by the winds and that,

on the lee side and over the immediate downwind ocean, there was a "shadow area"

of no cumulus. This was also verified by the CPS-9 radar, which showed echoes up-

wind of the peninsula, and over it, but none downwind.
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2.3.2.2 Characteristic Events Which Succeeded the Initial Cumulus Formation

During the general period 0800-1200 EST, on the days of light wind, substantial

numbers of cumuli began to form and develop along the interior periphery of the

coastal bands and around the exterior periphery of the Lake Okeechobee Crescent.

With time, the boundaries of these clouds were, in effect, "propagated inward"

toward the center (centerline) of the peninsula.* Simultaneously, cumulus patterns

appeared around the peripheries of the innumerable lakes of the Florida interior

and the boundaries of these cloud rings also expanded outward with time (into those

land areas between the lakes).

One of the first regions to become completely dotted with cumuli was the region

between Lake Okeechobee and the Atlantic Coast. Next, in the time sequence of

events, the clouds became widespread over the southernmost portion of the peninsula,

that is, over that portion which lies south of Ft. Lauderdale, approximately. Then

the region to the north and northeast of Tampa became covered. This is the region

of the peninsula where the land has the highest elevation. Finally, other cumuli

also appeared over the other intervening regions of the interior, and the entire

peninsula gradually became occupied with cumuli. Generally, the occurrence of this

latter widespread, more-or-less homogeneous coverage was earliest over the

southern regions of the peninsula and then progressively moved northward. (With

regard to the associated meteorological events at this stage, it may be remarked

that the sea breezes, and the low-level convergence of mass into the peninsula, first

commenced at about this time and was of earliest occurrence in the south. (See

Table 5 and Figure 56.)
On the days of substantial wind, the developmental situations of the cumulus

populations were qualitatively similar to those described. There were, of course,

different initial patterns of cloudiness, but the general course of the development

was analogous in that the boundaries of the initial featur es tended to propagate

outward with time, so as to "fill in" all of the intervening spaces between the

features everywhere over the heated land. In conjunction with this propagation

outward from the specific features, there was also a general propagation of the

cumulus-population boundaries from the upwind coast of the peninsula toward the

downwind coast.

Cloud maps, mosaics, and photographs that illustrate the cumulus populations

at this stage of their development are presented in Figures 19 through 33. These

will now be described and additional comments made concerning the particular

situations.

*On 12 August, a day when the upper winds over the peninsula were very light
(that is, 1 to 4 knots), the rate of this "propagation" was ascertained to be of the
order of 50 miles per hour.
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The photographs of Figure 19 illustrate how the presence of the lakes of the

Florida interior influenced the cloud populations aloft. There are obvious holes, or

gaps, in the populations which correspond to the locations of the lakes. In the two

upper photographs, the lakes have been artificially darkened so that their specific

locations will be more apparent. With regard to this lake influence, it is pertinent

to remark that during the early morning hours, on the days of light wind, each lake
that was larger than about one mile in diameter was observed to exert an appreciable

effect on the cloud population aloft. Then, later on in the afternoon on these same

days, cloud modification was observed only over lakes of 5 to 10 miles in diameter,

or larger. Thus, the size of the lake required to exert an appreciable influence

increased diurnally with the solar heating. This lake influence was also noticeable

on the days when the synoptic wind drift across the peninsula was of substantial

velocity. The difference was primarily that larger lakes were required (seemingly

in proportion to the wind speed) in order to accomplish the same modification, as

on the days of light wind speed. Hence, on days of fair to moderate wind drift, lakes

of some 3 to 7 miles were required during the morning hours, when the convection

was just beginning, and lakes of 12 to 18 miles, or larger, were required in the

afternoon. Another interesting observation concerning these lake effects was that

Lake Okeechobee, which is about 25 miles in diameter, was never observed to be

covered with clouds during any of the photoreconnaissance sorties, irrespective of

the synoptic situation or time of day. Two photographs of Lake Okeechobee showing

the large clear area over the lake are presented in Figure 19, at the bottom.

The oblique photographs of Figure 20 illustrate the typical population types,

and some of the variations, that were observed over the more-or -less uniformly

heated regions of the peninsula, "away from the coasts and between the lakes."
The two, customarily-observed population types of widespread coverage, the "row-

band," patternform type, and the homogeneous type, are shown in the upper photo-

graphs and several of the group and banded structures (and stratiform clouds) that

were observed on particular days are shown in the lower photographs. Other

examples of cumulus clouds in rows are shown in Figure 21. (It might be remarked

that the reason that the patternform populations are referred to as "row-band"

populations, rather than simply "row" populations, is because, at the larger scales

of motion, banded structures of various types were almost invariably present

simultaneously with the rows.)

Figures 22 through 26 illustrate the cloud situation of 16 August, a day when

the synoptic winds over the peninsula were very light and the sea breezes were well

developed (time hodographs of the hourly surface winds, which show these sea

breezes at the different airways stations of the peninsula, are presented in Figure

25). The first two nephanalyses of Figure 22 reveal the cloud situations during the
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Figure 19. Illustrations of Lake Influence on Cumulus. Drafted information
concerns the dates and time of the photography, the flight altitudes of the
aircraft, the sites of the photography (see the sectional map, Figure Cl)
and the directions of view
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Figure 20. Typical Clouds and Cumulus Pattern Forms Observed During the Early
Morning Hours. Drafted information gives the dates and times of the photography,
the flight altitudes of the aircraft, the sites of the photography (see the sectional
map, Figure Cl) and the directions of view
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Figure 21. Representative Examples of Cumulus Populations Having a Row-Band
P'attern Form Observed During the Morning Hours. (See Figure 20 caption for
explanation of drafted information)
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separate time periods 0905 to 1040 and 1110 to 1300 EST. These show clearly the

cloud bands around the coasts and the clouds of the Lake Okeechobee Crescent.

Comparing them, they also show the progressive development of the features be-

tween the two periods. (The details of these nephanalyses can be reconstructed by

reference to the code tables of Appendix C.) The photographic appearance of the

cumulus populations over particular, ten-mile wide, east-west strips across the

peninsula is shown in the mosaic diagram of Figure 23. The clouds of the coastal

bands, and of the Lake Okeechobee Crescent, can be seen therein. Also, near the

center of the mosaic, part of a "cloud ring" around Lake Istokpoga is apparent.

In Figure 24, oblique photographs are presented which show the detailed appearance

of the coastal cloud bands along the eastern and western coasts, while the radar

echoes for the day are shown in Figure 26. In general, to summarize the situation

of this day, relative to that of the other 18 days studied, it may be stated that the

sky cover was rather small and there was very little rainfall (see Table 3, Section 3).

The cloud situation of 26 August, another day of relatively light wind drift,

is illustrated in Figures 27 through 29, and in Figure C2 of Appendix C. * This

situation is illustrated primarily because, when the figures for this day are

compared with those of the 16th, they demonstrate how even minor differences in

the synoptic drift across the peninsula served to create major differences in the

patterns of the clouds and coastal bands. Thus, whereas on 16 August, there was

virtually no synoptic drift (only sea breezes), on the 26th there was a slight, con-

sistent drift from the east.t (This is not specifically demonstrated by presenting

the hodographs for the 26th, but it can be seen qualitatively by comparing the wind

vectors (for Melbourne, Vero Beach and West Palm Beach) shown on the mosaic

diagram of Figure 23, with those shown on the diagram of Figure C2, Appendix C.)

Seemingly, this small wind difference was the factor principally responsible for

the pattern differences between these two days. These differences can be seen by

comparing Figures 22 and 27. On the 26th, the coastal band occurred only on the

*Figure C2 serves as an example in Appendix C; hence its inclusion there, not
here.

? To a first approximation, we can associate the "synoptic (drift) component" of
the total wind with the 24-hr vector average wind. These vector-averages, for the
different airways stations on 16 August, are the black, solid vectors shown drawn on
the hodographs of Figure 25. Thus, on a day such as this, when there was little or no
synoptic drift, and the situation was dominated entirely by sea breezes, these 24-hr
average vectors are short and there is little consistency of direction among the
differ ent stations. On the other hand, on a day of substantial drift, such as the day
of 19 August illustrated in Figure 32, these 24-hr average vectors are very well
defined and fairly consistent. In all cases herein, when 'synoptic drift" is mentioned,
it is these 24-hr average winds that are implied.
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Figure 22. Nephanalyses and Associated Synoptic Analyses for 16 August 1957.
Nephanalyses for the three time periods 0905 to 1040, 1110 to 1300 and 1530 to 1655
EST are shown at the top. These show the plotted boundaries of cumulus populations
(of the types specified by the letter code described in Appendix C) observed during
photoreconnaissance sorties No. 325 (first nephanalysis), numbers 326 and 327
(second nephanalysis) and number 329 (third nephanalysis). The aircraft flight
altitude during each sortie was 30,000 ft. The associated surface weather map, for
1300 EST, is shown at the lower left and the upper streamline analyses, for 1900
EST, for the levels 2,000, 10,000 and 30,000 ft are shown following, in sequence
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Figure 24. Coastal Bands on 16 August 1957, 1150 to 1227 EST. Photographs show
two views of the cloud band paralleling the West Florida Coast, looking north and
south from about latitude 27.00, and two views of the band paralleling the East
Florida Coast, looking north and south from about latitude 27o-30'. Drafted
information gives the time of the photography, the flight altitude of the aircraft and
the sites of the photography (see the sectional map, Figure Cl)

were not "sea breeze fronts" per se; at least they didn't behave in a manner con-

sistent with our current knowledge of such fronts.
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Figure 25. Time Hodographs of Surface Winds, 16 August 1957. The black vectors
show the 24-hr vectorial-average winds for twelve airways stations. The roots of
the vectors mark the station locations, except in the case of the Orlando station, the
hodograph for which appears within the dashed rectangle at the left. The small
black dots, connected by the fine lines, show the hourly winds, that is, they show
the positions of the tips of hourly wind vectors which are not themselves drawn but
which are presumed to extend outward from the station location to the dots. The
times of these hourly winds are indicated, about every third hour or so, by the
small numbers drafted next to the dots. The times are in EST. The velocity scale
is at the lower left

The oblique photographs, radar diagrams, and wind hodographs of Figures 30

through 32 illustrate the situation of 19 August, a day when the synoptic wind drift

across the peninsula was of substantial velocity from the southwest. Views of the

upwind and downwind coasts are shown, revealing that cumulus populations, having a

row-band pattern form, were being transported into the peninsula, across the upwind

coast, from off the Gulf of Mexico. This is also shown in the radar photographs of

Figure 31, and the author can attest to the fact of the movement since he possesses
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Figure 26. Radar Echoes on 16 August 1957. Photographs show the PPI echoes de-
tected by the CPS-9 radar located at MacDill AFB. The times are as indicated. The
radar was operated at a maximum range setting of 200 miles, an antenna elevation
angle of 10 and with the STC (Sensitivity Time Control) circuit turned on
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Figure 27. Nephanalysis and Associated Synoptic Analyses for 26 August 1957.
Nephanalysis, at left, shows the plotted boundaries of cumulus populations (of the
types specified by the letter code described in Appendix C) observed during com-
bined photoreconnaissance sorties number 337 and 338. These sorties were flown
during the period 0955 to 1145 EST at an altitude of 36,000 ft. The associated
surface weather map, for 1300 EST, is shown at the upper right and the upper
streamline analyses for 1900 EST, for the levels 2,000, 10,000, and 30,000 ft, are
shown in sequence below

the intermediate scope photographs which were taken every few minutes or so. He

also possesses the aerial photographs from a sortie flown earlier on this day, and

these, plus the radar photographs, indicate that the cumulus activity (the general,

widespread activity) first began on the western side of the peninsula and then moved

progressively to the east. However, as is clearly demonstrated in both Figures 30

and 31, this cumulus activity, once it had propagated to the east coast by about

1000 EST, never did extend beyond the coast. It terminated abruptly very near the
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Figure 28. Coastal Bands on 26 August 1957, 0946 to 1015 EST.
(See Figure 24 caption)

coastline. Virtually no clouds nor radar echoes occurred downwind of the peninsula,

out to 70 or 80 miles or so, at anytime during this day.

The radar diagram of Figure 33 illustrates the reverse type of situation; namely,

it illustrates the situation of 30 August when the synoptic wind drift was of substantial
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Figure 29. Coastal Bands
(See Figure 24 caption)

velocity from the easterly quadrant.

presented to illustrate this situation

intersect the coastlines on this day.)

coastal band appeared along the east

on 26 August 1957, 1033 to 1100 EST.

(Unfortunately, aerial photographs cannot be

because the flight paths of the aircraft did not

At any rate, it maay be reported that an upwind

coast, sometime prior to 0630 EST, and that

56
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Figure 30. Views of the Upwind and Downwind Coasts on 19 August 1957. Photo-
graphs at left show views, looking northerly and southerly of the cumulus clouds
and bands being wind transported into the peninsula from off the Gulf of Mexico.
Photographs at right show vie ws, also looking northerly and southerly, of the clouds along
the East Florida coast. It can be seen that these latter clouds terminate at, or very
near, the coastline and do not extend over the Atlantic Ocean downwind of the penin-
sula. Drafted information gives the time of the photography, the flight altitude of
the aircraft and the sites of the photography (see the sectional map, Figure Cl)
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Figure 32. Time Hodographs of Surface Winds, 19 August 1957.
(See Figure 25 caption for explanation of diagram )

radar echoes were received from the band as early as 0710 EST (see the scope

photo for this time). Then, subsequently, as is evident from the radar echoes, a

major band of convective activity formed just landward of the coastal band and

moved, during the midmorning to early afternoon period, across the peninsula to

the west coast. The rate of progression was in qualitative agreement with the wind

speeds at cloud level. Thus, in a sense, the convective events of this day originated
in the upwind coastal band and were propagated across the peninsula to terminate on
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Before proceeding to a discussion of the events of the next time stage of the

convection, it is pertinent to note several observed and analytically established

facts, regarding the pattern-form type of cumulus populations, which specifically

concern: (a) the observed relative orientations of the visual cloud rows, the bands,

and the winds; and (b) the radar detectability of the rows and bands, and the rela-

tionships that were found to exist between the visual and radar observations.
A careful, comprehensive study of the relative orientation of the cumulus rows

and wind direction was accomplished for 85 particular populations of the pattern-

form type selected from among the 19 days at various hours of the day. The

details of this study will not be elaborated here (they have been discussed

by Plank; 1965); but, to summarize, it was found that the cloud rows, in situa-

tions wherein the wind speeds were greater than about 10 knots, were most

frequently oriented about 30 to the left of the surface wind, and to about 150 left of

the upper wind at the cloud base level. On the other hand, in situations of wind

speed less than 10 knots, it was found that the relationships between the cloud row

orientations and the wind directions tended to be quite variable; in fact, there were

a substantial number of cases wherein the cloud rows were oriented more or less

normal to both the surface and upper winds.

With regard to the relative orientations of the large cumulus banded structures

and the cloud rows (see the footnote on p. 24 for the criteria of distinction), it may

be stated that the usual situation was that the cloud bands paralleled the cloud rows

(hence paralleled the wind). However, there were various types of banded structures

and certain of these would occasionally be oriented at some fair angle to the cloud

rows, or even be oriented normal to the rows. But it should be pointed out that these

latter gave the impression of being some sort of "wave type phenomena," rather

than being "true banded structures," in the sense (and presumption) that true cloud

bands are immediate, direct products of the wind field.

The CPS-9 radar at MacDill AFB, which was in excellent operating condition,

and which was operated continuously on the days and hours indicated in Table 1,

was found to be generally incapable of detecting echoes from the cumuli of the in-

dividual cloud rows. But it did detect the presence of the cloud bands, in most

cases, and did portray their positions, extent, and pattern-form characteristics

with considerable fidelity.

2.3.2.3 Characteristic Features and Events of the Late Morning
and Midday Period

During the general period 1030 to 1300 EST, the cloud situations and growth

events over the Florida peninsula were relatively complex and there was consider-

able variability from day to day, even among days within the same wind category.
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There were also, however, certain features and events that were common to the

great majority of the days and that were characteristic of the progressive develop-

ment of the cumulus populations at this stage of their growth. These are the ones

we will attempt to describe in this section.

On most of the days, both those of small wind drift and those of substantial

wind drift, there were three general regions of the peninsula over which the pro-

gressive development of the cumulus populations was most pronounced. These

were: (1) the region between Lake Okeechobee and the Atlantic Ocean; (2) the

region to the northeast and east of Tampa (roughly that region included in Sections

42, 43, 52, 53, 62, and 63 of the map shown in Figure Cl, Appendix C); and (3) the

region of the southern peninsula, south of 260 30'N latitude, approximately.* In

addition, on the days of the most active convection, the clouds along the centerline

of the peninsula tended generally to grow more rapidly than those of the coastal

areas.

The coastal bands, and the other banded cloud structures previously described

continued to be distinctive features throughout this period. In fact, on days of

substantial wind drift (speed greater than 10 knots to 20,000 feet), when cloud bands

running into the peninsula from off the upwind ocean had been present earlier,

certain of these bands (usually and primarily the ones of relatively wide spacing,

that is, 30 to 50 miles or so) became even more pronounced over the heated penin-

sula. On the other hand, directly conflicting with this observed accelerated growth

of the banded cloud structures, the smaller cumulus rows, in those situations where

pattern-form populations had been present previously, tended generally to become

less and less distinctive throughout this period so that, by noontime, on most days,

they were either absent entirely or they had became very poorly defined. Hence, to

recant, whereas certain of the large-scale bands grew considerably, the smaller -

scale cumulus rows tended progressively to lose their pattern form.

The influences on the cloud populations due to the particular terrain features,

the lakes, the swamps, the coastal inlets, and so forth, were markedly decreased

during this late morning to mid-day period. Only the very-largest land features,

such as the coastlines themselves, and Lake Okeechobee, exerted any appreciable

patterning effect on the overlying cloud populations.

*The region to the northeast and east of Tampa cited here is the same region
where the climatological records show a maximum frequency of oc currence of day-
time thunderstorm activity (see the charts at the lower right in Figure 49,
Section 3). And the region of the southern peninsula is the region of the maximum
summertime rainfall (see the chart at the lower left in Figure 49).
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The single event that most characterized this particular period of the daily

convection over the peninsula was a "gross upward shift" in the general scale of

the convection, that is, a rather abrupt increase in the vertical extent and spacings

of the cumuli of the populations. Also the pattern forms of predominance changed

from being of a relatively small scale, intimately tied to local topographical features,

to scales an order of magnitude or so larger. The patterns also became more

generally tied either to the largest of the cumulus structures (previously described,

such as the large cloud bands) or to topographical features of regional scale, such

as the region of the high ground to the east and northeast of Tampa, or the Ever -

glades region of the southern tip of the peninsula. This period of the upward shift

in the scale of the convection was also the period when the meteorological analyses

revealed that the sea breezes, the low-level convergence, and the circulation (about

a vertical axis over the peninsula) all attained their maximum rate of development.

In other words, the acceleration of these kinematic events was a maximum at the

same time that the scale of the convection was observed to shift upward (see

Figures 55 and 56).

These prior comments, although they summarize the general gross aspects of

the cumulus developments over the peninsula, do not tell of the internal happenings

within the cloud populations themselves. These were characteristically similar

from day to day and the next few paragraphs will be devoted to their description.

The "internal cloud population event" which typified this time period was the

progressive development of "cloud bunch and group structures" within the popula-

tions. The "bunching-grouping" phenomenon occurred within virtually all of the

populations, including those of the row-band, pattern-form type, those of the

"homogeneous" type (see Figures 20 and 34) and those that were contained within

one of the larger scale features, such as the cloud bands, cited previously.

There were two, readily identifiable types of these cloud structures, distinguish-

able on the basis of scale. The first consisted of "bunches, " or "clusters," of
individual cumuli, which, although they occurred over a substantial size range, were

nevertheless features of relatively small scale compared to any of the population

patterns themselves. The second consisted of "groups" and "assemblies" of clouds

(also containing cloud bunches of the first type) which were of a relatively large

size, of a sectional-regional size within the peninsula, and which were the particular

"nucleus structures" that subsequently developed into the thunderstorm complexes

of the midday and afternoon periods.

The cloud bunches of the first type were composed of individual cumuli that

were interconnected (customarily at the cloud base level), or that were "clustered

together" with a spacing between that was much tighter than that of the other cumuli

elsewhere in the near vicinity. Many such cloud clusters appeared within the popu-

lations at this stage of the convection and they existed over a range of sizes that
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varied from their being equal to, or somewhat larger than, the largest cumulus

individual of the population to their being as much as 10 to 15 times as large as

this largest individual.* Visually, the distribution and spacing of these cloud

clusters throughout the populations was geometrically regular and seemingly

systematic.

Relatively more of these cloud clusters were observed to be present on days,

or over regions, where the sky cover was large and the daily convection was pro-

ceeding in a particularly active manner. It was also in these same instances that

the relative sizes of the cloud clusters were observed to be the largest. Typically,

at this stage of the convection, the largest cumulus element in any of the clusters,

that is, the largest cloud constituent, was a cloud of the cumulus congestus type.

Some of these cloud clusters can be seen in the first, second, and third photographs

of Figure 34, and an even better illustration is provided in the mosaic diagram of

Figure 37. (The time of this mosaic is, however, considerably later than the time

period of the present discussion.)

The very large group and assembly structures of the second type occurred only
on days, or over regions, of the most active convection, which led to subsequent,

copious r ainfall. Thes e cloud structur es, s ever al of which ar e illustr at ed in

Figure 34, in the lower photographs, and in Figure 39, began to form during the

late morning period over particular regions of the peninsula. These regions differed

on different days, but they were generally correlated with the locations of the

largest-scale of the pattern-form features of the earlier periods. These assemblies

consisted of massive conglomerations of clouds, cloud bunches, groups, and, in fact,

sometimes entire cloud populations. They progressively "converged together,"

developed vertically and laterally, and became very "tightly packed," especially in

their central core areas. The clouds of these cores ranged from being, in the case

of the smaller cloud assemblies, closely spaced, base-connected collections of

cumulus congestus (in which case the sky cover of the core area was about 10/10)

to being, in the case of the largest cloud assemblies, vast complexes of cumulo-
nimbi, surrounded by, and interspersed with, cumulus congesti. Somewhat

surprisingly, however, the sky cover within the core area of these "largest assem-

blies" was frequency rather small, less than 6/10 or so. This was because, as is

illustrated in Figures 11 and 38, the central regions of these assemblies were

usually "pockmarked" with many large clear holes. Presumably, these were some

*On the days of the most active convection, such cloud clusters were actually
present within the populations, almost from their first inception. However, it was
during this general time period 1030 to 1300 EST, that the ' clustering-bunching"
phenomena became most pronounced within the cloud propulations in general.
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Figure 34. Typical Cumulus Populations and Group and Banded Structures Observed
During the Mid-day Period. Drafted information gives the dates and times of the
photography, the flight altitudes of the aircraft, the sites of the photography (see the
sectional map, Figure Cl) and the directions of view



66

sort of "continuity holes," wherein the air motions were predominantly downward,

which were required to compensate for the generally rising air motions within the

cumulonimbus clouds themselves.

2.3.2.4 General Comments about the Cloud Situations of the Afternoon Period

The cloud situations of the afternoon period cannot be described in the same

manner, or detail, as those of the morning periods. This is because:

a) For various operational reasons, there were fewer, or no, photoreconnais-

sance sorties during the afternoon period. Hence, it was difficult to maintain the

time continuity of the population events between sorties;

b) Knowledge of the location, pattern forms, and area extent of the cloud

features was less quantitative than in the morning, because of the presence of

many "towering cumuli" which extended to the aircraft flight altitude and caused

severe obscuration problems in the nephanalyses.

Consequently, we will merely attempt to describe the typical events of this

period and r efer enc e s ever al particular situations .

It is essential to note, first of all, that, on most of the days during this afternoon

period, the majority of the interior regions of the peninsula were customarily

occupied by cumulus populations which had a relatively small sky cover (generally

less than 3/10), and which were distributed rather uniformly over extensive areas

of the peninsula. There were, of course, numerous thunderstorms and complexes

of cumulonimbus that were present on the various days (see Table 2 for a listing of

the number densities of these), but such storms actually occupied only a relatively

small fraction of the total area of the peninsula at any given time.

Several of the typical afternoon populations of widespread coverage are illus-

trated in Figure 35. It can be seen that these populations contained many clusters

and bunches of clouds, rather than consisting of definitely-separated individual

clouds. Sometimes, on certain days, these cloud clusters were distributed over the

peninsula in a manner that was more or less random, as illustrated in the first

photograph of Figure 35, and in the mosaic diagram of Figure 37. But, more often,
they were observed to be organized in row-band pattern forms, as shown in the first

four photographs of Figure 36. This was a very interesting feature of the Florida

convection because, as mentioned in the previous section, whereas the cumulus rows

of the early morning period tended gradually to become less well defined and to

disappear toward midday, during this afternoon period they began to reappear and

to become progressively more prevalent apnd pronounced. As can be seen, comparing

Figures 21 and 36, however, the afternoon rows, although evident, were not nearly as

well defined as those of the morning. Also, the scale (spacing) of the afternoon rows

was much larger, some 4 to 10 times larger.
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the flight altitudes of the aircraft, the sites of the photography (see the sectional
map, Figure Cl) and the directions of view

67



3EPT. 957 t656E 35,400'
flnN M4C t OflNO NNW

Z~LA I. Ia i~ E

CECrT10N 61 NE LC

6 Abu s ib~ w6,40V'
SECTION 62E 3OOK GCS

27 A UG. K957 14VF 3 7330'
SE CT ION 44N LO K iNC GJW

< GC06 6 a~35,000'
L *1 N F L' <le 'V

12AUG.1957 I606t~ 8'400'

Figure 36. Representative Examples of Cumulus Rows and Bands Observed During
the Afternoon Hours. (See Figure 20 caption for explanation of drafted information)

68



69

Nephanalyses showing the general cloud situations during this afternoon period

are presented in Figure 22, at the right, and in Figure C3, Appendix C, also at the

right. The first cited of these is for 16 August, a previously discussed day, which

had very little synoptic wind drift. It can be seen that the majority of the regions

of the peninsula were either completely devoid of clouds or were covered by cumulus

populations of relatively small sky cover (less than 0.15). The general appearance

of these populations is illustrated in Figure 35, in the photograph at the upper left.

Actually, there were only two regions of the peninsula with extensive cloud develop-

ment on this day. These were the regions of the central peninsula and of the extreme

northern peninsula. With specific reference to the former (as shown on the neph-

analysis of Figure 22), it can be seen that the thunderstorms had a pattern form which

can be conveniently described as ''consisting of a number of clear holes surrounded

by congestus and cumulonimbus clouds." This type of pattern form, also noted

previously with reference to Figure 11, was quite characteristic, particularly on
days of small wind speed. It can be seen that the primary masses of the thunderstorm

clouds occurred preferentially on the northeast "side" of the clear holes. Whether

this was the upwind or downwind side of the holes was impossible to tell because the

winds at the nearby stations were quite erratic, undoubtedly the result of the local

storm effects themselves.

The second of the two nephanalyses (Figure C3, Appendix C) shows the afternoon

cloud situation of 27 August, 1957, a day when the synoptic winds over the peninsula

were of substantial velocity from the east-northeast. Again, as in the case of

16 August (Figure 22) it can be seen that most of the peninsula was occupied by

cumulus populations of relatively small sky cover. (The visual appearance of these

can be seen in the fourth photograph of Figure 35 and in the second photograph of

Figure 36.)* Then, periodically spaced within these populations of widespread

coverage, there were certain "banded structures" of more extensive development

and greater cloud cover. These cloud bands were oriented at about 45-70* to the

prevailing winds at cloud level and along them, at various places, as can be seen,

there were certain "centers of cumulus activity" which contained large congestus and

cumulonimbus clouds. The bands were "crooked" at these places. This type of cloud

*The convention of reference to these multiply-presented photographs, it will be
recalled, is from right to left, top to bottom. Also, for cloud physicists concerned
with coalescence-process rainfall, it is of interest to point out that the reports of
the cooperative stations left little doubt that precipitation was falling, or had recently
fallen, from certain of the cloud clusters shown in the western part of the mosaic of
Figure 37, and from certain of the clusters shown in the fourth photograph of Figure
35 (for 27 Aug) and in the second photograph of Figure 36 (also for 27 Aug). These
photographs illustrate the appearance of relatively small, shower-producing clouds,
whose tops were far below the freezing level and which were definitely nonglaciated.
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Figure 37. Mosaic Diagram for 1 September 1957, 1530-1740 EST. Vertical photo-
graphs obtained during sorties 374 and 375 are shown "matched together" along the
flight paths of the aircraft. The "matching plane" of the construction was the plane
of the average cloud bases. This varied somewhat from point to point along the
paths, as indicated by the nonunderlined numbers drafted immediately adjacent to
the mosaic strips (which numbers tell the cloud base altitude in feet). The under-
lined numbers provide information about the cloud tops in the vicinities pointed out
by the arrows. For an explanation of the other coded information plotted on this
diagram, that is, for an explanation of the wind vectors, the sky cover symbols, the
rain4 'all data, and so forth, the reader is referred to Appendix C
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Figure 38. Clear Holes Associated with Towering Cumuli at the Nimbus and Post
Nimbus Stages of Development. Photographs show clear holes located immediately
adjacent to towering cumuli, or at places where towering cumuli had existed just
previously. The dates, times, and sites of the photography (see the sectional map,
Figure Cl) are as indicated. The photographs at the upper left show two views of
the same hole (and cloud) taken 45 minutes apart. The photograph at the lower left
shows the "backside appearance" of a towering cumulus known to have a "clear hole"
on its side opposite the viewing direction. The photograph at the lower right shows
a clear hole located between two clouds that are labeled "residual upper clouds".
Just prior to this photograph, a large "rainshower cloud" had existed above the
region of the hole
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pattern structure, that is, a pattern consisting of one or more cloud bands, with

thunderstorm centers spaced along them at crooks in the bands, was quite charac-

teristic of the regions of greatest convective activity on the days of substantial

wind. For example, this same sort of cloud pattern can be seen in the first neph-

analysis of Figure C3, over the Gulf of Mexico, in the region offshore of the south-

western coast, and it may be stated that it also occurred on various other days,

both onshore and offshore. One feature of particular interest concerning this

pattern form was that the cloud bands connecting the centers didn't seem to have

any preferential orientation relative to the wind direction, except that they tended

perhaps to lie somewhat more normal to, rather than parallel to, the winds at cloud

base level. Another item of interest was that the CPS-9 radar did not detect the

cloud bands connecting the centers (see Figure 39); hence it gave a somewhat

deceptive indication of the true pattern-form organization of the thunderstorms.

Before leaving this section, it should be noted that the sky cover, the convective

activity, and the rainfall on these days of 16 and 27 August 1957, cited above, were

generally less than was typical of the 19 days as a whole. This can be seen by

reference to Table 3. Thus, the preceding remarks about the thunderstorm regions

are generally biased toward the less violent of the Florida situations. Of course,

with the photoreconnaissance technique, it was not possible either to penetrate or

"see around" the regions of really extreme development.

2.3.2.5 The Dimensions and Number Density of the Thunderstorm Complexes

In this last section, information will be presented concerning the horizontal and

vertical dimensions of typical thunderstorm complexes that were observed in the

Florida vicinity and about their number densities over the peninsula. This informa-

tion is of general interest and is specifically pertinent to the subject matter discussed

in the second volume of this report series.

Photographs and mosaics which illustrate typical, representative cumulonimbus

clouds and complexes are presented in Figure 40. The horizontal and vertical

dimensions of the structures, established by wide-base triangulation from particular

pairs of aerial photographs, are indicated directly on the photographs. The unit of

horizontal distance is statute miles; that of vertical thickness is feet. The dates,

times, and sites of the photography, also the ranges from the sites of the photography

to the center of the cloud subjects shown, are specified. The letters and/or numbers

above the white arrows at the top of the photographs, as for example S91E, S76 NW,

and so forth, indicate the geographical locations of the features (see the sectional

map, Figure Cl, Appendix C). These cloud structures, it can be seen, had horizontal

dimensions of some 15 to 25 miles and vertical thicknesses ranging from 30,000 to

55,000 ft. The dimensions observed by radar were comparable.
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Information about the approximate number density of the thunderstorm com-

plexes that were observed within the peninsula on the various days is presented in

Table 2. The number densities, as established visually from the aerial photographs,

are listed in the third column; the numbers observed by CPS-9 radar are given in

the fifth column. The observation times are as indicated. Other information is

provided concerning the predominant shape of the complexes (in the plan view),

concerning the primary regions of their occurrence, and concerning the average

(24-hr) rainfall that fell over the peninsula in association with the convection. The

table shows that about 3 to 5 thunderstorms were present over the peninsula on a

"typical day," having average rainfall, and that this number rose to 7 or 8 on the

days of maximum cloud development.

2.4 Final Remarks

No attempt will be made to summarize, or to discuss the significance of, the

cloud observations reported in this chapter. This will be accomplished later in

Section 4, after the descriptions of the meteorological events.

3. THE METEOROLOGICAL EVENTS OF THE FLORIDA PENINSULA AND THEIR CORRELATION
WITH1 THE CLOUD AND PRECIPITATION EVENTS

3.1 Introduction

In the preceding section, the cumulus events of the Florida peninsula were de-

scribed according to the various growth stages of the convection and according to

the several categories of wind situation that prevailed over the peninsula. The

legitimacy of these wind categories was assumed a priori and no supportive evidence

was introduced there to demonstrate either their logic or the validity of their estab-

lishment.

In the present section, the meteorological and correlative studies that supplied

this logic will be discussed. The general plan of the investigation, which was based

on the historical findings of previous investigations, will be outlined first. Then the

particular correlations found to exist between the various study parameters will be

pointed out and additional information that summarizes the principal meteorological,

photoreconnaissance, and radar events of the 19 days, will be introduced. This total

evidence will then be employed to demonstrate that the cloud and rainfall situations

were recognizably and characteristically different, depending on the speed and direc-

tion of the low-level wind drift across the peninsula. Four specific categories of

wind conditions will be defined and the days contained in each will be identified.
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Figure 40. Large Assemblies of Clouds and Cumulonimbi. Photographs illustrate
representative examples of the very largest of the cloud group structures observed
over the Florida peninsula and in the near vicinity. The dates, times, sites and
viewing directions of the photographs are as indicated (see the sectional map,
Figure Cl). Additionally, for those largest features pointed out by the white arrows,
information is provided about the range of the feature from the site of the photog-
raphy, and about the site of the feature itself. (Again the coded reference drafted
above the arrows is Figure Cl.) The horizontal dimensions, or distances, between
various points on the clouds are indicated in accord with standard drafting conven-
tion, the length unit being miles. Certain vertical dimensions are also indicated, in
units of feet. These are accurate dimensions established by "wide base triangula-
tions" (see Appendix A)
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Table 2. Numbers of Thunderstorm Complexes Observed over the Florida Peninsula During Afternoon Period3

Observed by Observed by
Photoreconn- CPS-9 Radar Approximate

aissance Distribution, or Maximum -Num- Average, 24-
Date Regions of Primar y ber -Density in Hour R ainfall

DateNo. of No. of Predominate Occurence (that is, Regions of Amount
Time Complexes Time Complexes Shape of Northern, Central, Primary (Theisen's

1957 EST over Pen. EST over Pen, the Complexes or Southern) Occurrence Method)

9 Aug 12-14 7 1559 7 Irregular Random over Peninsula 1 per 6,000 mi2 1.07 cm

10 Aug 1418 4 Circular Random over Peninsula 1 per 10,000 mi2 .23 cm

12 Aug 12-14 5 1556 4 Irregular Southern Region 1 per 5,000 mi2 .28 cm

13 Aug 1514 3 Circular Random over Peninsula 1 per 13,000 mi2 .29 cm

15 Aug 1417 5 Elongated Random over Peninsula 1 per 8,000 mi2

16 Aug 15-17 4 1530 3 Irregular C Region and Extm. 5 1 per 11,000 mi2 .10 cm

17 Aug 1236 3 Irregular N Region and S Region 1 per 13,000 mi2 .40 cm

19 Aug 12-14 8 1315 8 Circular Random over Peninsula 1 per 5,000 mi2 1.03 cm

20 Aug 1330 6 Elongated Random over Peninsula 1 per 6,000 mi2 .83 cm
25 Aug --- None--- -- - None--- .001 cm

26 Aug --- None--- --- None--- .12 cm

27 Aug 14-16 4 1504 6 Circular Northern Region 1 per 3,000 mi2 .05 cm

29 Aug 1307 9 Elongated Central and N Regions 1 per 2,000 mi2 .55 cm

30 Aug 1253 6 Irregular Central and N Regions 1 per 4,000 mi2 .24 cm
1 Set 1213 5Irreular Soutern egio 1 pr 4,00 m2 .0

1 Sept 12-153 5Ireular Southern Region 1 per 4,000 mi2 .60 cm

Note: The total surface area of the Florida Peninsula is approximately 39,000 mi2

Co
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The remaining sections will be devoted to a description of the details of the

average daily and diurnal situations and differences that existed among the days of

these four categories. Comments will also be made about the variance of the situa-

tions within categories and about the specific interrelationships that were found to

exist among the different parameters.

3.2 The Basis and Plan of the Investigation

There are two general hypotheses concerning the fundamental causes of the

cloudiness and rainfall over the Florida peninsula. One has been advanced by Byers

and Rodebush (1948) and this ascribes the causes to the low-level horizontal mass

convergence onto the peninsula due to the opposed 'sea breeze winds" of the two

parallel coasts. The other, by Riehl (1949), places primary emphasis on the

general synoptic conditions over the peninsula.

The plan of this investigation was to conduct appropriate meteorological

analyses to check both of these hypotheses and to ascertain, if possible, which of

them was in better accord with the facts. Moreover, with regard to the very general,

almost all inclusive, hypothesis of Riehl, it was recognized (from the review of the

previous, synoptic investigations of cumuli reported in Appendix A) that the particular,

meteorological factors of most probable importance to the cloud and rainfall situa-

tions of the peninsula would likely be: (a) the precipitable water content of the lower

atmosphere; (b) the wind and wind shear conditions within the lower atmosphere;

(c) the environmental stability of the lower atmosphere; and (d) the presence, the

magnitude, and altitude extent of large-scale regions of horizontal convergence in

the lower atmosphere. This latter was regarded to be different than, and differen-

tiatable from, the strictly "sea breeze convergence" of the Byers-Rodebush hypo-

thesis.

Therefore, for each of the days of the photoreconnaissance observations (and

the intermediate days as well), the synoptic weather analyses for the various atmos -

pheric levels were assembled, the surface and upper air observations for the Florida

region were collected, and the reports of the U.S. Weather Bureau observational
stations of the cooperative, climatological, and hurricane networks were obtained.
From these basic data, various analyses and computations were performed to

establish:

a) The initial, 0700 EST state of the Florida, upper-air environment (before

the advent of convection) and the final, 1900 EST state (after the solar

heating). The particular parameters investigated were the temperature, the

stability, the height levels (of the constant pressure surfaces), and the pre-

cipitable water.

b) The 0700 to 1900 EST time changes in these cited parameters.
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c) The hourly values (by station, by regional average, and by peninsula average)

of such meteorological quantities as the rainfall, the sky cover, the surface

winds, the horizontal divergence, and the surface temperatures, dew points

and pressures.

d) The six-hourly values of the upper winds, the horizontal divergence of these

winds, the average vertical velocities (at the 2500-ft level over the peninsula),

and the divergence and the vertical transport of water vapor.

Once the values of these parameters had been established for each of the ob-
servational hours of the 19 days, various graphs were plotted that served to reveal

the diurnal trends and the daily differences. Additionally, various averages were

computed which "characterized" the several regions of the peninsula (including the

entire peninsula) and the different time periods of the day (including the 24-hr period

of the entire day). These efforts provided information about the spatial and temporal

details of the meteorology (which could be compared with the photorecoianaissance

observations for the particular regions and hours), and they also provided the more-

gross -type information that permitted the characterization and differentiation of

the situations of the different days.

3.3 The Principal Correlative Findings

The 24-hr average of the peninsula rainfall (determined as described in Section

3.5.2) was taken to be the measure of the "degree of the cumulus convective activity"

of the different days. Correlations were then sought between this measure and the

daily averages (24-hr), or the daytime averages (12-hr), of the various parameters

cited in the previous section. Correlations were also sought between the rainfall

and the 0700 to 1900 time changes in the parameters.

From these efforts, which certainly didn't explore every avenue of possibility,

it was established that certain of the parameters were intercorrelated in varying

degree.* Thus, it was established that:

a) Positive correlations existed between the average speed of the low-level

winds (below 20,000 ft) and the rainfall. The correlation coefficients ranged from

0.50 to 0.76 depending on the particular wind and rainfall parameters selected and

*It should be noted that, in each of these correlation attempts, and in all of the
comparison efforts of this investigation, no data, for any hour or day, were elimi-
nated subjectively for any reason whatsoever. Thus, data were included even for
the days of the 19th, 28th and 29th of August, which, as mentioned in Section 2, were
days when weak cold fronts and/or easterly waves were present. This was because,
as is also discussed in Section 2, the influence on the clouds and rainfall resulting
from these recognized features of the weather map was found to be no more impor-
tant than was the influence of other dynamic features, of unknown origin, that were
frequently observed over and near the peninsula.
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the particular methods of averaging. The maximum correlation, of those attempted,

was found to exist between the average speed of the winds at the 1000-ft level over
the peninsula during the nighttime period 0100 to 0700 EST, and the rainfall. This

is illustrated in Figure 41, in the scatter diagrams at the top.

b) Positive correlations existed between the average precipitable water within

the lower Florida atmosphere and the average peninsula rainfall. The correlation

coefficients ranged from 0.45 to 0.64, depending on the particular levels selected

and the methods of averaging. The maximum correlation was found between the

average precipitable water in the atmospheric layer sfc to 400 mb, at the 0700 and

1900 EST observational times, and the rainfall. This is also illustrated in Figure

41, in the scatter diagrams in the middle.

c) Negative correlations existed between the average early-morning-mid-

morning divergence at the surface level, and the rainfall. The correlation co-

efficients for the particular 0000 to 0900 EST period investigated ranged from

-0.62 to -0.65, depending on which of the two rainfall parameters was employed.

This is illustrated in Figure 41, in the scatter diagrams at the bottom.

d) The four parameters cited above were also found to be intercorrelated, in

the manner illustrated in Figure 42. Thus, when the windspeeds were large, the

precipitable water was also large, as was the horizontal convergence at the surface

level and as was the rainfall. It was more or less obvious that the common factor

relating these parameters was the synoptic situation.

e) Slight negative correlations were found between the temperature range (the

diurnal range at the surface at the interior stations of the peninsula) and the rain-

fall; also between this temperature range and the wind speed.

f) Slight negative correlations were found between the surface dewpoint range

at the interior stations, and the rainfall; also between the dewpoint range and the

wind speed.

Besides these parameters, which revealed varying degrees of correlation with

the rainfall, there were certain others which either didn't vary particularly from

day to day, or weren't correlated at all with the rainfall, at least in any obvious

manner. Thus:

g) The stability of the lower atmosphere over the peninsula (to 20,000 ft altitude)

did not vary appreciably from day to day. On the majority of days, at virtually all of

the upper-air stations, the 0700 EST lapse rate of temperature corresponded very

closely to the moist-adiabatic rate. Likewise, there were no obvious nor consistent

changes in the stability during the daytime period 0700 to 1900 EST, either at the

surface level or aloft, that were related to the cumulus activity or rainfall.
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Figure 41. Scatter Diagrams Showing Correlations of Windspeed, Low-level Diver-
gence and Precipitable Water with Peninsula Rainfall. The correlation coefficients
(r ) ar e as indic ate d. The r ainfall me asur e employe d in the diagr ams at left w as the
daily (24-hr) summation percentage of the total station-hour-observations with pre-
cipitation (for all reporting stations of the peninsula, as described in Section 3.5.2).
The r ainfall measur e employed in the diagr ams at right was a weighted aver age of
the total precipitation amount reported by all peninsula stations throughout the 24
hours. The weighting was accomplished by "Theisen's Method''. The methods
employed in the computation of the other parameters entering these correlations
are outlined in Sections 3.5.6, 3.5.7, and 3.6.1

h) The surface convergence during the midday-afternoon period did not vary in

any systematic manner that was related to the cloud and precipitation events. Neither

did the vertical velocities that were computed from this convergence. As pointed out
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Figure 42. Scatter Diagrams Showing Intercorrelations Among Windspeed, Diver-
gence and Precipitable Water. The correlation coefficients (r) are as indicated.
The methods employed in the computation of these parameters are outlined in
Sections 3.5.6, 3.5.7, and 3.6.1

in 3 above, however, the cloud-rainfall events were correlated with the convergence

of the early morning-midmorning hours).

i) Although wind shear computations were made for each of the stations during

the 19 days, and although these revealed that the shear within the convective layer

was highly variable from hour to hour and day by day, no consistent differences

were found that were related in any obvious way to the cumulus-rainfall events, or
to the pattern form characteristics of the convection. Much effort was devoted to

seeking such relationships, but none were discovered.

These were the principal correlations (and noncorrelations) that were ascer -

tained to exist between quantities that could be readily parameterized and subjected

to strict numerical comparison. However, various other interdependencies were

also found among quantities, and/or between items of photoreconnaissance and

radar evidence, which could not readily be parameterized. There were, for example,

correlations in the time trends of certain events, in the temporal and spatial inte-

grals of various complex parameters, and in the cloud, echo and pattern features
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shown in the aerial photographs and by radar. Such interdependencies as these can

only be described verbally or illustrated instance by instance. In the subsequent

sections herein, an attempt will be made to do this, but only to a degree, and in a

particular manner designed to keep the total of the descriptive and illustrative

material at a minimum.

3.4 The Categorization of the Daily Events

The correlations cited above were suggestive that the rainfall events over the

peninsula on the different days were dependent, in some cause -and effect relation-

ship, on the general speed of the synoptic wind drift across the peninsula. Addi-

tionally, when the gross features of the meteorological, photoreconnaissance, and

radar analyses of the different days were summarized, as indicated in Table 3, it

became qualitatively apparent that not only was there a wind speed dependence, but,

in the case of the days of largest wind speed, there was also a directional dependence.

In fact, considering the sum and total of all the observational data and analyses, it

appeared as if four specific categories of situations could be defined within which

the daily events were all basically similar, and among which there were distinct

elements of difference. The first of these consisted of days wherein the synoptic

wind drift across the peninsula was of relatively small speed; and the others con-

sisted of days wherein the synoptic wind drift was of substantial speed and was:

(a) directed more or less normal to the peninsula from the east; (b) directed more

or less normal to the peninsula from the west, and; (c) directed more or less

parallel to the peninsula from the south.* There were no days during the study

period when the winds were from the north.

The days of the four categories were specifically differentiated on the basis of:

(a) whether or not the 24-hr average wind speed over the peninsula, in the layer

extending from the surface to 20,000 feet, was less than or greater than 10 knots;

and (b) whether the 24-hr average direction was in the easterly, westerly, or

southerly quadr ants.t This s epar at ed the days into

*The" "synoptic wind drift" is a term used her e to signify the gener al wind field at the
synoptic scale, exclusive of sea-br eeze components.

t This 24-hr aver age speed and direction was computed as follows: Fir st, the surface
winds for all of the peninsula stations wer e aver aged by hour and thes e hourly aver ages
wer e then employed to form a 24-hr aver age. (See Figur e 47, wher e these 24-hr vector -
average surface winds ar e illustr ated.) Next, the upper winds were aver aged for all of the
upper -air stations for each of the six-hourly observations for each of the levels to 20,000
ft and, from these, 24-hr aver ages wer e oomputed, level by level. Finally, a single master
aver age was formed, in the vertical, from all of the 24-hr averages of the differ ent levels.

Such aver aging was performed in an attempt to eliminate, or minimize, the cyclic" "sea
br eeze" components of the wind. The particular layer to 20,000 ft was selected because the
basic data r evealed that most of the convective cir culations over the peninsula,caused by
the solar heating, occurr ed below 20,000 ft, also because more than 95 per cent of the total
pr ecipit able w ater of the Florida atmospher e w as cont aine d within this layer (See T able 9).



85

Category A (8 days with light winds), which specifically included the days of
10, 12, 13, 16, 17, 25, 26 August, and 3 September.

Category B (7 days with substantial east winds), which included the days of
8, 9, 27, 28, 29, 50 August,and 1 September.

Category C (2 days with substantial west winds), which included the days of
19 and 20 August.

Category D (2 days with substantial south winds), which included the days of
5 and 6 September.

Subsequently, these will be referred to as the Category A days, the Category B

days, and so forth, or simply as the A, B, C, and D days.

3.5 The Nature and Differences of the Mteteorologica1 Events of the Four Wind Categories

It would have been virtually impossible within this report to have presented and

discussed the individual analyses for each of the investigated parameters for each of

the 19 days. This would have required innumerable diagrams, more than could

possibly have been drafted within the author's resources, and very extensive dis-

cussion, which would have lengthened the text excessively. Therefore, as the next

best recourse, the author has elected to describe the salient features of the Florida

convective events by discussing and illustrating the average situations and differences

among these four wind categories. This implies, of course, that the categorization

scheme outlined above was absolutely valid and that the variance of the daily situa-

tions within any single category was small relative to the differences between cate-

gories. The author can only state, in advance of the discussions, that this actually

was the case for most of the investigated parameters.

Hence, the remainder of this section will be devoted to these discussions. Each

of the parameters will be considered in turn. The methods of computation and analy-

sis will be indicated. The average category values and diurnal trends will be described

and illustrated. The differences between categories will be pointed out and their inter-

relationships and associations with the cloud and rainfall events will be noted.

It is essential to make several comments of advance explanation and qualification.

First, with regard to the figures and tables, it is assumed that these are largely self-

explanatory, in the sense that the plots and tabulations are adequately identified and

the units specified. Second, with regard to the various category averages that are

discussed it should be noted that, except for one or two instances (which are explained

at the time), the averages of dependent parameters were computed directly from

basic calculations, and not from averages of the independent parameters. Third, in

certain cases and concerning certain of the parameters, the only categories con-

sidered are the A and B categories. This reflects the fact that the majority of the

days are contained in these two categories and that averages formed for the C and

D categories, which contain only two days of record each, may or may not be

meaningful, depending on the particular parameter and situation.
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Table 3. A Summary of the Meteorological, Rainfalland Radar Events of the
Florida Peninsula During the 19 Days of the Photoreconnaissance Period
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~e RAINFALL

-o Cy'Iphotort

Knote m/*,$ ecV en -mP ce SyotcTa

ures of major-scale
ier maps or revealed
econnaissance

(9)

DAYTIME liCH0ES REVEALED BY CPS-9 RADAR

Predominant Echo Characteristics

(10)

1Aug 7.1 Typical +1.15 -*07 .23 4.5 Echo Groups in Centr.).
Ct A12 Aug 8.2 Typical + .46 .00 .28 3.0 Groups and Bunches over

AWn 13 Aug 9.1 Typical + 98 + .07 .29 ' 2.0 Few Echoes in SE and N
(Win Speeds 16 Aug 10.6 Typical - .83 - .07 .10 ' 1.1 Few Large Echoes Centre.
Gneraly knt) 17 Aug 10.1 Typical + .55 + .21 .40 * 5.5BrdE-RginEhi

< 0knt) 25 Aug 5.8 Typical +1.00 -1.25 .001 I l No Radar Echoes26 Aug 8.0 Typical + .25 - .89 .12 I .6 No Radar Echoes
3 Septn 12.1 Typical + .5 + 4.40 7.9 Weak Easterly Wave over Southern Peninsula8 Aug 12.1 Ion-Typical +2.07 + .24 .51 , 5.6 Dissipating Cold Front over Atlantic Ocean

Category B 9 Aug 12.3 Non-Typical + .74 - .12 (.07 , 10.2 Major Cloud Band Extng into Peninsula fran Atlantic Widespread, Bunches-Gro
(Winds from K, 27 Aug 5.4 Non-Typical + .05 - .59 .05 , .8 A Few Widespread Bunche

Spesgnrly 28 Aug 12.7 Non-Typical + .26 - .24 1.12 , 15.1 Easterly Wave over Southern Peninsula Widesoread, S Penin Sol
Sped g nerall 29 Aug 17.5 Non-Typical -1.36 + .73 .55 . 12.3 Easterly Wave over Northern Peninsula Widespread, Broad NW-.SE> 0 nos) 30 Aug 15.5 Non-Typical + .70 + .12 .24 . 5.8 Broad NINW-SE Band in N

--------------- _ -1-Se-- -1 6-- _Non-Typical_ .20 __-_0_ ,60 I 5. Maior Cloud Band Extng into Peninsula from Atlantic

(Winds from W, 19 Aug 14.7 Divergent - .38 + .73 1.03 * 11.6 Major Cloud Band Extng into Peninsula from Gulf Widespread, NE-SW Bands
Speeds generally 20 Aug 13.3 Non-Typical +3.21 + .50 .83 ' 8.4 Cold Front over Northern Peninsula Widespread, NNE-SSW Ban

>10 knots) ____________

(Wid7irom S, 5 Sept 15.1 Typical +1.63 + .55 1.03 19.0 Major Cloud Bands Offshore (Parallel to Coasts)
Speeds generally 6 Sept 13.9 Typical +1.37 + .40 .38 , 9.5 Major Cloud Band Extng into Peninsula from Atlantic

> 10 knots ) ___ ___ _________ ____ ________

'e 19 day average of the precipitable water (for- all upper-air stations of the peninsula for all the reporting hours) - 4.47 cm.

hThe particular cycle of divergence that is here referred to as "typical" is one that evidences "sea breeze convergence" during the daytime hours
and "land breeze divergence" during the nighttime hours. The "non-typical" cycles referred to above generally differ from these "typical" cycles
in that the "land breeze divergerace" _ot the nighttime hours is weak or absent.

The Distribution (by Geographical Sectior) of the Daily Rainfall over the Peninsula
The numbers in the blocks (of numbers) below give the 24 hour average of the hourly percent of the total observing stations (per section) that reported rain.
tbe numbers in the blocks correspond with the relative geographical locations of the nine sections of the peninsula (i.e., the NV, N, NE, N, Central, E, SW, S
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3.5.1 THE GENERAL SYNOPTIC SITUATIONS

The general synoptic situations that prevailed during the 19 days of the study

period are illustrated in Figures 43 through 47. The 1300 EST surface analyses are

shown in Figure 43 and the 1900 EST upper streamline analyses for the 2,000,10,000,

and 30,000 ft levels are shown in Figures 44 through 46. In addition, the 24-hr

vector-average winds, at the surface level for the 19 days, are illustrated in

Figur e 47.

These analyses reveal that, on the Category A days of small windspeed (and

little rainfall), centers of high pressure were generally present at the surface level,

either over the Gulf of Mexico (on seven of the days) or over the Atlantic Ocean near

the peninsula (on one day). The Category B, C, and D days, on the other hand, with

the exception of the one day of 27 August (which was a 'borderline" day in the

categorization scheme), were generally characterized by the absence of such highs

and by the presence, instead, either of low pressure areas or of isobaric-streamLine

situations of definite, straight-or -curved flow, wherein the spacing of the isolines

was relatively tight (for Florida in midsummer).

No further comments will be made about these analyses. They are presented

for general background purposes and are pertinent to much of the subsequent dis-

cussion. They show the large-scale features of the wind fields over the peninsula

and they indicate something of the synoptic circumstances responsible for these

fields. On the other hand, it is not too early to point out that in many cases they are

somewhat deceptive of the true wind situation of any particular hour, since the

winds had large cyclic components that arose from the solar heating effects

(sea breeze effects) of the peninsula itself.

3.5.2 THE RAINFALL

Two separate methods were employed to compute the rainfall over the several

sections of the peninsula and over the entire peninsula. In the first of these, the

hourly reports of the 49 airways and climatological stations were used to compute,

by Theisen's method*, the values of the average rainfall amounts for each hour of

every day, for six sections of the peninsula (these sections are indicated in Figure 48,

map D), and for the entire peninsula. In essence, this method weighed the individual

station amounts according to the relative spacing of the station from its neighbors,

the more widely spaced stations carrying more weight than those closely spaced.

The specific procedures of the method are illustrated in Figure 48 and outlined in

the figure caption.

*Linsley, Kohler, and Paulhus (1958).
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Figure 45. The 1900 EST Upper Streamline Analyses, for the 10,000-ft Level,
for the 19 Days of the 1957 Study Period
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sance Observations. Solid vectors show the 24-hr vectorial-average winds for 11
airways stations; dashed vectors show interpolated winds which are indicative of the
situations within the peninsula interior. These maps illustrate, in part, the basis
whereby the days were categorized into 8 days of small wind speed; Category A
(comprising the days of 10, 12, 13, 16, 17, 25, 26 August, and 3 September), into 7
days of substantial easterly winds; Category B (comprising the days of 8, 9, 27, 28,
29, 30 August, and 1 September), into 2 days of substantial westerly winds; Category
C (comprising the days of 19 and 20 August) and into 2 days of substantial southerly
winds; Category D (comprising the days of 5 and 6 September). Of course, as pointed
out in the text, the average upper wind situation over the peninsula on the individual
days (the 24-hr average to 20,000-ft altitude) was also taken into account in the
categorization

The hourly rainfall averages thus computed by Theisen's method were also

summed for all hours of the day and were employed to form 24-hr averages. These

24-hr average rainfall amounts, which are listed for each of the days in Table 3,

column 7, were presumed to be representative of the "relative degree of the cumulus

convective activity" of the particular day.
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Figure 48. An Illustration of Theisen's Method of Rainfall Computation. The dots
on the A map indicate the locations of the 49 rainfall-reporting stations of the penin-
sula. The B map shows these station dots interconnected by straight lines such as
to form a "field of triangles." The C map shows the "areas of representativeness"
of the stations, established by interconnecting the midpoints of the lines (of the B
map) "surrounding each station." The average rainfall amount for the peninsula,
for any given hour, was computed by multiplying the reported station rainfall
amounts by these "areas of representativeness' , by summing these multiples for
all stations, and by then dividing this sum by the total area of the peninsula. Average
rainfall amounts were also computed for each of the nine sections shown by the
heavy solid lines of the D map at the lower right. These are the sections referenced
in the text and in Table 3

The second method of rainfall computation, rather than providing values of the

rainfall amounts, provided a measure of the "localized vs the widespread" nature

of the precipitation. In this method, the percent of the total observing stations re-

porting rain was computed for each hour, by section (the nine sections are shown in

95
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Figure 48, Map D) and for the entire peninsula.* These hourly percentages, besides

being immediately useful for comparison with other hourly data, were also utilized

to compute 24-hr (summation percentages) of the total station-hour observations
with precipitation, which provided a second measure of the efficacy of the daily

cumulus activity. These 24-hr percentages (normalized by dividing by 24) are

listed in Table 3, column 8. The normalized values for the nine sections of the

peninsula, for the individual days, are shown in the "number blocks" located be-

neath the main table and immediately above the figure caption. The sections are

identified therein. These "blocks" indicate how the total daily rainfall was distrib-

uted geographically over the peninsula.i

With r efer enc e to this tabulated r ainfall information just cited, als o with

reference to Section 3.4, where the days of the A, B, C, and D categories are

identified, it can be seen that the A days (of small wind speed) were days when the

r ainfall amounts over the peninsula wer e gener ally small, and when only a few of
the stations reported rain. The B, C, and D days, on the other hand, had relatively

large amounts of rainfall which was of widespread occurrence. This is pointed out

specifically by the category averages, which were as follows:

R ainfall Amounts in cm % of Total Station
Days (Theisen's Method) Observations with Rain

A 0.229 3.1
B 0.589 7.9
C 0.932 10.0
D 0.706 14.2

It is seen that, by either of these two criteria, the B, C, and D days were con-

siderably more "rainy" than were the A days.

The diurnal variability of the average peninsula rainfall during the Category A

and B days is indicated in Figure 49, in the two upper diagrams. The rainfall

amounts are shown by the dashed curves, with scales at the right, while the percent

of the stations reporting rain during the various hours are shown by the solid curves,

with scales at the left. It can be seen that the rainfall on the A days occurred

primarily during the daytime period, commencing, on the average, about 1000 EST

and terminating about 2200 EST. The maximum rainfall occurred about 1600 EST.

*For the 19 days, the rainfall values thus computed were correlated 0.87 0.04
with those computed by Theisen's Method.

tThe distribution of the rainfall during the entire month of August, 1957, is
shown in Figure 51, at the lower left.
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Tampa, Daytona Beach, and Orlando-Pinecastle AFB (see footnote, Section 3.5.3)

In contrast to this, the rain on the B days fell in substantial amounts during the

nighttime period; the daytime curve was more extensive, timewise and rainfallwise,

and the entire curve, including the peak,,was shifted somewhat toward the earlier

hours, by an hour or so.
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Figure 50. Hourly Variability of Average Thunderstorm and Rainfall Frequencies at
Two Peninsula Stations, and of the Mean Rate of Radar Echo Formation in Florida
Cumuli as Observed During the "Thunderstorm Project" of 1946. Graphs at left
show the hourly variability of the long-term-average frequencies of thunderstorm
and rainfall for the two stations, Jacksonville and Miami [ data obtained from
"Climate and Man", U.S. Dept. of Agri., 1941]. The graph at right shows the mean
rate of new radar echo formation in Florida cumuli, and the associated trend in the
average surface temperatures, as observed during the Thunderstorm Project [ and
reported in "The Thunderstorm" (U.S. Weather Bureau, 1949)]. Although these data
are not directly pertinent to the text discussion, they are presented as basic infor-
mation which may be compared and related to the data presented herein

3.5.3 SKYCOVER

The diurnal variation of the sky cover at three representative stations is shown

plotted in Figure 49 in the two lower diagrams. The plots show the hourly frequencies

of occurrence of cumulus-stratocumulus sky cover having values exceeding 0.3. The

frequencies during the Category A days are shown, at the left, for the three stations,

Tampa (located on the west coast), Daytona Beach (located on the east coast), and

Orlando-Pinecastle (located in the central interior).* The frequencies for these

same stations for the Category B days are shown at the right.

From these plots, it is seen that the diurnal variations of the sky cover on the

days of the different wind categories were generally analogous to the variations of

the rainfall. The principal point of difference was that the maximum sky cover (the

*The observations of the two nearby stations, Orlando and Pinecastle AFB,
were combined with the idea that the normalized frequency values obtained from
both would be more representative than those of either of the single stations. The
observations of these stations were also combined for other purposes herein, for
the same reason.
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maximum frequency) occurred at about 1330 EST on the A days, some two hours

prior to the rainfall maximum, whereas, on the B days, the sky cover and rainfall

maxima were approximately coincident.

Other remarks about the sky cover over the peninsula have been made previ-

ously, in Section 2. It was there pointed out that the sky cover, as computed from

the photoreconnaissance observations, was surprisingly small over the peninsula

as a whole on the majority of the days. Usually, except over local areas the size of

an individual cloud, or cloud group, it was less than 0.3. This does not jibe with the

fact that the frequency graphs of Figure 49 indicate that sky covers exceeding 0.3
were regularly observed at Tampa, Daytona Beach, and Orlando-Pinecastle. There

are two explanations; first, Tampa and Daytona Beach are coastal stations which

commonly lie under, or near, the clouds of the coastal band (a localized featur e of

large sky cover); second, the author has found, comparing sky cover values com-

puted from photographic mosaics with ground observed values, that the surface

observer customarily overestimates the sky cover of cumulus, by about one to two

tenths, especially in situations where the clouds have large vertical development.

3.5.4 THE RADAR ECHOES

Summary comments about the general radar situations of the daytime hours

during the different days of the study period are made in Table 3, under column 10.

Percentage figures, showing the percent of the total scope echoes (out to a 200-mile

range) that were confined to the peninsula proper, are listed under column 11. The

days are grouped by categories in this table and it can be seen that, on the A days

(of small wind speed), the echoes were relatively few; they were predominantly

confined to the peninsula; and they were localized within the peninsula. Column 9

of this table also shows that, except for one day, there were no large-scale synoptic

features, or cloud systems, located over or near the peninsula.

The radar echoes on the B, C, and D days, on the other hand, as the table shows,

were not generally confined to the peninsula proper. Instead, they also occurred

over the oceanic surroundings, particularly over those areas upwind of the peninsula

(as discussed and illustrated in Section 2). Additionally, they were of more wide-

spread occurrence over the peninsula itself (than on the A days) and there was a

definite pattern structure to the echoes, which extended in unbroken fashion from

off the ocean into the peninsula. These B, C, and D days were also the days when

the weather maps revealed the presence of dynamic features, such as fronts and

easterly waves, and/or when the photoreconnaissance showed the presence of cloud

systems that were well organized at the synoptic scale (see column 9 of the table).
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3.5.5 THE SURFACE TEMPERATURES, DEW POINTS, AND PRESSURES

3.5.5.1 The Temperatures and Dew Points

The diagram at the upper right in Figure 51 shows the climatological-average

temperatures over the Florida peninsula and surrounding oceans during the month

of August. It can be seen that the temperatures of the oceans average about 830 F

and that the temperatures in the interior of the peninsula rise to a maximum of

about 910 F in the daytime and decrease to a minimum of about 71*F at night. This

shows that the solar -induced convective events of the peninsula are caused, basically,

by thermal contrasts of some 10*F.

The primary thermal gradient between the land and sea occurs right at, or

slightly offshore of, the coastlines. This is shown in Table 4, where the average

maximum and minimum temperatures are tabulated for stations located just at the

coast, near the coast, and well inland of the coast. Stations lying at the same

approximate latitude are tabulated together in this table (in the successive rows)

such that the temperature profiles can be seen across various east-west sections of

the peninsula at different latitudes. The table shows that the temperature maxima

and minima are very nearly the same at the coastal stations as at the interior

stations (within 1 to 2 0 F or so), indicating that the major thermal gradient between

the land and sea occurred right at the coast, or just offshore.
The two diagrams of Figure 52 show the average hourly surface temperatures

and dew points, at five of the Florida stations, for the eight Category A days (at the

left) and for the seven Category B days (at the right). From these diagrams it is

seen that the diurnal ranges of the temperatures were greater (generally, except at

Patrick AFB) on the A days than on the B days. Moreover, the daytime temperatures

at the inland stations on the A days were some 2 to 3*F warmer than those at the

coastal stations, revealing the existence of a slight horizontal temperature gradient

between the peninsula interior and the coasts. Similarly, the dew-point curves for

these days reveal that a slight moisture gradient existed (or was caused to exist by

the daytime convection) between the coastal and interior stations. On the Category

B days, on the other hand, when the winds were blowing from the east to the west

across the peninsula with substantial speed, the temperature and dew point curves

of the upwind, the interior, and the downwind stations reveal the existence of an

east-west thermal gradient which extended continuously across the peninsula, also

the existence of a similar continuous gradient of moisture. This is shown, in

Figure 52, by the fact that the upwind stations, Vero Beach and Patrick AFB, had the

largest daytime temperatures; that the interior stations, Orlando and Pinecastle AFB,

had intermediate temperatures; and that the downwind station, Tampa, had the lowest

temperature. With the dew points, those at the upwind stations were largest, those

at the interior stations intermediate, and those at the downwind station smallest.
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3.5.5.2 The Variation of the Surface Pressures

The diurnal and geographical variations of the surface pressures over the

peninsula that occurred in association with the convection were studied by com-

puting the hourly departures of the pressures from the 24-hr averages and by

comparing these among the different peninsula stations. Thus, on the Category A

days, when the general pressure gradient associated with the synoptic situation was

very slight, the 24-hr pressure averages of the coastal and interior stations were

adjusted to a common datum and the differences in the hourly departures between

stations were determined. These were considered to be indicative of the thermally-

produced gradients (or gradient components) of the pressures over the peninsula.

Likewise, on the B, C, and D days, the differences in the departures were determined

between the upwind, interior, and downwind stations, except that on these days the

absolute values of the gradient components were established by reference to a

sloping datum which corresponded to the 24-hr average gradients between stations.

The details of these efforts will not be discussed or illustrated herein. Sum-

marizing, it may be reported that, on the A days of light wind speed, the daytime

pressures at the interior stations were found to decrease less with the solar heating,

relatively, than those at the coastal stations. Hence, a pressure gradient, directed

from the coasts to the interior, developed progressively with time until, at 1600 EST,

the time of the maximum, its magntiude was of the order of 0.5 mb per 50 miles. In

other words, the pressures along the centerline of the peninsula at this time were

0.5 mb less (on the average) than those along the coasts. Conversely, during the

nighttime hours, the radiational cooling of the peninsula caused the formation of a

reverse gradient of about this same value directed outward from the interior. (The

pressure situation on the D days, when the winds were from the south, was similar

to this of the A days.)

In contrast, on the B and C days, when the winds were of substantial velocity

and directed normal to the peninsula, it was found that a pressure gradient compo-

nent developed with the convection that was directed from the upwind stations con-

tinuously across the peninsula to the downwind stations. This component attained its

maximum value at about 1600 EST, as on the A days, and was of the same order of

magnitude. In other words, on these B and C days at this time, a pressure gradient

component of some 1 mb per 100 miles (the peninsula is about 100 miles wide)

existed which was directed downwind and which was a thermally-produced component

that "added to" (in vectorial fashion) the existing "synoptic component."

Hence, these studies of the B and C days were suggestive that a slight trough of

"relative low pressure" tended to form downwind of the peninsula during the daytime

and progressively intensify with the heating. Conversely, there was a suggestion

that a slight ridge of "relative high pressure" tended to form downwind of the penin-

sula during the nighttime hours in conjunction with the radiational cooling.
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Figure 51. Physical and Climatological Data Concerning the Florida Peninsula. The
lakes, rivers, swamps, and high ground of the peninsula are indicated in the map at
the upper left. Isolines of the average maximum surface temperatures during the
month of August, of the average minimum temperatures, and of the average sea-
surface temperatures are shown in the map at the upper right. The small insert
graphs associated with this map provide information about the frequency distribution
of observed air temperatures and wet-bulb temperatures over the oceans at the
latitude -longitude positions indicated. The long-term -average summertime precdi-
pitation amounts are shown at the lower left; the particular precipitation amount for
August 1957, the month of the present study, are shown immediately adjacent. The
average number of summertime thunderstorms observed during the four time
periods, 00 to 06, 06 to 12, 12 to 18 and 18 to 24 EST are indicated at the lower
right. Sources for this information were F. C. Fuglister (1947), "Climate and Man",
U.S. Dept. of Agri., 1941, "Florida Climatological Data" (U. S. Weather Bureau,
1957), and the ' Marine Climatic Atlas of the World", U. S. Navy, 1955
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Table 4. The Average Maximum, Minimum, and Mean Temperatures (in*0 F) During the Month of
August at 27 Florida Stations

Stations very Stations near Stations very
Close to West Stations near Center of Stations near Close to East

Coast West Coast Peninsula East Coast Coast
Avg Avg Long Avg Avg Long Avg Avg Long Avg Avg Long Avg Avg Long

Approximate Max Min Term Max Mmn Term Max Min Term Max Mmn Term Max Min Term
Latitude 0 F Avg "F Avg 0 F Avg "F Avg *F Avg

Adams Beach Perry Lake City Jacksonville Jacksonv. Beach
3Q0 00' N 87.3 71.5 79.4 90.4 69.9 80.2 90.5 71.0 81.2 91.3 73.5 81.8 88.0 73.3 80.7

Cedar Key Usher Tower Ocala 2 NE Daytona Beach N. Smyrna Beach
290 15' N 87.6 73.6 82.8 88.7 71.2 80.0 90.3 70.0 80.2 88.3 74.6 81.5 88.4 72.6 80.4

Clearwater Bch. Tarpon Sprgs. Clermont 6 5 Titusville 2 W
280 30' N 87.9 76.1 82.0 88.3 73.0 82.5 90.1 72.1 82.6 89.7 70.5 82.1

Venice Bradenton Ex. St. Avon Park Fellsmere Vero Bch. Air Port
270 30' N 90.0 72.4 81.2 89.4 71.8 81.3 91.9 71.0 82.1 91.6 71.5 82.1 87.8 73.4 80.6

Captiva Fort Meyer s Belle Gl Ex. St. W. Palm Beach Hypoluxo
26* 30' N 90.1 75.5 82.8 90.5 72.6 82.5 89.8 69.9 80.6 91.0 74.4 82.2 89.5 73.2 82.2

Ever glades Miami WBAP Miami Beach
250 45' N 92.0 74.5 82.9 89.0 74.3 82.9 88.3 77.6 83.0
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Figure 52. The Diurnal Variation of the Average Temperatures and Dew Points at
the Surface Level for Five Peninsula Stations, for the Category A Days (at left) and
the Category B Days (at right). The stations, to which the different traces pertain,
are identified at the upper left. This coding scheme applies to all the curves of the
diagram

3.5.6 THE SURFACE WINDS AND THE DIURNAL CYCLES OF THE LAND-SEA
BREEZES

The general wind situations that prevailed over the peninsula at the surface

level are perhaps best illustrated by the time hodographs of Figures 53 and 54.
These show vectorial averages of the hoifrly winds, and the 24-hr mean wind, for

twelve of the stations of the peninsula. The hodographs for the Category A days are

shown in the first of these figures; those for the Category B days in the second.

Categories C and D are ignored here because of the restricted number of days con-

tained in the categories.
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Figure 53. Time Hodographs of the Surface Winds for the Category A Days

The black vectors show the 24-hr average winds (the category averages) and the

roots of the vectors mark the station locations. The small black dots that are con-

nected by the fine lines show the average winds of the particular hours, that is, they

show the positions of the tips of hourly wind vectors which are not themselves drawn

but which are presumed to extend outward from the station location to the dots. The

times of these hourly winds are indicated, about every third hour or so, by the small

numbers drafted next to the dots. The times are in EST. The length scale for the

vectors, which tells the wind speed in knots, is shown at the lower left, above the

mileage scale.
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Figure 54. Time Hodographs of the Surface Winds for the Category B Days

To a first approximation, it is assumed that these "24-hr average winds" were

representative of the large-scale "synoptic component" of the total wind. The wind

at any hour was thus considered to be composed of this synoptic component plus a

"sea breeze" (departure) component, which, presumably, resulted from the solar

heating (and radiational cooling) of the peninsula, and from the consequent thermal

contrasts induced between the peninsula and oceans.

Comparing these two figures, it is seen that the synoptic components (the black

vectors) were small and of variable direction on the days of the A category, whereas,
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on the B days they were much larger and of consistent direction. (Of course, this

partially reflects the "goodness" of our categorization scheme, which was originally

established to differentiate the days on just such a basis.) Additionally, it is seen

that the 24-hr vectors on the B days were larger on the easterly upwind side of the

peninsula than on the downwind side, indicating that convergence occurred generally

over the peninsula at the surface level on these days. This point will be specifically

discussed later.

With regard to the hourly winds on the days of these categories, it can be seen

that the "sea breeze components" were considerably larger on the A days. The

hodographs of Figure 51 show that the winds, at the majority of the stations, varied

from hour to hour in a definite, cyclic manner. The winds were generally pointed

inward toward the peninsula interior during the hours from about 1000 to 2100 EST,

and outward the rest of the time. The winds rotated anticyclonically with time at

most of the stations, except at Valdosta, Cross City, and Fort Meyers, where they

rotated cyclonically. It is also seen that the hourly changes of the wind were

greatest at the stations near the mid-latitude of the peninsula, and weaker and less

well-defined at the stations of the extreme north and south.

In contrast to this, the hodographs of Figure 54 show that the hourly winds on
the B days didn't depart nearly as much from the 24-hr average wind (as those on
the A days). The "sea breeze components" were markedly smaller and the cyclic

rotation of the winds with time was less well-defined. At most stations, as on the

A days, the winds rotated anticyclonically, more or less, except at the particular

upwind stations, Vero Beach and West Palm Beach, and at the inland station, Orlando.

Another illustration of the "sea breeze situations" of the Florida stations is

provided by the graphs of Figure 55. These show how the "cross-coastal" component

of the wind (solid curves) antd the "along the coast" component of the wind (dashed

curves) varied with time (on the average) during the 19 days. Data for the inland

station, Orlando, located some 40 miles from the coast, and for Valdosta, Georgia,

located centrally in the extreme northern part of the peninsula, are also included.

The latter station was the "northern boundary station" for the divergence computa-

tions (discussed in the following section); hence the solid and dashed curves for this

station actually show the "cross boundary" and "along the boundary" components of

the wind. The referenced boundary is indicated in Figure 53; it is the dashed line

shown drawn through the station.

These graphs show that the "cross coastal" ("cross boundary") component of

the wind varied diurnally in a definite, well-defined manner at most of the stations

(except Orlando and Valdosta) and that the variations were recognizably consistent

among the stations. On the other hand, the diurnal variations of the "along the

coast" component were generally not so well-defined, nor consistent.
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Figure 55. The Average Diurnal Variation of the Cross-boundary and the Along-
boundary Components of the Surface Wind at Nine Florida Stations for the 19 Days
of the Study Period. The points A and D mark the arrival and departure times of the
sea breeze, as defined in the text

These graphs are also presented to illustrate how the "arrival" and "departure"

times of the sea breeze were defined herein. This is essential to the next step of the

discussion. In this regard, it might first be pointed out that the conventional defini-

tion of the "sea breeze," and of its "arrival time," is a very unsatisfactory one,

since it is nonquantitative and doesn't permit the situations of different stations and

days to be readily compared. The conventional definition, which is that the sea

breeze "arrives" when the wind direction first swings landward, generally fails to

take into account the prevailing wind conditions (at the synoptic scale) which are

"superimposed," in a sense, on these "sea breezes." Thus, one is hard pressed, on

a day when the prevailing winds are directed landward throughout the day, to say for

sure whether or not there actually was a sea breeze, or to specify its arrival and
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departure times. Conversely, on a day when the prevailing winds are directed sea-

ward, does one simply assume that there was no sea breeze (or "sea breeze com-

ponent") throughout the day ? Or, on such a day, is the "frontal type" of sea breeze,
which "forces its way onshore" in opposition to the prevailing winds, the only

possible kind?

These considerations and difficulties with the conventional definition (or con-

cept) of the sea breeze led the author to adopt a somewhat different definition herein,

which, at least for the Florida stations, was consistent with the fact of the diurnal

convergence and divergence of mass into and out of the peninsula. Thus, as is

illustrated in the graphs of Figure 55, by the points labeled A and D, the arrival

time of the sea breeze (A) was defined to be the time when the cross-coastal

component of the wind first began to increase landward (or decrease seaward).

Analogously, the departure time (D) was defined to be the time, after the solar

heating of the day, when the cross-coastal component first began to decrease land-
ward (or increase seaward).

With these definitions made clear, it may now be stated that the arrival and

departure times of the sea breeze were established for each of the Florida stations

for each of the days (whenever such breezes existed at the stations). These times

are shown listed in Table 5. They are tabulated by station and day and the summa-

tion averages and percentages for all of the stations and days are shown at the

bottom and right. To summarize this table generally, it may be said that the sea

breezes customarily arrived earlier at the southern stations of the peninsula, but

that the departure times were about the same, both north and south. With regard

to the situations of the different wind categories, the sea breezes arrived slightly

later on the days of the A category than on the other category days; however, other

than this, there were no obvious, consistent differences among categories (or among

stations) concerning either the departure times of the sea breeze or of its daily

frequency of occurrence.

3.5.7 THE DIVERGENCE AND CIR CULATION OF THE FLORIDA WIND FIELD
AT THE SURFACE LEVEL

The divergence of the winds at the surface level over the peninsula was computed

utilizing the divergence theorem of Gauss, which states, in its two dimensional

vectorial form, that

where DivH is the horizontal (velocity) divergence and where the integral at the

right is the cyclic integral of the normal component of the wind iT, integrated around



Table 5. Times of Arrival and Departure of the Sea Breeze at Eleven Boundary Stations and One Inland Station*

%of
Boundary Stations Average Boundary Inland

Class Arrival- StationB Stationof Jackson- Daytona Vero W. Palm Home- Fort Cross Departure having
Day Day Valdosta vile Beach Patrick Beach Beach Miami stead Meyers Tampa City Times Sea Breeze Orlando

8 Aug. B 6-15 7-16 5-10 6-16 5-12 6-10 8-P4 8-17 6-P4 73 6-12
9 " B 9-P4 6-13 5- 9 10-15 9-14 6-16 7-16 9-17 9-16 10-14 8-14 91 10-14

10 A 8-17 10-18 7-14 10-16 6-12 9-12 6-17 5-14 11-14 8-15 82 10-12
12 " A 6-18 10-18 8-16 5-16 8-12 9-12 9-16 9-16 14-17 9-16 82
13 " A 13-18 11-17 11-16 11-16 7-16 7-17 7-14 9-14 7-14 9-16 82 9-12
16 " A 11-15 10-19 11-16 9-15 6-13 5-14 8-17 6-P4 6-16 8-15 82 9-15
17 " A 9-15 9-14 8-15 9-13 6-13 8-P4 45 12-15
19 " C 6-16 7-12 9-15 7-P4 27
20 " C 9-14 11-16 10-17 11-20 12-18 5-14 5-12 9-16 614 10-19
25 " A 7-12 10-15 11-15 10-17 7-16 10-16 9-16 9-15 9-14 7-17 14-18 9-16 ioo
26 " A 6-13 11-15 7-16 8-16 5-17 8-17 8-15 9-18 9-16 7-17 8-16 91
27 " B 10-16 10-15 9-16 8-16 11-14 7-13 5-15 9-16 8-17 9-15 82 10-19
28 " B 10-16 9-15 7-12 9-14 27 8-13
29 " B 5-11 6-15 10-14 5-15 6-10 7-15 9-15 7-14 64 11-14
30 " B 6-14 5-13 8-17 5-13 6-14 6-16 12-15 10-15 14-17 12-19 8-i5 91 6-17
1 Sept . B 7-18 7-15 6-14 5-17 5-14 6-13 9-17 6-15 64 5-163 " A 10-19 11-16 5-15 7-11 5-14 6-13 7-18 9-15 8-15 10-16 8-i5 91 10-16
5 " D 11-16 12-20 6-16 8-15 5-16 10-15 7-14 7-16 9-17 8-16 82
6 " D 15-17 6-14 11-14 6-14 5-16 5-15 5-17 9-16 9-15 8-is 82 13-16

Average Arrival- Grand
Departure Times 8-15 9-16 9-16 7-15 9-15 7-14 6-15 8-15 8-16 8-i5 i0-i6 J|8-1|Average 9-15

% of Days Having
Sea Breeze 53 68 89 74 84 79 74 74 64 84 68 Grand Percent 7 7

*The EST arrival times of the sea breeze (first number) and departure times (second number) are shown within
the main body of the table for eleven stations located along the coastline, and northern boundary, of the Florida penin-
sula. Similar information for the inland station, Orlando, is presented at the far right. These arrival and departure
times were defined as discussed in the text and illustrated in Figure 53. The days are identified in the left hand
column and the class (wind-speed category) of each is listed in the column following. The average arrival-departure
times, and the frequencies of occurrence of the sea breeze, are listed, for all stations for each day and for each sta-
tion for all days, at the right of the main table and below.
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a horizontal bounded-surface of boundary length s. The surface area within the

boundary is A. As applied to the peninsula of Florida (which was presumed to be

bounded along the coast and in the north along that dashed line which, in Figure 53,

is shown drawn through Valdosta, Georgia), this equation was written in summation

form as

Div- ~L v + L v + ... +L 1 V)

H Total Bounded Area of the Peninsula '(2

where Vni n, and so forth, were the "cross-boundary" components of the wind at

the 11 boundary stations (indicated in Figure 53) and where L1 , L2 , and so forth,

were the distances, along the boundary, between the station midpoints, over which

the particular winds of the individual stations were presumed to be representative.

The values of the divergence were computed from this equation for each hour of

each of the 19 days. The sign of the divergence was positive, of course, when the

normal components were directed outward, away from the peninsula, and was nega-

tive in the opposite case. This latter is also called "convergence" and the two

terms will be used interchangeably throughout the subsequent discussion.

In a fashion completely analogous to this, the circulation of the surface winds

around the coastal boundary was also computed for each hour and day. Thus,

Stokes theorem,

where t is the tangential component of the wind and C is the average, circulation (per

unit area) was converted into the summation form

(Lvt + L 2 vt2 + ... + L1 1 vt)

C=Total Bounded Area of the Peninsula (4

which is analogous to eq (2) except that the "along the boundary" (tangential) compo-

nents of the wind, vt ' vt2, and so forth, were employed in this summation, instead

of the cross-boundary components. The circulation implied here is circulation

about a vertical axis (located in the center of the peninsula) and the sense of the

circulation, by definition, was positive when the winds rotated cyclonically about

the peninsula, and negative when they rotated anticyclonically.



The results of these computations are much too extensive to be presented here-

in on any hour -by-hour basis. In fact, even the presentation of the daily plots of the

values would require an excessive number of pages. Thus, as with the other param-

eters before, the general nature of the divergence and circulation situations will be

pointed out by discussing just the category averages of the A and B days.

The heavy-solid curves in the two upper diagrams of Figure 56 show the diurnal

variation of the divergence (the horizontal "mass" divergence) for the Category A

days (at the left) and for the Category B days (at the right). The heavy-solid curves

in the lower diagrams show the diurnal variation of the circulation. The other

curves of this figure will be discussed later.

The three scales at the right side of the divergence plots enable these plots also

to be interpreted in terms of the velocity divergence (first scale), in terms of the

vertical velocities which, by continuity, would have been induced generally over the

peninsula at the 500-ft level (second scale), and in terms of the mass flux of air

across the 500-ft surface (third scale). * The units are cgs throughout.
The divergence plot for the A days shows that the peninsula was "convergent"

during the daytime hours 1100 to 2030 EST. The maximum convergence occurred at
1500 EST and was of such a magnitude as to induce generally rising motion over the

peninsula of velocity ~~ 0.4 cm/sec. The nighttime hours 2030 to 1100, on the other

hand, were characterized by divergence, with the maximum occurring at 0400 EST

in an amount sufficient to cause downward motion of about -0.2 cm/sec.

In contrast to this, the plot for the B days reveals that convergence existed

throughout the entire 24 hours of the day. The maximum occurred at about the

same time as on the A days, and was of approximately equal magnitude. The

principal difference was that no divergence occurred during any of the nighttime

hours; hence, on these B days there was general rising motion over the peninsula

both night and day. It might be pointed out that this corresponded with the facts,

mentioned previously, that (a) the 24-hr average wind vectors at the upwind stations

of the peninsula, as shown in Figure 54, were substantially larger than those at the

downwind stations, and (b) that appreciable cloudiness and rainfall occurred during

the nighttime hours on the B days, that didn't occur on the A days (see Figure 49).

With regard to the circulation of air about the peninsula boundary, the lower

diagrams of Figure 56, show that this also varied in a definite, diurnal cycle but

not one as well-defined as that of the divergence. The plot for the A days, at the left,

*The equations relating these parameters will not be specifically presented. It
is sufficient to state that, for the purposes of this diagram, the mass divergence was
assumed equal to the velocity divergence times the average density (of the air at all
of the peninsula stations) and that the vertical velocities were computed from the
continuity equation, assuming that the divergence values pertained to the first 500-ft
thickness of the boundary wall.
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shows that the sense of the circulation was negative (anticyclonic) throughout the

daytime period 0500 to 1400 EST, and was positive during the other hours. The

maximum anticyclonic circulation occurred at about 1100 EST and the maximum

cyclonic circulation occurred at 1900 EST.

On the B days, in contrast, as shown in the plot at the right, there was anti-

cyclonic circulation throughout the entire 24 hours. The maximum anticyclonic

circulation occurred at about 1100 EST, as on the A days. At no time, however,

did the circulation ever become cyclonic; rather, it merely became decreasingly

anticyclonic attaining its minimum during the general nighttime period 2200 to

0400 EST.
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The other curves of this figure (the fine-solid, the dashed, and the dotted) are

plots of the "divergence" and "circulation" values computed from the winds for

particular pairs of stations located on opposed sides of the peninsula. In the

strictest sense, they are not really divergence and circulation plots at all (they

are plots of the "di-fluence" and of "circulation pairs"), but to a first approxima-

tion they may be regarded as such.

These plots point out several interesting things. First of all, regarding the

divergence, the curves at the left for the A days suggest that the daytime conver -

gence over the peninsula began earlier in the southern region, between stations

Fort Meyers and West Palm Beach, than in the northern region, between Cross City

and Jacksonville. This corresponded with the photoreconnaissance observation,

cited in Section 2, that the cumulus populations formed earliest in the south and

developed most rapidly there.

In contrast to these differences among stations on the A days, the plots for the

B days, shown on the right, reveal considerable similarity, indicating that the values

and time trends of the divergence didn't vary particularly with latitude on these days

of large wind speed. It should also be noted that the station plots correspond closely

with the plot for the entire peninsula (the heavy solid curve), which was obtained by

the more rigorous, cyclic-integral method.

The circulation values for the "station pairs," shown plotted in the lower dia-

grams, reveal that the values and trends were all quite similar on the A days.

Cyclonic circulation prevailed generally during the daytime -evening -nighttime

period 1100 to 0500 EST, and anticyclonic circulation prevailed during the morning

period 0500 to 1100 EST (except at Jacksonville-Cross City). On the B days, how-

ever, substantial differences did occur. It can be seen that the southern stations on

these days had generally anticyclonic circulation throughout the entire 24-hr period.

The mid-latitude stations had generally cyclonic circulation, while the circulation

at the northern stations was relatively weak and had a diurnal trend dissimilar to

that of the other stations. Concerning these differences however, which are differ-

ences in the category averages, it should be noted that the daily values that entered

into these averages had considerable variance among the stations and days, such

that the plots of this diagram are not necessarily indicative of the actual situation

of any single day.

3.5.8 THE UPPER WINDS AND THE LOW-LEVEL WIND JETS

The general speed characteristics of the upper winds over the peninsula will be

illustrated in this section and the fact of the existence of numerous low-level wind-

maxima, or "jets," in the wind field will be pointed out. No discussion will be

attempted concerning the changing direction characteristics of the winds, for this

poses an illustrative problem that is beyond the scope of the present report.



116

Various profiles of wind-speed averages are presented in Figure 57, for the

four observation times 0100, 0700, 1200, and 1900 EST. Those at the upper left are

averages of the total station observations (of all four stations) for the entire 19 days.

Those at the upper right are category averages for the A, B, C, and D days, while

those at the bottom are individual station averages for the Category A days (at the

left) and for the B days (at the right).

These profiles illustrate the nature of the diurnal speed changes associated

with the solar heating and radiational cooling of the peninsula and indicate some of

the differences between stations and wind categories. For the most part, it is seen

that the primary changes occurred at altitudes below 19,000 ft. Also, whereas the

differences between categories, peninsula-wise and at the individual stations, were

fairly well-defined and consistent, the differences between stations can be seen to

have been quite variable and not so consistent. In fact, the station variability was

almost as great as the category variability.

The principal reason for presenting these profiles, however, is to point out the

fact of the existence of low-level wind maxima, or "low-level jets," within the

Florida wind field, which were of such frequent occurrence at all stations and times

as to be readily apparent in the average profiles, as can be seen in those of

Figure 57.7 These jets, because of the high correlation found between the low-level

wind speeds and the peninsula precipitation, as discussed in Section 3.3, were indi-

cated to be of considerable basic importance to the cloud physics events of the

peninsula. Hence, the next few paragraphs will be devoted to a description of some

of their more detailed characteristics.

Information about the frequency of occurrence of these low-level jets over the

4 stations of the peninsula at the 4 observation times is presented in Table 6. It

can be seen that there are 16 "subtables" within this general table and that each of

these pertains to a particular station and time. The numbers in the subtables, under

the columns labeled A, B, C, and D, which letters refer to the wind categories, tell

the number of days within the category that "well-defined" jets$ which had their peak
wind speeds at 1000-ft altitude, 2000-ft altitude, and so forth, were observed. The

numbers in the columns at the right tell the number of days, within the total 19, that

well-defined jets were observed at the various altitudes, and the figures in the bottom

rows give the percent of frequencies of occurrence of jets at all levels below 6000 feet,

by wind category. The particular figures within the "closed boxes," at the lower right

in each table, are the summation percentages for the total 19 days.

*The author follows Means (1952), Lettau (1954), and Blackadar (1957) in re-
ferring to these wind speed maxima as 'jets."

t The specific meaning of the term "well-defined" is that the wind speed at the
altitude of the peak of the jet was at least five knots greater than the wind speeds at
altitudes below and above the peak.
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These tables demonstrate that well-defined wind jets were of very frequent

occurrence over all of the Florida stations at all of the observation times. In fact,

at no station or time did they occur on less than 50 percent of the total days. It is

seen that they were most frequently present at the particular times 0100 and 0700
EST, and at the particular stations Jacksonville and Tampa. It is also seen that the

altitude of the most frequent occurrence of the peak wind speeds was 1000 ft. In

this regard, it should be pointed out that the maximum correlation between the wind

speeds and the peninsula rainfall (of all those attempted as discussed in Section 3.3)

was found to exist between the average 0100 to 0700 EST speed at the 1000-ft level
and the rainfall. Thus, as is now clear, the winds that entered this correlation were

the particular ones that occurred at the time and altitude of the most frequent

occurrence of the low-level jet-speed maxima.

The question of whether these wind jets were phenomena indigenous to the

peninsula, which were caused by the convective and radiational cooling events of the

peninsula itself, or whether they were phenomena more or less independent of the

peninsula events which were somehow associated with the general wind field of the

Florida region, was also considered. Thus, the frequencies of occurrence of well-

defined jets were investigated for seven outlying stations, surrounding the peninsula.

The results are shown in Table 7, presented in a manner analogous to the presenta-

tions for the Florida stations. Also in this table, at the lower left, are two subtables

which summarize, for comparative purposes, the jet frequencies for all of the

peninsula stations for the entire 19 days (at the left) and for all of the outlying
stations (at the right).

The total information presented in Tables 6 and 7 reveals that, whereas well-

defined jets were of appreciably greater frequency over the peninsula stations than

over the outlying stations, they were by no means rare at these outlying stations.

Instead, they were of rather common regular occurrence, being present during fully

69 percent of the total station observations. This suggests that the jets were

basically features of the general wind field over the subtropical Florida region and

that, perhaps, the peninsula meteorological events merely acted to intensify the jets
locally, or to have increased their local frequencies of occurrence.

Efforts were also made to establish whether or not there were any pattern-form

characteristics to these jets that could be related to the synoptic situations. Thus,

maps were plotted for each of the observation times which showed the presence,

intensity, direction, and altitude of the jets at the various peninsula and outlying

stations. No consistent patterns could be fodnd (except that the general directions

of the jets were consistent at the various stations). Instead, the jets appeared to

occur almost randomly at the different stations and times so as to suggest that they

might have been phenomena, of a scale smaller than the spacing between stations,
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Figure 57. Profiles of Average Wind Speed, by Time of Day, by Observing Station,
and by Wind Category. The profiles for the entire 19 days of the study period are
shown at the upper left. Each of these is an average of the total station observations
(four stations- -19 observations each) for the particular observing hours indicated.
The profiles of the four diagrams at the upper right pertain to the days of the A, B,
C, and D categories (discussed in the text). These profiles are grouped by observing
time, within the separate diagrams, and the drafting code utilized to indicate the
categories is pointed out in the particular diagram for the 0100-EST observation.
time. The profiles in the two sets of diagrams at the bottom are the station profiles
for the Category A days (the diagram set at the left) and those for the B days (the
set at the right). Within each of these sets, the average profiles are shown for the
four observation times for the four upper-wind stations, Jacksonville, Cape Canaveral
(now Cape Kennedy), Miami, and Tampa. The drafting code employed to differentiate
the profiles of the different times is pointed out in the first diagram (of each set)
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Table 6. Frequency of Occurrence of Well-Defined Low-Level Wind Maxima at Four Florida Stations, at Four Times
of Day, on the Days of the A, B, C, and D Categories

Alt .
Feet A

ObO0E D
B C D

1000 4 1
2000 5 2 2 1
50001
40001

5000111i
6000 __

5 Of Days
with Max. 100 100 100 100

Alt . 0E
Feet IA B C D -
1000 4 T
20001

5000 1 1

5000
4000 j2 . --.

% of Days
with Max. 50 85 0 50

19 Day Alt . 0700E1
Total Feet A B C D

7 1000 5 2 2
8 2000 5 2 1

5000
4000 1

2 5000 1 1
6000_ __ _1 __

10 with Max. 100 100 100 100

19 Day Alt. 1900E1
Total Feet A B C D

5 1000 3 4 1
2000 2 1 1

2 5000 1
2 4000 1 1

5000

# o Days
56with Max. -62 86 100 100

19 Day Alt .
Total Feet
9 1000
6 2000

5000
1 4000
2 5000

Meg.

jzIJ
19 Day

Total

4
1
2

i --f-

OlOQE i~ L~y Alt. 0700E 19 Day

A B C D

1 1

1 i

Total

7
1

2

with Max. 87 50 100 100 78

Alt . 120 19Day
Feet JA B C D Total

1000 J2 2
200011 Il40001 I
6000
5000 1 j1
Meg. 1 2 )

with Max. 57 100 100 0 64 with Max.

Miami, Fla.

Alt .
Feet A

0100E
B C D

19 Day
Total

1000 T 2 2
2000 1 5 1 5
500 2 2 1 5
4000111 1 3

50001

__g 1 1

wit Max 75 100 100 10089

Alt. 1500E 19 Day
Feet A B C D Total
10001 6 5 12
2000 2 1 1 4

5000 1 1

wit Ma.100 100 50 10095

Alt . 0700E 19 Day
Feet A B C D Total
1000 1 1 2
2000 1 5 1 5
500 2 5 1 1 7
4000
5000 2 2

6000_ _ __ _ _ __ __

wit Ma. 75 100 100 50 84

Alt . 1900E 19 Day
Feet A B C D Total
1000 2 2 4
2000 1 1 1 1 4
500 2 2 4
4000 1 1 2

5000

with Max. 62 100 100 50 7

Alt.

Tampa, Fla.
___________ T

01001 19 Day Alt. 0700E
A

l~ Day

0
Feet

100
2000
5000

4000
5000

6000_

wit M .

A

1

2

BC0 D
1 C1D

5
1

21

87 100 100 100

Alt . I 1500E
Feet A B C D
1000 I4 1 1
2000 1 1 1 1
500 1 1

5000 1 1
6000 i i

with Max. 75 100 100 100

TotDayl
Tbal

8
2
2

19 Day
Total

Fet.
F1000
2000
5000
4000
5000
6000

Meg.

A B C D

2 1 1
1 1

Total
9
4
1
1
2

5 of Day4
with Max.I 75 100 100 100 -..8....-J-

Alt . I 1900E 19 Day
Feet IA B C D Total
10001 5TT 10

20001 2 1 5

6000

Meg. 1 1

71 86 100 100 8

B C Total

10001 1 5 1 5
2000 5 1 1 5

500 I 1 4
4000 11l 2
5000 I 1

wit Mx100 86 100 100 9

Alt . I 1900E 19 Day
Feet A B C D Total

4 2000
2 500
5 4000
2 5000

89with Mx

12
l 2 1
12

1 2

1

87 100 100 50

4
2
4
1

1

I~z~

Jacksonville, Fla.

'''
Cape Canavera l, Fla.

Alt .
Feet DA



'1 able 7. Frequency of Occurrence of Well-Defined Low-Level Wind Maxima at Seven Outlying Stations, at 0700
ESTJ, on the Days of the Four Wind Categories; also Frequency Comparisons between the Peninsula Stations and
the Outlying Stations

Alt.
Grand Bahama, B.W.I.

I 0700E
I A R IC D

19 Day
Total

1000 ' 1 2 3
2000 ' 2 2 1 5
3000' 1 2 1 If
400oO' 1 1
5000' I 1 1 3
6000' ...__ -_ --_-____ --_ -

%of Days
with Max. 75 100 100 50 __ __.

Burwood, La.
Alt. 0700E 19 Day

Meters A B C D Total
150

500 1 1
1000 2 2 4f

1500 1 1 2

___---------- -2-

Sof Days
with Max. 50 57 100 50 59

Charleston, S.C.
Alt . 0700E L9 Day

Meters A B C D Total
150 1 1
300 4f 1 5
500 1 5 1 1 8

1000 1 1
1500 2 2

% of Days
with Max. 100 86 50 100 9

Alt.
Meters

Havana, Cuba
0700E

A B C D0

19 Day
Total

150 1
300 I 1
500 If 2 6

10001 2 2 If
1500

2000__ _ _ __ _ ___ -.-

Sof Day
With Max. 86 67 5073

Pensacola, Fla.
Alt. 0700E 19 Day

Meters A B C D Total
150

500 2 2 4f

1000 1 2 1 If
1500 1 1 2
2000 1 1 2

Sof Days
with Max. 87 86 50 100 84f

Alt.
Meters

0700E
A B C D

19 Day
Total

150
300
500 i12 3

1000 1 1 2

1500 11

200011- 1- - _ -_ _ 2 __

with Max. 50 4f3 50 0 4f2

Alt.
Meters

150

500
1000

1500
2000_
Msg% ofDay

Athens, Ga.
0700E |19 Day

A B C D Total

3 3 1

1

1 1 .

100 0

7
1_ _

58I
5s

[19 Day
Thtal

with Max. 62 57

Comparison of Peninsula and Outlying Stations
All Peninsula Stations All Outlying Statio
Al . 0700E ~ L9 Day Alt . 0700E
F________ tI ees A B C D

1000 1l1 11 3 25
2000 j 9 7 3 1 20
3000 I 5 3 3 1 12
Ifooo 1 12 1 If
5000 I 2 2 2 1 7

i f Dys
with Max. 87 96 100 87 92

150 1 1
300 12 5 3 2 22
500 12 l1f 1 2 29

1000 8 8 3 1 20
1500 I 5 2 2 1 10

Sof Days
with Max. 7If 71 71 50 69

i

ee o a
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which only intersected certain of the stations at any given time. The suggestion was

that they might have been "elevated rivers of rapidly moving air," which were very

elongated along the streamlines, and narrow in the transverse direction, and which

were present in considerable numbers in the general wind field. This suggestion

was also supported by the photoreconnaissance observations of cumulus banded

structures, for it was found that, in those places where a large cumulus band

crossed the peninsula, the surface wind speeds were larger than elsewhere. More-

over, in several instances when cumulus bands intersected one of the upper -air

stations, it was found that a "jet wind profile" occurred over this station which was

absent over the others.

3.5.9 T HE UPP ER -AIR DIVER GENC E

The horizontal velocity-divergence of the upper wind field over the Florida

peninsula was computed by the Bellamy (1949) method. The computations were

accomplished for all of the observation times for the two station triangles:

Jacksonville- Tampa- Cape Canaveral, and Tampa- Cape Canaveral- Miami.

The approximate values of the mass divergence were determined from those of

the velocity divergence utilizing peninsula-average values of the air density, an

approximation that was quite legitimate since the spatial-temporal variations of

density were quite small relative to those of the velocity divergence.

Time cross sections of the wind- category average values of the mass divergence

over the peninsula on the A, B, C, and D days are presented in Figure 58. The

values of the surface divergence, computed by the cyclic integral method described

in Section 3.5.7, were combined with the upper-air values to obtain these cross

sections. The isolines show the average amounts of the divergence and convergence

per unit area of the vertical boundary wall of the peninsula. * The average rainfall

amounts that occurred in association with this divergence are indicated on each

cross section, at the upper right. The values labeled R are the 24-hr wind-category

average rainfall amounts computed by Theisen's method (see Section 3.5.2); those

labeled %R are the 24-hr summation percentages of the total station-hour observa-
tions with precipitation.

Comments will be made only about the cross sections of the A and B days.

Those of the C and D days are presented as a matter of interest, but no special

significance is attached to them because of the restricted number of days contained

in the categories.

*To obtain the actual mass amounts of the total divergence and convergence
into the entire peninsula, the Figure 58 isoline values should be multiplied by the
factor 1.55 X 108, which is the surface area of the boundary wall per unit height.
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Figure 58. Time Cross Sections of the Average Horizontal Divergence over the
Florida Peninsula, by Wind Category. Cross sections of the mass divergence over
the peninsula are shown for the Category A days (upper left), the B days (upper
right), the C days lower left) and the D days (lower right). The isoline numbers are
in units of gm/cm sec X 10-8. The associated category-average rainfall values
are shown at the upper right in each cross section, R signifying the average rainfall
amount computed by Theisen's method (see Section 3.5.2 and Figure 48), %R
signifying the normalized summation-percentage of the total peninsula stations
reporting rain (during all hours within the category)

The cross section for the A days shows that there was a pronounced convergence

of mass into the peninsula at low levels during the midday hours. The greatest con-

vergence occurred right at the surface level, commencing about 1C00 EST, becoming

a maximum about 1500 EST, and terminating about 2100 EST. Associated with this
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low-level convergence, there was compensating divergence aloft, which extended

throughout the general layer 3000 to 13,000 ft, having a maximum at about 7000 ft.

The level of nondivergence varied diurnally, lifting from the surface in the morning,

rising to 3000 ft in the midafternoon, and descending in the evening. During the

nighttime hours, this situation was reversed, with a weak center of divergence

occurring at the surface level and a weak convergence center occurring aloft.

Contrasted to this, the situation on the B days, which, it will be recalled, were

days of large easterly wind with considerable cumulus activity and rainfall, were

generally more convergent throughout the entire 24-hr period (than were the A

days). The low-level convergence during the daytime was not particulary more

intense. It did occur, however, throughout a somewhat deeper layer above the

surface,especially during the early morning and evening periods. There was low-

level divergence during the nighttime, as on the A days. But, interestingly enough,

the center of this divergence was located aloft, at about 2000-ft altitude, instead of

being located right at the surface itself. Also, the daytime divergence center aloft

was noticeably weaker than that of the A days while the upper convergence center of

the nighttime hours was considerably intensified.

The comparison of these cross sections leaves little doubt that the B days of

the heaviest rainfall were also the days of the greatest general convergence over

the peninsula. In fact, it may be reported quantitatively that, at altitudes below

13,000 ft on the B days, there was an integrated, average convergence of mass into

the peninsula throughout the 24 hours in the amount of 301 gm/cm2 (per unit area

of the boundary wall), whereas, on the A days, there was an integrated divergence

over the peninsula in the amount of 36 gm/cm2 * Associated with these differences,

the r ainfall on the B days was about 2.5 times that on the A days.

3.6 The Vertical Velocities at the Average Base Altitude of the Cumuli

The average base altitude of the daytime cumulus clouds over the peninsula

during the study period was determined to be approximately 2500 feet. (This

average was computed from the photogrammetric measurements described in

Appendix B, Section B.5.) Hence, it was of interest to ascertain, from the divergence

calculations discussed in Sections 3.5.7 and 3.5.9, the approximate values of the

vertical velocities that would have prevailed generally over the peninsula at this

base altitude throughout the 24-hr period of the day. These velocities were computed,

by hour, for each day, from the equation

*As a matter of interest, it may be noted that the C days were convergent, in

the amount 103 gm/cm2, and that the D days were also convergent, in the amount

138 gm/cm2
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w2 =0 ~ p 1 z5 0 H-Vdz (5)
~25OO' z=0 PV

where VH-V is the horizontal divergence, p is the density, at the altitude z, and

p20'is the particular density at the 2500-ft level. In practice, the indicated

integration was, of course, performed in a stepwise fashion, layer by layer. It

should also be mentioned that rigorous computations were made only every six

hours, corresponding to the upper-air observational times, and that the velocities

for the intermediate hours were merely determined approximately, utilizing the

hourly values of the surface divergence plus interpolated values of the upper-air

divergence.

The four curves of the upper left-hand diagram of Figure 59 show how the

average velocities, thus determined, varied with the time of day for the days of

each wind category. The curves of the other diagrams of this figure show

additionally: at the lower left, the diurnal variations of the maximum, upward

velocities (that existed anywhere within the lowest 5000 ft above the ground); at

the upper right, the time changes in the average vertical velocities; and at the

lower right, the time changes in the maximum, upward velocities.
A comparison of the velocity plots for the A and B days (which are the only

ones we will discuss, for the reason cited previously), shows that the largest

velocities which occurred during the afternoon period at the peak of the convection,

didn't differ appreciably between categories. They averaged about 1.5 cm/sec in

both cases. Likewise, there were no particular differences in the maximum

velocities. In fact, it is seen that no really significant differences existed between

categories at any time throughout the 24 hours, except during the early-morning

to midday period, 0300-1300 EST. At the beginning of this period, the vertical

velocities on the B days were less negative than on the A days. Then, later on,
general upward motion over the peninsula commenced earlier on the B days, at

0500 EST, some six hours prior to its commencement on the A days. The velocity

of this upward motion, from initiation until the end of the period was likewise

greater on the B days.

When these category differences concerning the vertical velocities are related

to those concerning the cloud and rainfall events (discussed in Sections 3.5.2 and

3.5.3 and illustrated in Figure 49), it is seen that there was a rather obvious cor-

respondence between the fact of the earlier commencement of the updraft motion on
the B days and the fact of the also earlier occurrence of the cumulus-populations

and rainfall. This is suggestive of a cause and effect relationship between the two,

which is not illogical. The relationship, however, was true only of the morning

hours, and not of the afternoon hours as well. For, as can be seen by comparing
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identification is also carried out in the other graphs of this figure. The graph at the
lower left shows the daytime variation of the average maximum velocities, in the
upward direction, that prevailed anywhere within the lowest 5000 ft of the atmosphere.
The two graphs at the right show the hourly time changes in the vertical velocities,
the upper graph showing the changes at the 2500-ft level, the lower graph showing
the changes of the maxima

Figures 49 and 59, the vertical velocities did not differ appreciably with the rainfall

differences during the afternoon period (the velocities were virtually identical be-

tween categories, whereas the rainfall amounts differed by more than a factor of

two).

In Section 3.3, it was demonstrated (see Figure 41) that the peninsula rainfall

increased with the amount of the low-level convergence of the nighttime-morning

hours 0000 to 0900 EST. In other words, equating convergence and vertical motion,

the days of the greatest rainfall were days when updraft motion commenced (or
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pre-existed) well in advance of the active solar heating and when the total lifting of
the air across the condensation level was likewise greatest. In this regard, it may

be stated that computations were performed to ascertain the total 24-hr average

upward flux of air across the 2500-ft surface (by integrating the vertical velocities)
5 3and it was found that 5.23 X 10 cm of air moved upward across the surface (per

2 5 3cm of surface) on the B days, whereas only 2.76 X 10 cm moved upward on the

A days.* Thus, the total upward motion on the B days was 1.9 times that on the A

days, which corresponded quite closely with the fact that the rainfall amounts of the

B days were 2.5 times those of the A days.

One other finding of interest concerning the vertical velocities is illustrated in

the two right-hand diagrams of Figure 59. These diagrams show that the greatest

positive time changes in the vertical velocities over the peninsula occurred during

the general period 1000 to 1300 EST. This is the same period, centered about local

noon, when the rate of solar heating of the ground surface was a maximum. More-

over, it was at the beginning of this period, as reported in Section 2.3.2.3, when the

aerial photoreconnaissance revealed that the scale of the cumulus convection over

the peninsula underwent a "gross upward shift," that is, a rather abrupt increase in

the vertical extent and spacings of the cumuli of the populations. This total evidence

suggests that the increased solar -heating rate of the 1000 EST period (the heating

rate normally increases most rapidly about this time) caused a strong vertical

acceleration of the air throughout a relatively deep layer above the ground, which

resulted, in turn, in the more rapid development of the cumulus populations and in

an abrupt increase in the cloud spacings.t The releases of latent heat within the

clouds would also, probably, have further accelerated these growth processes.

3.6.1 THE UPPER-AIR TEMPERATURE, STABILITY AND PRECIPITABLE
WATER AT 0700 EST

Category averages of the 0700 EST temperatures and stability of the Florida

air -mass over the four upper -air stations of the peninsula are shown in Table 8.

These are averages of the initial conditions, before the advent of convection.

Similar averages of the specific humidities at the different pressure levels, and of

the total precipitable water contained in layers extending from the ground up to the

indicated level, are shown in Table 9.

*These volumes for the C and D days were 5.14 X l05 cm3 and 17.5 X l05 cm3
respectively.

tThis supposes that an increase in the vertical depth of the convective layer
would directly result in an increase in the horizontal and vertical scale of the
cumulus convection. A Benard-type mechanism is presumed,wherein cell size
is governed by layer depth.



Table 8. The Peninsula-Average,
Wind Categorys

0700 EST, Initial Conditions of Upper-Air Temperature, Height, and Stability, by

IN,

8 Days with Low Winds 7 Days with Substantial 2 Days with Substantial 2 Days with Substantial Approx.
E Winds W Winds S Winds Values

of
Press. T h -A.- T h .- T h .12 T h .- V .M
Level az az az az
mb *C Ft *C/km SC Ft *C/km *C Ft 'C/km *C Ft *C/km *C/km

(Sfc.) 25.7 (1016.58) 24.5 (1018.15) 25.6 (1012.75) 25.6 (1016.12)
7.57 2.60 -1.50 4.68 -3.8

1000 25.0 488 25.0 531 25.5 385 24.5 481
-5.47 -5.92 -5.82 -4.92 -4.2

850 17.2 5125 16.6 5145 17.3 5027 17.5 5120
-5.60 -5.12 -5.78 -5.75 -4.7

700 8.0 10480 8.5 10469 7.9 10595 7.9 10474
-5.42 -5.80 -5.50 -5.78 -5.5

500 -6.7 19349 -7.5 19589 -6.4 19284 -7.6 19527
-6.72 -6.78 -6.15 -6.48 -.6.5

400 -18.2 24955 -18.9 24976 -16.8 24905 -18.6 24920
-7.57 -7.55 -7.18 -7.25 -8.0

500 -55.9 51785 -34.1 51797 -51.8 51782 -55.7 51746
-7.72 -7.92 -8.05 -8.10 -8.5

250 -45.5 55895 , -44.1 35898 -42.0 55929 -45.8 55852
-7.67 -8.15 -8.20 -8.18

200 -54.7 40708 -55.9 40529 -55.5 40761 -55.7 40642
-.1-5.70 -7.18 -6.68

150 -65.6 46581 -66.1 46541 -67.4 46627 -67.5 46485
-1.40 -.50 -1.90 .55

100 -68.9 54512 -67.4 54545 -71.8 54470 --67.1 54426
2.55 2.20 5.02 2.22

50 -58.1 68494 -57.9 68550 -59.1 68570 -57.6 68467
1.95 2.02 2.08 2.22

25 -48.7 85151 -49.0 83155 -50.2 82970 -47.6 831u6
1.25 1.45 1.10

20 -46.2 87995 -47.5 87948 -48.1 88805 -46.2

*The average temperatures (T), heights of the constant pressure surfaces (h), and temperature-height changes
(D T/Dz) are shown, within the four sections of the table from left to right, for the days of the A, B, C, and D cate-
gories. These averages were computed from the 0700 EST observations of all four of the upper-air stations of the
peninsula for the particular pressure levels identified in the first column of the table. With regard to the stability,
the height changes of temper atur e wer e determiined between significant levels for each station sounding and these were then
averaged, level by level, for all the station soundings of the category. The values of - y M, shown tabulated in the last
column of the table, are the theoretical "moist adiabatic' changes of temperature with height. These are presented
for comparison purposes.
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Table 9. The Peninsula-Average, 0700 EST, Initial Conditions of Upper -Air
Specific Humidity and Cumulative Precipitable Water, by Wind Category*

Low Winds Substantial Substantial Substantial
E Winds W Winds S Winds

Cuinul. *
Cumul. Cumul. Cumul. Cumul. of Total

Press. q Prec. q Prec. q Pree. q Pree. Prec. Water
Level Water Water Water Water (19 Days
mb gm/kg cm gm/kg cm gm/kg cm gm/kg cm Record)

(Sfc) 0 0 0 0 0
17.04+ 17.4+5 18.55 17.20

1000 .28 .52 .24+ .28 6.4+
15.4+9 16.14+ 17.21 15.85

950 1.07 1.1+ 1.12 1.09 21+.7
15.16 15.88 15.04 15.52

900 1.74+ 1.85 1.89 1.77 4+0.2
11.0+ 11.87 12.98 11.58

850 2.50 2.4+6 2.55 2.55 55.5
8.88 9.75 10.75 9.70

800 2.76 2.95 5.10 2.85 64.4+
6.76 7.51+ 8.70 8.16

750 5.10 5.514 5.5+ 5.26 72.9
5.1+1 5.98 7.18 6.64+

700 5.58 5.6+ 5.91 5.60 79.7
4.22 4+.98 6.21 5.51

650 5.59 5.89 4.22 5.88 85.2
5.50 5.4+5 5.20 4.72

600 5.76 4+.o7 4.1+9 4.12 89.5
2.56 2.79 4.21 5.91

550 5.88 4+.2l 4.7o 4.52 92.7
1.85 1.99 5.1+0 5.06

500 5.98 4+.s 4+.88 4+.1+8 95.2
1.50 1.56 1.87 2.25

1+50 4+.o4+ 4.8 1.97 4.59 97.0
.88 .96 1.55 1.59

1+00 4.o9 4+.43 5.o14 4.67 98.2

Average
21+ hour
Rainfall .229 .589 .952 .706

Amount for
Peninsula (cm)

* The average specific humidities on the days of the A, B, C and D categories
are shown in the first columns within the four main sections of the table. These
averages pertain to the pressure layers indicated at the left. The values of the
average cumulative precipitable water are also shown, in the second columns of the
sections. The cumulation was accomplished from the surface upward to the 400
millibar level. The numbers tabulated in the last column, at the extreme right, tell
the percent of the total precipitable water that was contained at levels (pressure
levels) below those which pertain to the tabulations themselves. These percentages
were computed from the data of the entire 19 days. Also listed, immediately be-
neath the main table, across the bottom% are the 24-hour average rainfall amounts
that fell on the days of the different categories (see the text for discussion).

t'Average Prec. H2 0 above 400 mb = 0.080 cm.
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From the first of these tables, it is seen that the temperatures were not

markedly different on the days of the different wind categories. At most levels,

and particularly in the lower levels, the differences in the averages were less than

1*C and it was only at the level of the tropopause (at about 54,000 ft, or 100 mb)

that they ever exceeded 3*C. Furthermore, it may be stated that the variance of

the temperature, within categories, was less than 3*C at all tropospheric levels.

Likewise with the stability, the table shows that the values of O T/8 z didn't differ in

any distinctive fashion among categories. The average lapse rate of temperature

within the lower atmosphere at levels below 30,000 ft, except for the surface layer,

was everywhere near the moist adiabatic rate. This can be seen by comparing the

D T/D z values for the four categories with the moist adiabatic values (of -- M listed

in the last column of the table.

Although the differences in temperature and stability were slight among cate-

gories, there were hwveappreciable, consistent differences in the specific

humidities and precipitable water, as shown in Table 9. The Category A days (of

small wind speed and little rainfall) were generally drier days at all levels than

were the other days. This is pointed out particularly by comparing the differences

in the total precipitable water (to 400 mb - - the last figures in the columns) among

the four categories. The precipitable water on the B, C, and D days can be seen to

have exceeded that on the A days by 0.34, 0.95, and 0.58 cm, respectively. This is

a very interesting result, for when we also note that the rainfall excesses of the B,

C, and D days over the A days (the category rainfall averages are listed at the

bottom of the table) were 0.37, 0.70, and 0.47 cm, respectively, we see that the

correspondence between the precipitable water excesses and the rainfall excesses

was very close, trendwise as well as quantitatively, so as to suggest a definite,

cause -and- effect relationship between the two.

The scatter diagrams of Figure 41 (previously cited) illustrate the correspond-

ence between the daily values of the precipitable water (to 400 mb) and the daily
values of the peninsula rainfall. The correlation is apparent; the correlation co-

efficients range from 0.54 to 0.64, depending on which rainfall parameter is selected.

Additionally, it may be reported that the correlations between these parameters

were also investigated for various "sublayers" (within the total surface-to-400 mb

layer) and that in no case did the correlation coefficient for any sublayer exceed that

for the total layer.

3.6.2 THE 0700 TO 1900 EST CHANGES IN TEMPERATURE, STABILITY,
AND WATER-VAPOR CONTENT

The category averages of the 0700 to 1900 EST changes in the upper-air temp-

eratures, stability, specific humidities, and heights of the constant pressure surfaces

are shown in the profile plots of Figure 60. [ It might be noted here that these



131

GESTABILUTY CHANGE

60 -

40 - 6 DAYS WITH LOW WINDS

7 DAYS WITH SUBSTANTIAL~
EAST WINDS

201t

-2.-I 0O I 2 3 4 -40 -30-20-10 0 10 2(

\

(a DAYS WITH SUBSTANTIAL-
SWEST WINDS

LAYS WITH SUBSTANTIAL
SOUTH WINDS

Dy

0-I0 -6 -6 -4 -2

-)

/-. (.

-'

I L. .a..-r I

PRECPITASLE WATEI~l
AUGE.SPC TO 400 MS I

2S~-I-
JZ cM-

V

) I -2 -I

/

K

~ -11

TE2PEATUR -CH -tG -HEGH CHNG - CHA-N-E-IN AT/6Z -2SPEOFiC HUMIDITY CHANE
*C/I2 HRS FT/I2 HRS *C/KmI2 HRS GM/KgURHNG

Figure 60. The Average 0700 to 1900 EST Time Changes in the Upper-Air Temp-
erature, Height, Stability and Specific Humidity, by Wind Category. The profiles
at the top pertain to the Category A days (solid curves) and the B days (dashed
curves). Those at the bottom pertain to the C days (dashed curves) and the D days
(dotted curves). From left to right, from one set of profiles to the next, the change
quantities are as identified at the top of the figure. The units of the changes are
specified at the bottom. It should be noted that the profiles labeled "stability
change" are actually changes of a T/a z (or AT/Az). Thus, at those places where the
profiles indicate a negative change this means that the atmosphere became more
unstable with time. It should also be mentioned that the 0700 to 1900 EST changes
in the total precipitable water content of the atmosphere (to 400 mb) are shown
listed within the 'Br ackets" at the right. The coded identification is somewhat
confusing; hence it may be stated that the changes on the A, B, C and D days were,
respectively, 0.12 cm, 0.25 cm, -0.15 cm and 0.43 cm

II.

Ii.

0

aIn
I-

IiJ
C

I-
F
-J
4

so

70

60

50

La.

1-0



132

changes were computed by day for each of the peninsula stations and then averaged

for all stations by wind category. Thus, the profiles show the average changes, and

do not show changes of averages.]

The first and third sets of profiles show that the greatest changes in the temp-

erature and stability that occurred in association with the convection occurred

immediately above the ground surface, within the lowest 5000 ft of the atmosphere.

The changes above this were rather indefinite except that there was a slight

warming and destabilization of the air in the layer between 20,000 and 40,000 ft.

Concerning the changes near the ground, it may be stated that the initial tempera-

tur e laps e r ate of the early morning hour s w as customarily modifie d by the he ating

and convection, so that by midmorning and afternoon, on virtually all of the days,

it became approximately dry adiabatic, to several thousand feet. At 1900 EST, it

was still near dry adiabatic and the changes shown in the Figure 60 profiles reflect

this fact.

The profiles at the extreme upper right of this figure show that the principal

changes in the specific humidity of the lower atmosphere, on the days of both the A

and B categories, occurred aloft, in the general layer 2,000 to 20,000 ft. The humidity

of this layer increased considerably. The profiles also show, as would be antici-

pated in convective situations wherein water vapor was being transported upward

and mixed throughout a fairly deep layer of general overturning, that the specific

humidities at the surface level decreased with time. But this decrease was sur -

prisingly slight, vis-a-vis the very large increases aloft.*

The values of the 0700 to 1900 EST changes in the total precipitable water are

also listed in this figure (drafted immediately above the humidity-change profiles,

within the brackets). The change for the A days was + 0.12 cm/12 hr, that for the

B days was + 0.25 cm/12 hr. Thus, the change on the B days of the greater rainfall

was just about twice that for the A days. Whether this is a meaningful finding, or

merely one that reflects the coastal location of the Florida upper air stations is

unknown.

The second set of profiles in Figure 60 shows the height changes of the constant

pressure surfaces that occurred between 0700 and 1900 EST. It is seen that positive

height changes occurred on the Category A days, at all levels above the immediate

surface layer to 60,000 ft, whereas the changes on the B days were negative, but

*The failure of these profiles to show the anticipated, approximate balance be-
tween the total increases aloft and the decreases at the surface is probably due to
the fact that all of the Florida upper-air stations are located along the coasts. If
data were available for the peninsula interior, these, it is suspected, would reveal
a much better continuity in the vertical.
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slight, to about 22,000 ft, with positive changes above this to approximately 40,000

ft.* In terms of pressure change, rather than height change, this means that the

daytime decrease in the surface pressure (discussed in Section 3.5.5) actually

occurred throughout just a very shallow layer above the ground on the A days and

that these days were primarily characterized by generally rising pressures within

the lower atmosphere as a whole. The B days, on the other hand, were characterized

by daytime pressure decreases at the surface which extended throughout a fairly

deep layer above the ground, the region of rising pressures aloft being customarily

confined just to the layer from 22,000 to 40,000 ft.

No comments were made thus far concerning the changes of the above cited

parameters on the C and D days. These will not be considered specifically; it is

sufficient to note, as can be seen from the profiles, that the changes on the C days

(of west wind) generally resembled those of the B days, while the changes on the D

days (of southerly wind) were analogous to those of the A days.

The changes shown in the Figure 60 profiles were, as mentioned, computed for

the individual stations and then averaged for all stations by wind category. This

procedure, although yielding meaningful results for the A days, can be criticized

when applied to the other days, because it ignores the fact of the changes due to the

advection of the air from off the upwind ocean, into and across the heated peninsula,

and from the progressive modification of this air with travel distance. Actually,

with fixed observation stations and variable wind speeds from day to day, it isn't

really possible, for the Florida peninsula, to isolate these two types of changes,

one from another. But some insight into their relative influence can be gained by

comparing, for the A and B days, the 0700 to 1900 EST changes at the east-coast

station, Cape Canaveral, with those at the west-coast station, Tampa. Such com-

parisons are illustrated in Figure 61, where the profiles at the top show the station

time changes for the A days (when there was little or no systematic advection),

while those at the bottom show the time changes for the B days (when air was being

advected from off the Atlantic, over Cape Canaveral, and moving across the heated

peninsula, exiting from the peninsula near Tampa). The profiles of this figure show,

as before, the temperature and stability changes, the height changes, and the specific

humidity changes. Additionally, the profiles at the right show the changes in the total

wind speed.

From this figure, one sees that the profiles for the A days did not differ signi-

ficantly between stations. The changes were quite similar both at Cape Canaveral

and Tampa, much as would be anticipated. The profiles for the B days, on the other

*The normal 0700 to 1900 changes in the pressures associated with the lunar
and solar tides are ignored here in these statements of comparison. In any case,
it is apparent~however, that the general changes aloft on the B days were less
positive relatively than those on the A days.
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hand, reveal several differences, the principal of which is the fact that the specific

humidity and precipitable water over the upwind station, Cape Canaveral, decreased

with time whereas these quantities over Tampa, the downwind station, increased with

time, and very considerably. The increases over Tampa can be explained as resulting

from the vertical transport of water vapor due to the convection. But the decreases

at Cape Canaveral, which imply that the water vapor content of the maritime air-

mass entering the peninsula varied in some diurnal cycle, are exceedingly difficult

to interpret. The Figure 61 profiles also show that the temperature and stability of

the surface air over Tampa changed more than over Cape Canaveral, which is

reasonable considering the direction of the advection.
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3.6.3 THE DIVERGENCE AND VER TICAL TR ANSPOR T OF WATER VAPOR

In view of the correlations found and discussed in Sections 3.5.9, 3.6.0, and

3.6.1, between the divergence and rainfall, the vertical motion and rainfall, and

the precipitable water and rainfall, it was logical to investigate their combined

influence. This was done by computing the "water-vapor divergence" at the

various levels over the peninsula; also by computing the "vertical transport of
water vapor" across the 2500-ft surface (which was the average cloud base height).

These quantities could not be determined precisely; they had necessarily to be

computed only approximately. Thus, the water vapor divergence was determined,

hourly for the surface level and every six hours for the levels aloft, from the

equation

q p VHV H- V~ V, (6)

where 21 was the peninsula average of the specific humidity, at the particular level

and time, j was the average density and VH-.V was the horizontal velocity divergence.'

Time cross sections of the category average values of this quantity 4 # VH'V
are presented in Figure 62. The isolines show the amounts of the convergence and

divergence per unit area of the boundary wall of the peninsula. (As mentioned in

the footnote in Section 3.5.9, the total amounts, for the entire peninsula, can be
8 2established from these by multiplying by the factor 1.55 X 10 cm .

The principal differences between these cross sections of the water vapor

divergence and those of the mass divergence shown in Figure 58, arise primarily

from the fact that the specific humidity of the atmosphere normally decreases with

altitude. This, of course, causes the isolines of the water vapor divergence to be

more closely spaced at low levels, and more widely spaced aloft, than those of the

mass divergence. Otherwise, the differences between these two sets of cross
sections are rather minor, scarcely warranting any detailed discussion.

The major point to be emphasized here, utilizing these cross sections as

reference, is that when the total 24-hour integrated amounts of the water-vapor

divergence were computed for each of the wind categories, for levels below 13,000

ft, the results were as shown tabulated beneath Figure 62.

*In the computation of i for the B, C, and D days, it was recognized, and taken
into account as much as possible, that the air "converged" into the peninsula
primarily at low levels on the upwind side, and "diverged" out of the peninsula at
the upper levels on the downwind side.
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Figure 62. Time Cross Sections of the Average "Horizontal Divergence" of Water
Vapor over the Florida Peninsula, by Wind Category. The cross section for the
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being of positive sign when water vapor is converging, or entering (E), into the
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(L), the peninsula. The associated category-average rainfall values are shown at
the upper right in each cross section, R signifying the average rainfall amount
comput ed by Theisen' s method and %R signifying the normalize d summation percentage
of the total peninsula stations reporting rain (during all hours within the category)

Total Total Net
Category Divergence Convergence Difference

2 2 2
A 3.78 gm/cm2  -3.34 gm/cm 2  +0.44 gm/cm 2
B 2.42 gm/cm2  -8.50 gm/cm 2  -6.08 gm/cm 2
C 2.37 gm/cm2  -3.59 gm/cm 2  -1.22 gm/cm 2
D 3.44 gm/cm -5.42 gm/cm -1.98 gm/cm
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These totals (which are specific values, per unit area of the boundary wall) may be

compared with the totals of the mass divergence, cited at the beginning of Section

3.6, and with those of the rainfall (R), listed at the upper right in the cross sections

of Figure 62. It is seen that the differences in the water vapor divergence between

wind categories were actually less well related to the rainfall differences than

were the differences in the mass divergence.

The computations performed to establish the ''vertical flux of water vapor"t

across the 2500-ft surface were accomplished in a manner entirely analogous to

the computations of the vertical velocities, that is, the values of the water vapor

divergence were summed, layerwise, proceeding upward from the ground. The

details of these efforts will not be described. It is merely noted that, if it is

assumed that the water vapor converging into the peninsula at levels below 2500 ft

remained in vapor form as it was carried upward over the peninsula, that is, if

there were no problems of evaporation, stored liquid water, and rainfa],l to bother

us, then the four curves of Figure 63 show the average rates at which water vapor

was "transported" vertically upward, or downward, during the different hours of the

Category A, B, C, and D days.

When these curves, which show the values of the quantity T'w2500 ' are compared

with those of the vertical velocity of Figure 59, it is seen that the differences in the

diurnal trends of the two parameters are actually quite small. They are less than

10 percent. This could have been predicted a priori, of course, from the separate

findings presented in Figure 58 and Table 9. Nonetheless, it is of interest to

demonstrate the point definitely, and to present these curves which are scaled

specifically in units of the vertical flux of water vapor.

The total amounts of water vapor that moved upward across the 2500-ft surface

during the entire 24-hr period were 5.5 gm/cm2 for the A days, 11.0 gm/cm2 for

the B days, 10.6 gm/cm2 for the C days, and 29.2 gm/cm2 for the D days. These

are category averages for the entire peninsula, normalized per unit area of the

2500-.ft surface. The relationship of these values to those of the total vertical

motion, and those of the rainfall, point out, once again, that the motion events, just

by themselves, were actually better correlated with the rainfall than were the

events of the vapor transport.

3.6.4 THE PARTIAL BUDGETS OF THE MASS AND WATER SUBSTANCE
WITHIN THE CONVECTIVE LAYER

Thus far in this section the majority of the observed variations and interrela-

tionships among the important and conventional meteorological parameters have

been discussed. Certain other factors were also found to vary significantly, but

these, because of their general nature, and because of the impossibility of param-

eterizing them to secure quantitative information, can really only be considered in



138

U 4 2 DAYS WITH.-
hI 40 - SUBSTANTIAL S WINDS-

36 ---

28---

20 ----

16 -7-/

S12 -7 DAYS WITH -7\..
a. - SUBSTANTIAL E WINDS-z. -

4 1 -.

5 -20 -LOW WINDS

4 0 I 2 3 4 5 6 7 8 9 10 lI 12 13 14 15 16 17 IS IS 20 21 22 23 24
TIME EST
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vapor per square centimeter area (of the 2500-ft surface) per second

the context of their association with particular items of the photoreconnaissance

evidence (as is done in the summary in Section 4).

There is one thing that can be accomplished in this last section, however, that

will shed some additional light on the nature of the Florida cumulus convection.

This is the consideration of the daytime "partial budgets" of the mass and water

substance that entered and exited from the peninsula, and that was transported

vertically across the condensation level. The term "partial budgets" is used here

because several of the quantities entering into the complete budgets either were

not, or could not be, measured specifically. Hence, it is possible to discuss these

only in a qualitative fashion.

These partial budgets were computed for the daytime period 0700 to 1900 EST.

For the "budget of mass," computations were performed to establish the integrated

convergence into the peninsula, within the subcloud layer extending from the surface

to 2500 ft, and the integrated divergence aloft, within the layer from 2500 to 13,000

ft. Additionally, the vertical transport across the 2500- and 13,000-ft surfaces

was deduced by continuity. This assumes, of course, that the three-dimensional
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divergence during the period was negligible (or putting this another way, it assumes

that there were no time changes in the mass storage over the peninsula). That this

is a reasonably valid assumption is indicated by the fact that the pressure and

height changes over the peninsula were small (as discussed in Sections 3.5.5 and

3.6.2).

The results of these computations are illustrated schematically in the four upper

diagrams of Figure 64. The arrows show the direction of the divergence and trans-

port and the numbers give the specific amounts of the quantities (in grams per

square centimeter of the surface area of the peninsula). In other words, these are

the grams of air that moved into, and out from, a vertical column of unit cross

section, which column, it is presumed, is representative of the normalized,

peninsula -aver ag e situation.

These sketches illustrate and emphasize once again that the Category A days,

of the light wind speeds and little rainfall, were days with relatively small amounts

of low-level convergence below cloud base, were days with quite large amounts of

divergence above cloud base, and were days with extensive subsidence aloft, which

brought dry air into the upper part of the convective layer across the 13,000-ft

surface. The B, C, and D days, on the other hand, were days with substantially

greater convergence within the subcloud layer, with smaller amounts of divergence

aloft, and with little subsidence at 13,000 ft. In fact, on the D days of southerly

winds and the heaviest rainfall, the motion was actually upward at 13,000 ft.

The diagrams at the bottom of Figure 64 show the amounts (grams) of the water

vapor divergence and vertical water transport within a unit column. Arrows are

also drawn showing the evaporation and rainfall. The values of the former are

lacking, however, since evaporation was not measured during the investigation.

Several other quantities entering into these budgets of the water substance were

also not measured, or were not measurable. These are worthy of comment, if only

to serve as an aid in the planning of future investigations. First of all, the 0700-
1900 EST changes in the storage of water vapor over the peninsula are unknown.

With the Florida upper -air stations all being located along the coasts, such storage

changes were impossible to compute. Second, the changes in the liquid water

content of the cumulus populations between 0700 and 1900 EST are unknown. These

could have been estimated from the photoreconnaissance except for the fact that the

flights terminated prior to 1900 EST. It was apparent, though, that the changes

must have been quite small and relatively unimportant to the budgets. This was

because the photoreconnaissance (and station observations) of the 0700 EST period

revealed very few cumuli over the peninsula as a whole; and the cumuli at 1900

EST were likewise few in number and of relatively small sky cover. Thus the

changes, although they cannot be assigned a value in liquid water content were
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Figure 64. Schematic Representations of the Daytime Budgets of Mass and Water
Substance Within the Convective Layer, by Wind Category. Each of these diagrams
is a schematic representation of a vertical column, which is presumed to be non-
pervious to the passage of air on three of its vertical sides and at the bottom, and
which extends upward in the atmosphere from the surface level to the 13,000-ft
level. Thus, this column is open (pervious) only on one of its sides and at the top,
as indicated in the two-dimensional diagrams of this figure by the vertical dashed
lines at the left, and by the horizontal dashed lines at the 13,000-ft level. The
2500-ft surface is also indicated in the diagrams. This surface, as discussed in
the text, was the surface of the average cumulus bases.

"Unit columns", such as these described and sketched, serve as convenient
"devices" for illustrating situations of convergence, divergence and vertical trans-
port. Thus, in the upper set of diagrams, they are employed to illustrate, for the
days of each of the wind categories, the average (per unit column) amounts of the
low-level convergence (below the cumulus bases), the amounts of the upper-level
divergence (between 2500 and 13,000 ft), and the amounts of the vertical transport
(flux) across the 2500- and 13,000-ft surfaces. The numbers associated with the
arrows are in units of grams (of air) per unit column.

Likewise, the lower set of diagrams illustrate the average (per unit column)
amounts of the water substance (vapor or liquid) that converged into the peninsula
below cloud base, that diverged from the peninsula above cloud base, that fell as
rainfall, that were evaporated into the air from the ground surface, and that were
transported vertically across the 13,000-ft surface. The numbers are in units of
grams of water substance per unit column. Additionally, in the three lower dia-
grams at the right, which pertain to the Category B, C, and D days, arrows are
drawn (associated with the sketched cumulus clouds) to indicate that substantial
amounts of liquid water were transported into the peninsula on these days with
cumulus populations that entered the peninsula from off the upwind ocean. Since
virtually no clouds were transported out of the peninsula on these days, across the
downwind coast, there was a net gain of liquid water, which is a form of "conver-
gence", as sketched
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certainly very small when compared with, say, the total liquid water content of the

cloud populations at midday (at the height of the convection). Third, another un-

known factor in the water budget, which is judged to be one of major importance,

was the transport of pre-existing cloud populations, with their liquid water, into

the heated peninsula from off the upwind ocean. Such transport didn't occur on the

A days, but the photoreconnaissance and radar on the other days revealed, very

clearly, that substantial amounts of liquid water entered into the peninsula with the

cloud populations crossing the upwind coast that didn't exit across the downwind

coast. This tr ansport might have been estimated from the available observations,
(by determining the size distributions and total numbers of the entering cumuli and

assuming a liquid water content for each size based on existing knowledge) but the

effort required to accomplish this, even for a single day, w ould have been pro-

hibitive.

In view of these several unknown items of the complete water budget, one is

hard pressed to draw inferences from just the remaining items shown sketched in

Figure 64. About the only definite thing that can be said, comparing the "partial

budgets" for the different categories, is that the lack of rainfall on the A days was

certainly consistent with the fact that the lower atmosphere was ''more divergent'',

and that there was no cloud transport.

This work with the daytime budgets (and with the daytime parameters for the

individual days, that is, the parameters averaged from 0700 to 1900 EST) was, it

must be concluded, generally nonrevealing of any obvious differences among cate-

gories, or among individual days, except insofar as it was possible vaguely to

differentiate the A days from the others. This relative lack of correlation among

the dayfime averages differs from that discussed previously, in Sections 3.3, 3.5.9,

and 3.6, wherein definite associations were found between the parameters when these

were averaged for the early-morning to mid-morning period, or for the 24-hr period

of the entire day. This presence of correlation in the early-morning and 24-hr

averages, and its absence in the daytime 0700 to 1900 EST averages, is indicative

that the meteorological events of the nighttime period over the peninsula (that is,

the presence of general updraft motion during the nighttime hours, the transport of

new water vapor into the peninsula from off the oceans to replenish that carried

aloft during the daytime) were of greater importance, as a basic cause of the rainfall

differences among days, than were just the meteorological happenings of the day-

time, which merely occurred synoptically with the convection.
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4. TH E CAUSES OF THE CLOUD AND RAINFALL EVENTS OF THE PENINSULA AS SUGGESTED
BY THE STUDY FINDINGS

4.1 Introduction

The discussions in Sections 2 and 3 were primarily concerned with the simple

reporting of the cumulus-population events of the Florida peninsula, as observed by

the aerial photoreconnaissance, and with the description of the analytical findings

concerning the associated meteorology. Some of the particular correlations between

variables were pointed out, but no serious effort was made to consolidate and review

the totality of the findings, or to discuss their possible implications regarding the

basic causes of the precipitation regime over the peninsula. This we will attempt

to do in the present section.

4.2 Comparisons with Previous Investigations

At the beginning of Section 3, it was stated that the guidelines of the meteorolo-

gical investigation, insofar as the selection of the study parameters was concerned,

were based on the work of previous investigators, particularly that of Byers and

Rodebush (1948) and that of Riehl (1949), who considered the Florida site specifically.

It was also stated that one of the investigative objectives was to ascertain whether

the Florida events, as deduced from the analyses, corresponded more closely to

the postulates of the former or latter of these authors. We might begin, therefore,

by commenting on these correspondencies.
The findings herein are similar to those of Byers and Rodebush in their revela-

tion that substantial amounts of air converged into the peninsula at low levels, con-

sistently, day after day, in association with the "double sea breezes" of the penin-

sula, so called by these authors. This convergence caused generally rising motion

to occur over the peninsula during the daytime at the condensation level which in

turn created a situation favorable to convective cloudiness and precipitation. Also,

as they inferred, the everyday occurrence of this "sea breeze convergence" means

that the Florida peninsula is a site that is relatively-more favorable for rainfall

than is either a purely continental site or a purely oceanic one. This explains why

Florida, during the summer months, has appreciably more convective precipitation

than does any of the other States of the Union.

Regarding the day-by-day differences in the Florida rainfall, the findings of the

present study suggest, however, that several factors (which we will identify in a

moment) were important, besides just that of the "double sea breeze effect." * In

*This is not to imply that Byers and Rodebush were unaware of the influence of
other factors. It was just a matter of their emphasis.
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fact, even concerning this particular effect, the results herein are in apparent direct

conflict with the Byers-Rodebush implication that intensification of the sea breezes

would be accompanied by rainfall increases. It may be a matter of definition, or

semantics, but the analyses of the present study certainly show that the days of the

best-defined, and most systematically occurring, sea breezes (those of the Category

A days) were days with the least low-level convergence (during the 24 hours) and

the smallest r ainfall. Gr anted, the analyses did show r ainfall incr easing with the

amount of the low-level convergence. It must be emphasized, however, that this

convergence was caused not only by the differential heating of the peninsula relative

to its oceanic surroundings (which produces the sea breezes per se) but that it was

also dependent, in marked degree, on the general convergence situation that pre-

vailed over the peninsula at the synoptic scale. The "orographic convergence"

caused by the peninsula acting as a major impediment to the free flow of the winds

over the Florida region also contributed significantly. It was the variability of these

latter two components of the convergence that was primarily related to the rainfall

variability, not that of the strictly "sea breeze components."

The total evidence of the present investigation, it must be concluded, tends

strongly to support the basic position of Riehl (1949), who, while recognizing the

generally favorable influence of the low-level convergence caused by the sea

breezes, contended that the essential root-causes of the daily rainfall differences

were the result of the changing "weather map conditions" (of the surface and upper

air) over the Florida region in general. In fact, he presented data to substantiate

this which showed that the height of the 700-mb surface over Tampa at 2300 EST

was correlated with the rainfall over the southern region of the peninsula. His data

also revealed an average five-day- periodicity in the heights and rainfall, which he

ascribed to the influence of the normal passage of the upper -air troughs and ridges

across the peninsula.

This particular correlation of Riehl was specifically investigated herein, and

was found not to hold for the present observational period. Irrespective of this,

however, the great bulk of the evidence (for example, that summarized in Table 3,

that contained in the surface and upper streamline analyses of Figures 43 to 46,

and the correlations shown in the scatter diagrams of Figures 41 and 42) certainly

verifies Riehl' s basic contention very strongly. It leaves little doubt that the larger

rainfall amounts over the peninsula occurred primarily in association with synoptic

conditions that: (a) caused larger than average wind speeds over the peninsula; (b)

caused greater than normal convergence within the lower air-mass over the penin-

sula; and (c) caused larger than average amounts of precipitable water within the

atmosphere.
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4.3 The Basic Factors Responsible for the Convective Cloudiness and Rainfall

With these few comments of general comparison with the work of previous in-

vestigators, we might proceed now simply to list the particular factors which the

present study suggested as being of prime importance. After such listing, we can

then review the supportive evidence.

There were five factors that seemingly played an important role in the deter -

mination of the cloud physics events during the observational period. These were,

in the order of their believed importance,

1) The daily variations in the low-level advection of water vapor into the

interior regions of the peninsula from off the oceanic surroundings, and

particularly the daily variations of this advection during the nighttime hours,

2) The daily variations in the transport of pre-existing cloud populations and

cloud systems, into the peninsula from off the oceanic area upwind of the

peninsula, and particularly the numbers and sizes of these clouds and

systems that were transported into the peninsula during the period of the

active solar heating of the day,

3) The daily variations in the low-level convergence associated with the

"orographic barrier effect" of the peninsula. This convergence, a component

of the total low-level convergence, is visualized as arising from the penin-

sula, in its entirety, acting as an impediment, or "partial barrier", to the

free flow of the Florida area winds across the peninsula. Seemingly, this

component increased with the wind speed of the synoptic scale winds. The

specific situation presumed is expounded more fully in Section 4.4.3.

4) The daily variations in the general situations of convergence over the

Florida region at the synoptic scale, of the type associated with the upper-

air troughs, ridges, cyclones, and anticyclones of the general circulation,

5) The daily variations of the precipitable water within the lower atmosphere.

The first three of these factors are all "wind dependent factors" in the sense

that the nature and magnitude of their contributions are functions of the wind

direction and speed. These factors are believed to be the ones offering the most

likely explanation for the observed wind dependencies of the cumulus-rainfall

events of the peninsula. The fourth and fifth factors, which were previously dis -

cussed in Sections 3.5.9 to 3.6.4, are considered to have been important mainly in

a secondary, subsidiary way, that is, their values had necessarily to exceed certain

"threshold amounts" for rainfall to occur at all, and they were favorable to rainfall

only to the degree whereby these thresflolds were exceeded.
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4.4 The Supportive Evidence, a Review and Discussion

We will now review the particular evidence suggesting the importance of these

five factors and cite the reasons why they were listed in the order shown.

4.4.1 THE ADVECTION OF WATER VAPOR

The evidence suggesting that the low-level advection of water vapor into the

peninsula was the single most important factor is contained partly in the meteoro-

logical analyses and partly in the photoreconnaissance observations.

First, as reported in Section 3.3 and illustrated in Figure 41, the low-level wind

speeds over the peninsula were found to be highly correlated with the peninsula

rainfall. Some degree of correlation was observed for most wind levels between

the surface and 10,000 ft, and for most observation times, but the maximum cor -
relation (with a correlation coefficient of 0.76) was found between the wind speeds

at the 1000 -ft level during the nighttime hours and the r ainfall. In Section 3.5.8, it

was also pointed out that low-level wind jets occurred very frequently over the

peninsula (these jets, it was demonstrated, were not indigenous just to the peninsula

itself) and that the time and altitude of the most frequent occurrence of the peak

wind speeds of these jets was also during the nighttime, and also at the 1000-ft

level. These two pieces of evidence, taken together, strongly suggest that some-

how, in some manner, there was a direct, intimate relationship between these wind

jets and the peninsula rainfall.

The most logical explanation for such a relationship is that the winds of these

jets (that is, the winds at or near the 1000-ft level) were the ones principally

responsible for advecting new water vapor into the interior regions of the peninsula

from off the upwind ocean. These jets acted to maintain the moisture supply within

the subcloud layer over the peninsula that was required for the formation of the

cumuli and for the maintenance of the cumulus convection at high levels of activity

throughout the period of the solar heating. The mathematical expression of ad-

vection, it will be recalled, is

AdvH = H Vq(7

where VH is the horizontal wind and Vq is the gradient of specific humidity. It

is apparent that for any given value of the humidity gradient, the amount of the

advection increases directly with the wind speed.

Another indication that low-level advection was an important factor is con-

tained in the analyses of the station temperatures and dew points described in

Section 3.5.5. It was pointed out therein that the differences in the diurnal ranges

of the temperature and dew point between the interior and coastal stations of the
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peninsula were greater on the A days (of small wind speed) than they were on the

other days, of larger wind speed. Thus, the horizontal gradients of temperature and

moisture between the peninsula interior and coasts were largest on the days of the

lightest winds (and least rainfall) and were smallest on the days of the strongest

winds (and greatest rainfall). This shows that low-level advection (of both moisture

and temperature) was indeed occurring in substantially greater amounts on the days

of the larger wind speeds.

Additional evidence of the importance of advection is contained in the photore-

connaissance observations. Thus, as mentioned in Sections 2.3.2.1 to 2.3.2.3, the

larger cumuli, of the rain-producing type, were observed to occur on the A days

primarily and most consistently along the coastal areas of the peninsula immedi-

ately inland of the oceans. The clouds over the peninsula interior were generally

smaller and of smaller sky cover. In contrast, the larger cumuli on the B, C, and

D days were observed to occur initially over the "upwind side" of the peninsula and

then progressively to appear further and further downwind until the entire peninsula

was finally covered with cumuli. On these days, it was additionally ascertained that

the cumulus bases generally sloped upward from the upwind toward the downwind

sides of the peninsula.

These observations are explainable assuming low-level advection to be the

basic mechanism. Thus, the clouds along the coastal strips on the A days would

be explainable in terms of the localized advection of water vapor into the peninsula

by the sea breezes, whose advective effect would not extend very far inland because

of the "closed circulation nature" of these breezes. The clouds on the B, C, and D

days, which formed initially over the upwind side of the peninsula, and which "prop-

agated" downwind, and had a sloping base, would also be explainable by such a

postulate. Thus, the low-level winds, moving into the peninsula from off the upwind

ocean during the nighttime (after the convection of the previous day), would have

advected (transported) new water vapor into the peninsula interior to distances

directly dependent on the wind speeds. Hence, on nights when the wind speeds were

only moderate (not sufficient to cause a complete replacement of the air across the

entire width of the peninsula), the upwind areas of the peninsula would be moistened

more, proportionally, than would the areas downwind. The cumulus convection of

the subsequent day would consequently begin earlier on the upwind side, because of
the larger amount of available water vapor within the subcloud layer there. More-

over, because of the horizontal maoisture-gradient present at the beginning of the

day, the convective condensation level would slope upward in the downwind direction

(consistent with the observation of the sloping cumulus bases).

On nights when the wind speeds were very large, however, the situation would

be somewhat different. On such nights, the entire air layer near the ground, which
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had been involved in the convection of the previous day, would be replaced by moist

maritime air. Thus, the subcloud layer on the mornings following would be uni-

formly moist over most of the surface area of the peninsula and the initial cumuli

would be anticipated to have uniform bases and to be of widespread homogeneous

occurrence over vast areas of the peninsula. Furthermore, it would be anticipated

that these days would be the ones most favorable for rainfall (compared to any of

lesser windspeed) since the solar heating driving the convection would be operating

on a subcloud layer containing the maximum possible amount of water vapor. This

layer would also extend over the largest possible surface area of the peninsula,

namely the entire peninsula.

Although the particular photoreconnaissance observations for the days of the

very largest rainfall (and largest windspeeds) were not given separate consideration

in Section 2, it may be stated that the situations tended generally to conform to this

developmental pattern outlined above. At least, there was less upwind-downwind

contr ast in the cumulus characteristics across the width of the peninsula on these

days, than on the days of intermediate wind speed.

4.4.2 THE TRANSPORT OF CLOUDS INTO THE PENINSULA

The second factor of suggested importance to the cloud and rainfall events of

the peninsula was the transport of pre-existing cumulus populations and cloud

systems into the interior regions of the peninsula from off the upwind ocean.
The evidence suggesting the importance of this factor is contained wholly

within the photoreconnaissance observations. These revealed that, on the Category

A days, of small wind speed and little rainfall, there were few or no clouds present

over the oceanic areas surrounding the peninsula out to distances of some 30 to 50

miles from the coasts. It was apparent that this clear zone, which was generally

present throughout the daytime hours, was the region of subsidence associated with

the "offshore descending-branch of the sea breeze." This clear zone is illustrated

in the nephanalyses of Figures 22 and 27.*

*The convection at the peninsula scale on these Category A days was, in a
sense, occurring in the manner of a "closed thermodynamic system" that was
isolated from its surroundings. In other words, there was generally rising air
over the peninsula proper (during the daytime heating); there was generally de-
scending air over the offshore coastal areas (which created the clear zones) and
there was virtually no exchange of air between this "peninsula system" and that of
the more removed oceanic surroundings. Thus, the only available moisture for
the cumulus clouds and rainfall on these days was that stored within the lower
atmosphere, immediately over the peninsula. No new moisture entered this
system, either by wind advection or cloud transport, except for the very small
amounts of water vapor that were evaporated into the air over the oceanic coastal
zones that were carried inland by the sea breezes.
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In contrast, the observations on eight of the eleven Category B, C, and D days,

when the wind speeds and rainfall were both substantial, revealed that the offshore
areas upwind of the peninsula were occupied by many cumulus clouds, and various

group and banded cloud structures. Some of these were of considerable size and

obviously contained large amounts of liquid water. They were continuously being

transported into the peninsula across the upwind coast (for example, see Figures

30 to 32). It was evident that these cumuli, on crossing into the peninsula during

the active solar heating of the day, developed markedly in excess of their previous

developmental state over the ocean. There is little doubt that the precipitation pro-

duced by these wind-transported re-energized clouds contributed importantly to the

peninsula total. In fact, in the cases of certain of the observed cumulus bands, which

were oriented parallel to the winds and were being transported into the peninsula

across a localized portion of the coastline, it was possible to detect their particular

rainfall contribution in the isoheital maps plotted from the reports of the U.S.

Weather Bureau Cooperative Stations.

On these days just mentioned, there was no "compensating transport" of clouds

out of the peninsula across the downwind coast. The oceanic areas downwind of the

peninsula were usually completely devoid of clouds out to distances of 75 to 100 miles.

The reason that this "cloud transport" is believed to have been of secondary

importance, as a basic factor in the Florida convection, relative to the "water vapor

advection" discussed previously, is that such transport didn't invariably occur on
the days of the heaviest rainfall. Also, although the rainfall amounts along the

courses of the cloud bands being transported into the peninsula were certainly

larger than elsewhere, the rain wasn't necessarily confined just to these places.

4.4.3 OROGRAPHIC CONVERGENCE

The third factor of seeming importance to the cumulus-rainfall events of the

observational period was that of the "orographic convergence." Such convergence

occurred (it is presumed) because the peninsula, which extends southward into an

extensive oceanic region, with the Atlantic on one side, the Gulf of Mexico on the

other, serves as a 'partial barrier" to the free flow of the low-level winds over
the region. Basically, this convergence comes about: (a) because the coefficient

of skin friction is larger over a land surface than over a sea surface; and (b)

because, as discussed and demonstrated by Malkus and Stern (1958), specifically

with reference to islands, a heated island or peninsula, with rising air above, acts

as an "equivalent mountain" or "equivalent mountain range" (in the peninsula case),

in its ability to impede and divert the low-level air flow of the general surroundings.

This convergence, for Florida, would occur primarily along the upwind coast,

with the downwind coast being divergent. The magnitude of the convergence would

increase directly with the wind speed, although the particular relationships would

differ depending on the wind direction.
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Actually, there are only two pieces of rather qualitative evidence suggesting

that this "orographic convergence" was an important factor in the Florida convec-

tion. First, as illustrated in Figure 42, it was established that the computed values

of the low-level convergence over the peninsula did increase with the wind speed.

(But this evidence is rather weak, since such correlation could also come about

simply as the result of a general association between convergent situations and

situations of tight isobaric spacing, hence large wind speeds.) Second, as noted

in Section 3.5.5, the studies of the surface pressures indicated that a trough of

relative low pressure, with axis paralleling the coast, tended to form on the down-

wind side of the peninsula during the daytime heating on the days of the largest

windspeeds. Such would be consistent with the pressure pattern to be anticipated,

if the peninsula were, in actual fact, acting as an "equivalent mountain range" and

impeding the free flow of the winds over the region.

With regard to the placement of this factor of the ''orographic convergence''

third on the list of important influences, this was done, not so much on the basis of

concrete evidence (the only available was that cited above), but on the basis that it

provided a rational explanation, supplementing those discussed in the preceding

sections, for many of the observed wind dependencies in the nature and pattern forms

of the cumulus-rainfall events (some of which have not been described in complete

detail herein). Thus, one might say that this factor was included and ranked third

primarily as the result of "analytical intuition," based on various, piecemeal items

of evidence.*

4.4.4 COMMENTS ABOUT THE OTHER FACTORS

The last two of the five factors listed were discussed at some length in Sections

3.5.9, 3.6.1 and 3.6.3. It was pointed out there that the Category A days (of the

least rainfall) were the days of the least general convergence within the lower

atmosphere (integrated over the 24-hr period to 13,000-ft altitude) and were the days

of the least precipitable water. The B, C, and D days, in contrast, had greater rain-

fall which occurred in association with larger integrated-convergence and larger

amounts of precipitable water.

*In view of the several types of low-level convergence that were present--that
of the double sea breezes, that of the general synoptic situation--and this pre-
sumed type due to the "orographic barrier" effect--the data sample of the present
investigation was woefully inadequate to isolate and determine the separate con-
tribution and relative importance of each. An observational period of perhaps a
hundred or more days would be required to do this.
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The precipitable water influence was deemed to be somewhat less important

than that of the convergence because (ref.p.137), it was found that the convergence,

by itself, was actually better correlated with the rainfall than was the "water vapor

convergence," which presumably took into account the dual influence of both factors.

It would seem that the convergence and precipitable water factors played the

role of being necessary to the peninsula convective activity and rainfall, but not

necessarily sufficient. For rainfall to occur at all over the peninsula, it would

appear that the lower atmosphere would have to be somewhat convergent, to a

degree, and that this atmosphere would have to contain a certain, minimum quantity

of precipitable water. The amounts whereby these minimums were exceeded would

then be favorable to increased rainfall. But, on the other hand, once these minimums

were realized on any given day, the rainfall might be relatively insensitive to the

particular amounts of the excess, in view of the fact of the substantially greater

contribution of the first three factors discussed previously. At least, the analyses

herein would suggest this.

4.3 Concluding Remarks

There are just three things that the author would like to emphasize in conclu-

sion.

First, it should be remembered that the investigation reported herein was

an investigation of a particular 19 days of cumulus-convective activity over

the Florida peninsula and that, on these days, the five factors cited above

all operated more or less in unison, that is, they all tended simultaneously

to be either favorable, or unfavorable, to rainfall. However, on another

set of days, in a different year or month, it might be suspected that these

factors might not necessarily operate in concert. Moreover, the relative degrees

of their influence might differ from those stated herein.

Second, the reader should note the relatively small changes in the meteorological

parameters that were associated with the peninsula rainfall differences. These

changes are of the same order as the uncertainties in any single station observation.
Thus, whereas in this investigation certain of the difficulties involving these small

changes were partially overcome by the computation of category averages (for a

number of station observations for a number of similar days, thereby employing the

theory of random errors to reduce the uncertainties), it is apparent that the fact of

these small changes will seriously hamper all attempts to forecast the rainfall

events of the peninsula on an operational basis.

Third, the findings of this investigation indicate that any such forecast attempts

will be additionally complicated by the probable necessity of predicting the existence,

and magnitude, of the particular winds of the "low-level jets." These jets, which the

author believes to be like "elevated rivers of rapidly moving air," and which he
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suspects to be present over the general Florida region in considerable numbers

under certain synoptic conditions, would appear to be the primary moisture source

for much of the cumulus convection over the interior regions of the peninsula. The

forecast problem, then, is one of identifying these synoptic conditions and of learn-

ing the rules of prediction.
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Appendix A

Synoptic Investigations of Cumulus Convection; a Review

Al. INTRODUCTION

The number of investigations that have been conducted to study atmospheric

convection, and cumulus convection, is very large and only a few of these will be

reviewed herein. The present objective is merely to summarize the particular

studies that: (a) have supplied the basic hypotheses; (b) have contributed to the

classical methods of treating and investigating the phenomena; and (c) have pro-

vided the observational data that tend to support or deny these hypotheses and/or

which have extended our knowledge of the important influences.

It should be noted that none of the theoretical or atmospheric investigations that

treat convection as a cellular (Bsnard type) phenomenon are considered herein.

These are specifically reviewed, in some detail, in the second volume of the report.

A2. THlE PARCEL AND SLICE METHODS

An early and important contribution to the field presently called cloud physics

was made when Lord Kelvin (1865) investigated the thermodynamic properties of

gases and derived the theoretical expression for the adiabatic lapse rate of temperature

in dry air. Some twenty years later, Hertz (1884) extended this work of Kelvin to

the moist air situation and derived the expression for the adiabatic lapse rate in

saturated air. Hertz also developed an "adiabatic chart" which contained plotted
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isolines of both the dry and saturated adiabats. Stiive (1922) modified this diagram

for application to meteorological problems and introduced it into meteorological

practice.

By reference to the equations of Kelvin and Hertz, and to the Stilve Diagram,

Refsdal (1930) described the mechanics of what is now called the "parcel method"

of forecasting. He postulated, in essence, that warm, buoyant "parcels" of air

would appear in the atmosphere whenever the actual lapse rate of temperature

exceeded the theoretical dry-adiabatic rate. Also that these parcels would rise

through the environmental surroundings without mixing with, or losing heat to, the

surroundings. Thus, he presumed that the parcel was an isolated entity and that

the changes in the thermodynamic state of the parcel, as it moved upward within

the atmosphere, would occur in accord with the "dry-adiabatic law" of Kelvin.

Refsdal further assumed that the pressure within this parcel would be approxi-

mately equal to the pressure of the surroundings and that the internal temperature

of the parcel would therefore decrease as the parcel rose to higher and higher

altitudes within the atmosphere. Hence, he visualized that, if the air within the

parcel was relatively moist, a situation would eventually occur, sometime during the

ascent, wherein the actual vapor pressure would become equal to the saturation

pressure and cloudy condensation would occur.

R efs dal contended that this "now s atur at ed and cloud -fille d p ar cel" could, and

would, continue to ascend into the atmosphere, provided that, and so long as, the

actual lapse rate of temperature in the surroundings was greater than the theoretical

moist-adiabatic rate. Thus, he visualized that changes in the internal properties of

the parcel would occur in accord with the "moist adiabatic law" of Hertz and that

the parcel would continue to be buoyant provided that, and so long as, its internal

temperature was greater than the temperature of its immediate surroundings.

The sum and total of these general postulates and concepts of Refsdal contitute

what is commonly called the "parcel hypothesis" or the "parcel method." In

meteorological practice, this method has been utilized extensively to predict, from

radiosonde observations plotted on adiabatic diagrams, whether or not cumulus
clouds are likely to occur, to predict the probable vertical extent of the clouds, and

to estimate the chances of precipitation. Norman (1938) has described the details

of this forecasting technique.

The results of the numerous forecasts that were made in the early 19 30's

revealed that more cumulus situations were predicted to occur by the parcel

method than did actually occur. Also, the predicted altitudes of the cloud tops

were substantially greater than the observed altitudes. Bjerknes (1938) suggested

that the probable cause of these differences was the particular assumption of the

parcel method that the conditions within the environment would always remain

static and undisturbed. He pointed out that this assumption was unrealistic, because
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the continuity principle would require that downdrafts exist within the environment,

in order to compensate for the integrated upward motions within the field of parcels.

In an attempt to correct this basic flaw in the parcel method, Bjerknes developed

the concepts and equations which, in their total, have since come to be known as the

'slice method" of forecasting. In essence, he took into account the facts that regions

of both updr aft and downdr aft motion must exist within the convective layer of the

atmosphere, that adiabatic cooling would occur in the updrafts and adiabatic warming

in the downdrafts, and that the total mass of air transported vertically upward across

any horizontal surface within the layer must be compensated by an equal and

opposite transport of mass in the downward direction. He also considered the matter

of the energy balance between the up currents and the down currents and wrote his

equations to incorporate the Margules (1903) principle of the total available energy;

that is, he took into account the fact that the intensity of the cir culations would be

governed and limited by this total available energy.

From this theoretical work, Bjerknes concluded: (1) that cumulus convection

does not convert heat into kinetic energy unless the ratio of the average width of

the cumulus towers to the average width of the clear air spaces between is less than

a certain critical value; and (2) that the atmosphere is usually less unstable with

respect to a system of actual cloud towers than it is with respect to the relatively

small "saturated parcels" that were assumed under the parcel hypothesis.

Petterssen (1939, 1940) utilized the basic equations and concepts of Bjerknes

in the development of a practical method of forecasting the cumulus events of the

atmosphere. In essence, this "modified slice method" involved the consideration of

a particular horizontal surface (of unit thickness), which lay at a particular level

within the atmospheric convective layer, and which was presumed to slice through

circulation cells of uniform size. For this particular surface, and all like surfaces

above and below, he assumed that the ratio of the total area of the updraft motion to

the total area of the downdraft motion was a predictable quantity. (The customary

prediction, in practice, was that the ratio had the value 0.3 at all levels). The

stability and moisture conditions within the atmosphere at the altitudes of these

slices were presumed to be determinable from the radiosonde observations of the

closest station, for the nearest time. Then, from knowledge of these conditions,

and by use of the above cited assumption regarding the ratio of the areas of updraft

and downdraft motion, his equations could be solved to tell whether the existing

conditions at the level of the slice(s) would tend to accelerate convective motions

and cloud motions, or whether they would tend to depress such motions. This

information enabled the prediction of the chances of the occurrence of cumuli, of
the probable vertical extent of the clouds, and of the likelihood of precipitation.
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Various modifications and refinements of this "slice method" were made sub-

sequently by Petterssen, Knighting, James, and Herlofson (1945) and by Beers (1945).

The Beers modifications were particularly significant, because he assumed, in

greater accord with reality, that the horizontal slice had finite thickness, that is,

that it was actually a horizontal "slab." He also assumed that the updraft-downdraft

motions within each such slab could be described approximately by the circulation

theorem of Bjerknes (1898). Beers, in his article, also provided an excellent de-

scription of the actual mechanics of the forecasting procedures of the various "slice"

and "slab" methods.

A3. ENTRAINMENT

The extensive observations and aircraft flight measurements that were made

during World War II and shortly thereafter revealed that neither the "parcel method"

nor the "slice method" were adequate to account for the actual cloud events of the

atmosphere. For one thing, the majority of cumuli were observed to terminate far

below the level predicted from parcel considerations. For another, it was found by

Woodcock and Wyman (1947), and Lewis (1947), that the lapse rate of temperature

within cumulus clouds was considerably in excess of the theoretical moist adiabatic

rate. These observations were all indicative that a continual mixing and interchange

of air must occur between the cumulus clouds and the environmental surroundings.

This interchange process was later given the name "entrainment."

In the initial attempts to describe the mechanics of the entrainment process in

a quantitative fashion, it was assumed that a "buoyant convective current" within

the atmosphere could be likened to a "jet of air with a wake stream" and that the

theories of Tolimien (1938) in the field of aerodynamics, and Rossby (1936) in the

field of oceanography, could be applied to the atmosphere. The basic concept was

that whenever a "jet" (or intense current) existed within a fluid there would be an

entrainment of the surrounding fluid into the moving fluid such that the total fluid

mass subjected to motion would increase with time (or distance) from the point of

the initiation of the jet.
Stommel (1947) was the first to modify these "wake stream theories" and apply

them to convective currents. Austin (1948) and Austin and Fleisher (1948) extended

Stommel' s concepts and equations and applied them to work out a circulation model

for a cumulus cloud. They utilized observed cloud temperatures and liquid water

contents to compute the amount of entrainment that might be anticipated under

various assumed conditions of updraft dimension, of updraft velocity, and of the

thermodynamic state of the atmosphere. Later, Austin (1951) pointed out that the

wake stream concept was not strictly applicable to cumulus situations, because in
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such application it was necessary to assume that the jet existed in fully developed

form at some initial time; whereas, in actual fact, the vertical currents within

cumuli are initiated and developed in a more or less gradual fashion by buoyant

forces which are associated with the release of the latent heat of condensation.

Austin noted and demonstrated that, under such atmospheric conditions, the basic

requirement for entrainment arises because the pressure within rising columns of

air (or within cumulus clouds) is less than the environmental pressure at the same

level and because the continuity principle dictates that such pressure differences

must be compensated by an interchange of the air between that in the columns and

that of the surroundings.

Houghton and Cramer (1951) presented steady-state continuity-type equations

to describe the entrainment process. They numerically integrated these equations

over height for various selected situations. Later, Bunker (1953) modified the

equations to include frictional drag and made numerical computations which he

compar ed with air cr aft me asur eme nts . Fr om the se computations he found that only

certain combinations of the equation parameters (that is, of the parcel size, the

temperature difference, the vertical velocity, and the turbulence coefficients) would

permit buoyant parcels to rise from the bottom of the convective layer to the top

of the layer. From the aircraft measurements, he found that such favorable com-

binations did actually occur in the atmosphere.

The principal results of the theoretical work on entrainment have been aptly

stated by Austin (1948) as follows:

1) "With entrainment, the theoretical lapse rate of temperature within cumulus

clouds is much closer to actual than it is with the moist adiabatic ascent

assumption of the parcel method. This is because the mixing of drier air

from the surroundings into the moist ascending air of the cumulus reduces

the cloud temperature (through evaporation or the reduction of condensation)

and thereby reduces the degree of instability."

2) "With entrainment, the theoretical liquid water contents of the air at altitudes

above the condensation level are much closer to actual than they are when

using the parcel method."

3) "With entrainment, the growth of cumulus clouds is governed in an important

part by the state of the environmental surroundings; i. e., if during its

growth the cloud penetrates a dry environment or a dry layer, then additional

growth will be retarded or may be completely stopped."

4) "With entrainment, the cloud is in an unstable state and highly turbulent.

The average lapse rate of temperature within the cloud is considerably in

excess of the moist adiabatic (in fact, it more closely resembles that of the

environment), yet each air parcel within the cloud that is actively condensing

and rising will cool at a lapse rate intermediate between the average of the
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cloud and the moist adiabatic. The parcel will rise until its buoyancy is

destroyed by mixing, and the rising of innumerable parcels contributes to a

highly turbulent state in the cloud interior."

During this period 1947 to 1953, when these entrainment concepts were first

introduced, various aircraft observations were made which further substantiated

the general validity and applicability of the concepts to the atmosphere. Byers and

Braham (1948) and Byers and Hull (1949), for example, presented detailed data to

show that the winds in the immediate vicinity of a cumulonimbus cloud were directed

inward, and that this horizontal convergence of the wind field extended to very high

levels above the cloud base. Barrett and Riehl (1948) also presented numerous

aircraft measurements to show that the temperature differences between the interior

regions of cumuli and their clear -air surroundings were much smaller than the

theoretical differences, as computed by the parcel method. These observations were

precisely what one would anticipate with entrainment occurring in the clouds.

A4. THlE BUBBLE THEORY OF CON SECTION

In 1953, Scorer and Ludlam presented a series of hypotheses which they called

their "bubble theory of penetrative convection." They contended, in essence, that

convection within the atmosphere proceeds by means of numerous "buoyant bubbles,"

which form initially at the ground surface, over local places of heat and/or moisture
anomaly. These bubbles then "break away" from the surface periodically and ascend

into the atmosphere where various aerodynamic forces cause certain of them to

"aggregate together" to form larger bubbles. These larger bubbles, since they rise

more rapidly and have a larger cross sectional area, have a preferred capability

for further accelerated growth because they coalesce with, and otherwise collect

unto themselves, many of the smaller bubbles along their trajectories. Hence, by

such processes of aggregation and collection, certain favored individuals among

the bubble population in general are assumed to be able to penetrate upward within

the atmosphere to altitudes of a few thousand feet. The particular ones that penetrate

sufficiently far to attain the condensation altitude (applicable to the air contained

within the bubble) are assumed to be the source of the cumulus clouds of the

atmosphere.

Much of the gener al fr amework of this Scorer - Ludlam theory is supported by the

observations of glider pilots, by air cr aft measur ements, by time -lapse motion pictur es

of gr owing cumuli, and by various other theoretical and experimental investigations.

The observations made by glider pilots provide some of the best verification

evidence. These observations reveal that "column like" updraft regions, or

"thermals," are customarily present within the lower atmosphere whenever the
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surface is being actively heated by the sun, and that particularly intense thermials

are frequently found to occur immediately beneath cumulus clouds. The typical

thermal, as reported by these pilots [ for example, Yates (1953), Welch (1953),

Ludlam and Scorer (1953), and Woodward (1959a)] has horizontal dimensions of a

thousand feet or so, at altitudes 1000 feet above the ground, and dimensions as large

as 3000 to 4000 feet, at higher altitudes. The vertical dimensions are generally

found to be about twice the horizontal dimensions and the temperatures in the

interior of the thermals are customarily some 1 to 20 F warmer than those of the

surroundings. The updraft velocities, as deduced from the variometer readings,

range upward to about 15 ft/sec and, customarily, these velocities are observed to

increase with time, for a while, and then decrease, rather as if separate parcels,

or "bubbles," of air were rising successively through some kind of a larger column

or plume. The pilots report that, in the interior of such bubbles and plumes, the

air motions are relatively steady; however, turbulence is frequently encountered in

the boundary regions. Also, the direction of the air motion in these boundary

regions is sometimes downward.

With regard to the spatial-temporal characteristics of the field of thermals,

their number density, and frequency of occurrence are observed to depend primarily

on the nature of the underlying terrain, on the solar altitude, on the wind velocity,
and on the wind shear. On a typical summer day, in mid-latitudes, over relatively-

flat, country-type terrain, the frequency of the thermaals is about one per 5 to 15

minutes per 0.5 square miles. If the terrain is hilly, or if there is considerable

contrast among the open fields, the wood lots, the rivers, and so forth, the

frequency is even greater. The frequency is also found to be markedly influenced

by the wind conditions. For example, on calm days, there are relatively few

thermals; on days of light wind, there are a considerable number which are usually

and primarily associated with the terrain features (the hills, the fields of different

vegetation, and so forth); and, on days of large wind speed, the thermals are ex-

ceedingly numerous and they tend to occur in an organized, row-type of pattern

form, the rows being oriented approximately in the wind direction. The charac-

teristics of the fields of thermals appear also to be appreciably influenced by the

wind shear, the individuals in such cases tending generally to be of smaller diam-

eter and of greater vertical extent. Moreover, the axes of the thermals in these

situations of shear tend to "lean over from the vertical," in the direction of the

shear.

That the convective events of the atmosphere are qualitatively consistent with

the postulates of Scorer and Ludlam is also shown by aircraft measurements. For

example, James (1953, 1954) flew an aircraft extensively through convective regions

and found that the frequency of the temperature and humidity changes of particular

magnitudes was much greater at the lowest levels (500 to 1000 feet) than at the
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higher levels. In other words, whereas there were a considerable number of small,

warm-moist "entities" (that is, parcels, bubbles, eddies) present in the lowest levels,

there were only a few such entities of relatively large size present at the upper

levels, just as visualized by Scorer and Ludlam. James also found that, in the

middle and upper levels of the convective layer, these entities tended to occur

preferentially in the regions beneath cumulus clouds. Plank (1959) has reported

aircraft measurements that also show this.

Time-lapse photographs of cumulus clouds provide one of the most striking

pieces of evidence that the mode of the initiation and development of these clouds

is indeed "bubble like." These photographs clearly show that parcels of air rise

up through the clouds and out the cloud top. A classic series of such photographs

has been presented by Malkus and Scorer (1954).

Malkus and Witt (1959) established the theoretical characteristics of the

"convective bubble." They did this by writing the hydrodynamic equations that

described the situation of a stationary stratified fluid which contained a localized

force field. They assumed that this force field was a small buoyant region that had

just come into existence and they performed numerical integrations of their equa-

tions to ascertain how the forces, motions, and the field of temperature and

pressure, would develop with time subsequent to the time of the initial, unstable

state. They performed these integrations for five different sets of initial assump-

tions, that is, assumptions about the initial stability of the fluid, about the turbulence

coefficients, about the shape of the force region, and about the presence or absence

of a lower boundary surface. As a result, they found in each of the five cases that

a bubble or mushroom-like element developed spontaneously after some three

minutes. This bubble had a rounded upper surface wherein the isentropes were

very tightly spaced and the motion field was analogous to that of a ring vortex.

Various laboratory experiments have additionally been conducted wherein a

small amount of a fluid (of a particular density containing a tracing agent) has been

released into a larger volume of the same, or different, fluid (of somewhat smaller

density contained in a large tank). The motions that occurred as the parcel of the

first fluid sank downward through the environment of the second were observed and

studied. These experiments revealed that an "inverted convective element", similar

to the Malkus-Witt "bubble" cited above, was formed, and that the total volume of

the fluid subjected to motion increased progressively with time. Qualitatively, the

bubbles of these tank experiments bear a very striking resemblance to those observed
in cumulus clouds. Also the rates of the volume increase (with distance traveled)

of the tank bubbles and cumulus bubbles have been found to correspond quite closely.

Some of the persons who have conducted such investigations are Morton, Taylor

and Turner (1956), Malkus and Scorer (1954, 1955), Turner (1957), Scorer (1957),

Woodward (1959b) and Saunders (1962).
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These "bubble-entrainment" studies and ideas led, over a period of time, to the

general hypothesis, specifically advanced by Malkus and Scorer (1954, 1955), but

also mentioned in passing by Malkus (1952), Ludlam (1953), and Ludlam and Scorer

(1953), that the cumulus clouds of the atmosphere are primarily composed of
"residual cloudy air" which is the residue of the wakes of the various saturated

bubbles that rise successively through the particular atmospheric volume of the

cloud. These authors do not tell the precise mechanism of the first formation of

the cumulus. Once it does exist, however, they argue that the region of the cloud

offers a "protective pathway" that permits bubbles, rising from below, to ascend

to very high levels in the cloud without suffering the deleterious effects of "en-

trainment erosion" that would be encountered if the bubble rose outside the protection

of the cloud. In other words, bubbles rising through the base of existing cumuli

would entrain cloudy air from their surroundings rather than clear air. Their

initial inherent buoyancy would thus be conserved (and enhanced, by the moist

adiabatic process) during their upward travel through the primary body of the cloud

so that they could readily and efficiently attain the uppermost levels of this primary

body and contribute directly to its growth. In this manner, the cumulus cloud could,

so to speak, "pull itself up by its bootstraps," bubble by bubble, with each bubble

adding to the total energy of the cloud and also permitting the cloud to be an

increasingly efficient "collector" of other bubbles.

A5. IMPORTANT ENVIRONMENTAL INFLUENCES

With regard to the environmental influences that are important to the growth

and development of cumuli, Malkus and Scorer (loc. cit.) have cited two such in-

fluences, namely the wind shear and the relative humidity. They state that, with

reference to the cumulus cloud as a whole, "strong shear carries the first bubbles

and their wakes far to one side and prevents their being joined by successors,

while dryness in the surroundings destroys the protective pathway offered by a

moist wake. Thus, the sloping cloud which results from this action of wind shear

inhibits the development of rain because new cloud turrets tend to penetrate dry

environmental air rather than air modified by the evaporation of earlier towers.

In addition, any precipitation-size particles that might form in a sloping cloud may

fall into clear air and suffer depletion by evaporation at levels well above the cloud

base."

These comments by Malkus and Scorer serve to point out why and how the in-

fluences of the environmental wind shear and relative humidity are believed to be

important to the development of cumuli and the realization of precipitation. There
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is also considerable empirical evidence to show that these influences actually are

important. For example, Chalker (1949) studied the causes of air mass showers

over the continental United States, for the summer months of 1947, and found that

the most important environmental influence affecting precipitation was the relative

humidity of the lower atmosphere. He also found, and emphasized, that the ambient

stability of the atmosphere was an unimportant factor. Ackerman (1956) and

Battan (1958) made statistical studies of the visual, radar, and precipitation events

in tropical cumuli. They found that precipitation was primarily dependent on the

relative humidity, the ambient wind shear, and the general buoyancy and vertical

extent of the clouds. Byers and Battan (1949) found that strong wind shear tends

to inhibit the growth of thunderstorms. Bryson (1957) and Reiton (1957), in studies

of Arizona clouds, found that the days with thunderstorms were predominantly days

when the precipitable water of the lower atmosphere was greater than normal.

Malkus (1949), in a theoretical study, pointed out another effect of the wind

shear. She demonstrated that a cumulus element, which rises from a lower level

to a higher level in the cloud, would tend to conserve its horizontal momentum,

acquired at the lower level, and "transport" this momentum upward to the higher

level. Thus, if the environmental wind increased with altitude, then the rising air

within the interior of the cumulus would act somewhat as a "partial barrier" to the

environmental wind. As a result air would be "entrained into the cumulus" on its

upshear side, and "detrained" on its downshear side.

Another environmental factor that has been found to be generally influential

in causing cumulus activity and rainfall is the horizontal convergence. The im-

portance of the presence of such fields of convergence within the lower atmosphere,

and of their intensity and altitude extent, has been pointed out and demonstrated by

Cressman (1946), Marshall (1959), and Curtis, Leese, and Valovcin (1962).

A6. THE PRESENCE OF DOWNDRAFT REGIONS WITHIN CU\~11LI

Buell (1945) and Sawyer (1949) noted that extensive regions of downdraft existed

within precipitating cumuli and they postulated that these regions were caused by the

evaporative cooling of cloud droplets and hydrometeors and by the drag forces

associated with the falling hydrometeors. Braham (1952), from an investigation of

the moisture and energy budgets of a thunderstorm, found that a large fraction of the

water carried into the storm in vapor forgn was used to maintain a cold downdraft

inside the storm. In fact, the energy restratification accompanying this downdraft

was one of the major energy sources for the storm. The immediate cause of the

downdraft was the cooling influence of the evaporating cloud droplets and frozen

particles and the associated drag forces.
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Malkus (1955) reported aircraft observations which also revealed that extensive

downdraft regions existed in cumuli, specifically at the downshear edge of oceanic-
trade-cumuli. By utilizing steady-state entrainment concepts, she found that mixing

at the downshear edge of the clouds caused an evaporation of the cloud droplets. The

cooling associated with this evaporation caused the air to become ''negatively buoyant"~

and to move downward. Ackerman (1958) and Squires (1958) also reported observing

such downdraft regions during aircraft flights.

A7. AIRCRAFT ME ASUR EMEN TS TH ROUGH CU MUL US P OPUL ATIONS

In flights through cumulus populations located over various regions of the

United States and the Caribbean, Cunningham, Plank, and Campen (1956) found that

localized regions of both updraft and downdraft motion normally exist within most

of the individual cumuli of the populations. Cumuli that had a visually active

appearance were found to be predominantly warmer than their surroundings; how-

ever, such clouds were also found to contain cooler regions, indicative of downdraft,

both in their interiors and at their boundaries. Cumuli with a visual appearance

suggesting imminent dissipation were found to be predominantly cooler than their

surroundings; but also they contained certain localized warm-regions, indicative

of residual updraft. Hence, in any general population of cumuli, they found that

there were about as many ''warm clouds"t as ''cool clouds'' and that the average

cloud temperature, for any large number of random cloud penetrations, was very

close to the temperature of the ambient atmosphere.

Other aircraft investigations of cumulus populations, which support these gene-

ral findings cited above, have also been reported and discussed by Langwell (1948),

Byers (1955), Malkus (1957), and Wexler and Malkus (1958). These will not, however,

be specifically reviewed herein.
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Appendix B
The Methods, Products, and Accuracy of the Photogrammetric Analyses

Bi. INTRODUCTION

In introduction, it may be stated that the task of securing quantitative and

illustrative information about the map locations and the three dimensional charac-

teristics of individual cumuli and cumulus populations from vertical and oblique
aerial photographs is a very involved and time-consuming process. First, it is

necessary to determine the geographic position, the altitude, the compass heading,

and the "aspect angle", of each photograph. Second, it is necessary to establish the

plan location of the clouds relative to the origin of the photograph. This requires

knowledge of the base altitudes of the cumuli. Finally, it is important that the above

information be secured rapidly and efficiently and this necessitates the construction

and use of various gr aphical aids.

In this appendix we will describe the methods whereby these analytical require-

ments were met, we will indicate the accuracy of the methods, and we will describe

the final nephanalytical products.

B2. THlE FLIGHT PATHS AND THlE PROBLEMS OF DETERMINING THlE PLAN-LOCATION AND
VERTICAL EXTENT OF THlE CUMULI

The aerial photographs of this investigation were taken at a known rate, were

numbered consecutively, and included time and pressure-altitude information. The
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principal problems were those of establishing the true flight paths of the aircraft

and tying the photographs to these paths.

The specifics of the desired flight path were established prior to each aircraft

sortie and the pilot was furnished a map of this path. During the sortie, the aircraft

was under continuous radar surveillance and the pilot was able to follow the pre-

scribed path either by visual navigation or by the use of vectoring informaation supplied

him by the radar controller.

The actual flight paths that resulted from these navigational procedures fre-

quently departed by some 5 to 20 miles from those specified. Such departures were

intolerable. Hence, the details of the flight paths had to be reconstructed from the

vertical photographs taken during the sortie.

Flight paths with an accuracy of about 500 feet were established for each of

the 58 aircraft sorties by identifying terrain features, shown in the vertical photo-

graphs, from detailed U. S. Army and U. S. Geological Survey maps. Information

about the "azimuth orientation" of each of the photographs was also determined by

similar reference to such maps, utilizing the topographical subjects shown either

in the vertical or oblique photographs. \With these techniques, the sites of the

photography, and the azimauth directions of the principal photographic axes, could

be determined to any desired accuracy not exceeding the fundamental limitations

imposed by the errors and uncertainties of: (a) the aircraft altimeters; (b) the

atmospheric corrections to the altimeter; and (c) the topographical maps and the

measurements performed thereon.

Information about the "depression angles" of the principal photographic axes,

and about the "tilt" and "rotation" of the photographs which were caused by the

pitch, roll, and yaw angles of the aircraft, were determined, or estimated, from

knowledge of the camera optics and of the terrestrial geometry of a curved earth

(as applied to the various topographical features recorded in the photographs of all

four of the aircraft cameras). Photographs with excessive amounts of "tilt" or

''rotation'' were readily recognized and these were either eliminated entirely from

the analyses or, if the cloud information they contained happened to be of vital

importance, they were analyzed with due regard for the greater complexity of their

geometry.

The plan-locations of the cumuli recorded in the oblique photographs were

established by means of graphical aids, in the form of Canadian Grids (see

Figure Bl, left). Such grids were computed and constructed, for each 1000 feet of

aircraft altitude above the earth's surface. Or, stating this another way, they were

computed for every 1000 feet of aircraft altitude above any spherical surface con-

centric with the earth, such as a cloud layer. These grids could, of course, only

be applied (for the plotting of the cumuli) to those photographs that had been taken

while the aircraft were flying in a straight and level fashion. Since an overabundance
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of oblique photographs existed for all sorties, it was a simple matter to select just

the "straight and level ones" from among the total and these alone were sufficient,

in most cases, to permit the nephanalysis of the entire peninsula. The prime

criteria for such selection was whether or not the lines of the visual horizon, as

shown on the opposed pairs of oblique photographs, paralleled the upper and lower

boundaries of the photographs, and whether or not the horizon lines were equally

depressed on each of the pairs of photographs.

The plotting of the map locations of the cumuli had necessarily to be accom-

plished for a single, horizontal plane which cut through the populations at a par -

ticular, prespecified and predetermined, altitude above the ground. This plane was

herein selected to be "the plane of the average cloud base" and the altitude of this

base was established, for each of the photographs, prior to any plotting, by photo-

grammetric measurements performed on the vertical photographs, or from infor-

mation obtained from the surface weather observations. Specifically, sun-shadow

triangulations were performed on the clouds shown in the vertical photographs

and/or parallax measurements were made from particular pairs of vertical photo-

graphs, or from "strip mosaics" (as discussed subsequently).

This procedure of utilizing Canadian Grids to plot the map locations of cumuli
was quite adequate for the purposes of obtaining reasonably accurate nephanalyses

of the clouds and populations over the peninsula. The errors of the method are

known, and, although these will not be elaborated herein, it may be stated that, in

general, at ranges of less than 50 miles, the ability to determine and plot the true
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cloud positions from the Canadian Grids and photographs was substantially in excess

of the resolution of a map having a scale of 1 inch equal to 50 miles (which is the

scale of most of the single page nephanalyses presented herein). In other words,

the inherent accuracy of the plot lies well within the width of the finest line that

can be drawn on such a map.

The accurate plotting of the clouds that existed at ranges greater than 50 miles

from the flight paths, was accomplished by "wide base triangulation." In this pro-

cedure, two (or several) of the oblique photographs were selected, which showed the

cloud and which were separated along the flight path by some 50 to 200 miles. From

these, the relative azimauth and depression angles to a particular feature on the cloud

were measured and this permitted its position to be triangulated with considerable

accuracy, even at ranges of 100 or more miles from the flight path. Then, once the

positions of a few such clouds had been firmly established, these became the "tie

points" relative to which the other nearby clouds and features could be .located and

plotted, from the Canadian Grids. The absolute accuracy of the nephanalyses was

thus maintained over most of the peninsula and to considerable distances offshore.

It was also possible to measure, with reasonable accuracy, the vertical

dimensions of the cumuli of the populations. To do this r equir ed prior knowledge

(secured as discussed previously) of the base altitudes and horizontal ranges of the

clouds. This was sufficient, for any given cloud, to establish the vertical scale that

pertained to measurements made on the photograph along the vertical axis of the

cloud, thereby permitting the conversion of these measurements into absolute units

of length. Actually, in practice, such measurements were performed utilizing a

transparent overlay of the range-thickness diagram illustrated in Figure Bl (right)

superimposed over the photograph. With this overlay, and with knowledge of the

range and base altitudes of the cumuli shown in the photograph, the distance between

the cloud base and top, as measured directly on the photograph, could be referred to

the field of "scaled vertical lines" of the overlay and a three-dimensional interpola-

tion could be performed to establish the cloud thickness. The assumption here, of
course, was that the cumuli were entities that were symmetrical about vertical

axes, that is, that the highest part of their top lay directly above the center of their

base. In general, this was reasonably true. Furthermore, it can be demonstrated

that a rather substantial degree of "cloud lean" can be tolerated before the above

technique becomes invalid. The accuracy of the technique, when applied to clouds

located less than 50 miles from the aircraft, is judged to be about 5 to 10 percent

with the largest errors occurring at the largest range.

With clouds located more than 50 miles from the aircraft, this graphical method

was not used. Instead, "wide base triangulation", described previously, was per-

formed to establish an accurate value of the range to the cloud, and the vertical

scale, pertaining to the measurement of thickness on the photograph at this range,



was determined by computation. Relatively few clouds were treated in this manner,

just the larger ones and a representative number of the smaller ones.

B3. THE NEPHANALYSES

By these procedures and methods, the particular characteristics of the cumulus

populations of the Florida peninsula, and the offshore regions, were determined for

each of the 58 sorties. The boundaries of the different population types were plotted

on Florida base-maps and the details of the population geometry and pattern forms

were specified on these maps, in code. This cloud code system and the code tables

are described in Appendix C. It is sufficient to mention here that the code consisted

of two letters and one symbol. The first letter provided information about the

characteristics of the individual cumuli, their size, their height and the "lean of the

clouds." The second letter described the degree of the homogeneity, or heterogene-

ity, of the cloud population, and the symbol specified the general pattern form of the

population, whether it contained group structures, their sizes and spacings, and

whether or not the clouds were organized into patterns of rows and bands.

Two such nephanalyses are presented in Figure C3, Appendix C, page C7.

B4. PANORAMIC M1OSAICS

As an adjunct to the cloud maps just described, various "panoramic mosaics"

were constructed from the oblique photographs, primarily to illustrate the appear-

ance and characteristics of the populations over extensive, geographical regions.

Panoramic mosaics were assembled from successive oblique photographs taken

while the aircraft was banking. Photographs from the nose camera were most

frequently used, but some mosaics were also constructed from the right or left

obliques, whichever of these cameras happened to be on the "wing high" side of the

aircraft during the turn. In the assembly of such mosaics, the "apparent", or visual,

horizon was the primary reference for "matching the photographs together," that is,

the theoretical, somewhat curved line of this horizon was the principal guide to the

maintenance of the overall, geometric continuity throughout the entire "azimuth

width" of the construction. The "range region of perfect match" for the mosaics

was selected to be the particular region 30 to 50 miles from the aircraft. Thus,

the cumuli shown in the successive photographs were matched precisely in this

region, and distortion, and/or double presentation of the cumuli, was tolerated at

all greater or smaller ranges (it was impossible to achieve perfect match in such

mosaics except at one range only). Even with such distortions, which were
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minimized somewhat by the judicious cutting of the splice lines, the final mosaics

were extremely effective in illustrating the qualitative appearance of the populations

over large areas.

Examples of these mosaics are presented in Section 2, Figures 7 and 12.

B5. TH E STRIP \MOSAICS AND \MOSAIC D IAGRAMlS

The vertical photographs from each of the aircraft sorties were matched to-

gether into strip mosaics and these strips were then incorporated into "mosaic

diagrams," which showed the photographic (map) appearance of the cumuli along

the entire courses of the aircraft flight paths. The methods whereby these strips

and diagrams were obtained are outlined below.

First, from the indicated pressure altitude of the aircraft, as recorded

directly on each of the photographs, and by the application of an altimieter correc-

tion, as determined from the Florida radiosondes, the true altitude of the aircraft

above sea level was ascertained. Then, by reference to appropriate U. S. Army
and U. S. Geological Survey maps, the true altitude of the aircraft above the ground

level was determined. And, with the added knowledge of the calibrated focal lengths

of the cameras, the scale of the photographs could thus be established for all sub-

jects (terrain features) shown in the ground plane. Additionally, as another method

and check, the maps and photographs could be compared directly to establish the

photographic scale.

Second, the base altitude of each of the particular cumulus clouds that appeared

in the center, or very near center, of each of the vertical photographs was computed

from knowledge of the solar angle at the time and from the ability to measure the

displacement on the photograph of a point on the cloud base from the same point as

it appeared as a shadow on the ground. For each of the sorties, about 200 such

computations of the cloud-base altitude were performed and these provided informa-

tion about the general, average altitude of the cloud bases and about the variations

along the course of the flight path.

Next, successive groups of some fifteen or twenty of the vertical photographs,

which were taken sequentially along the flight path with 60 percent overlap coverage,

were assembled into "strip mosaics." In this procedure, the smaller clouds, lying

immediately along the flight path, and between the principal points of the adjacent

photographs, were matched together such that their images (on the overlapped

photographs) coincided in the greatest numbers and gave the best, integrated

appearance of overall correspondence. Splice lines were then cut, halfway between

the principal points of the adjacent photographs, and the prints were pasted together

on a cardboard backing. Subsequently, after the entire mosaic had been assembled,
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the total amount of the "terrain mismatch" between the two ends of the strip was

determined, by reference to the Army and Geological Survey maps. The amount

of this mismatch provided a parallax measure of the average "match altitude" of
the strip, which usually, but not invariably, corresponded to the average base

altitude of the cumuli shown in the strip.*

In those cases where large cumulonimbi, or populations of very large sky cover,

existed along the flight path, the strip mosaics were constructed so as to "bridge

across the region.' The two terminal photographs, which would be the ends of the

mosaic, were selected first, and the geographic locations of their principal points

were accurately established by reference to the topographical maps. Construction

of the mosaic then proceeded from these ends towards the center, with the matching

becoming progressively less accurate and more difficult to accomplish as the built-

up, completely-cloudy region in the center of the mosaic was approached. This

technique preserved the true appearance and location of the boundary areas of the

cumulonimbi, or large sky cover population, but it sacrificed the fidelity of the

mosaic in its center. Actually, there was no other recourse, because it is patently

apparent that no accurate two-dimensional mosaic can possibly be constructed from

aerial photographs of clouds having considerable three-dimensional structure.

About 1,500 of these strip mosaics were constructed from the vertical photo-

graphs of the 58 sorties. The scale of each was marked directly on the strip (by

placing short pieces of tape at 10 -mile intervals) and the mosaics were then photo-

graphically reduced in size and printed at a common map scale. Nominally, the

factor of reduction was about 7, the original mosaics having a scale of about 1 in. =

1.1 miles in the plane of the cloud base and the final prints having a scale of about 1

in. = 7.8 miles.

These ''common scale,'' photographic prints of the strip mosaics were extremely

useful for the purposes of the cloud-population investigations. In one application,

they were used to construct "mosaic diagrams," wherein the prints for the particular

sorties were pasted on appropriate Florida maps, along the flight paths of the

aircraft. Photogrammetric, sky camera, and meteorological information pertaining

to the sorties, such as the cloud base and tops, the cloud emotions, the surface and

upper winds, the rainfall, and so forth, were then added to the diagrams. Such

diagrams, when intercompared among the sorties of the different hours and days,

and when compared with the terrain maps, with the radar scope photographs, and

*It may be remarked, however, that this parallax method of determining the
average cloud base was definitely inferior to the sun-shadow, triangulation method
described above. In some populations, the "match altitude" was found to lie
appreciably (several thousand feet or more) above the known altitude of the bases.
This signifies that the horizontal, cross-sectional-area of the clouds (which is
really what is being matched) was larger aloft than it was at the base level.
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with the other meteorological and upper -air analyses, were very revealing of the

details of the initiation and development of the cumulus populations over the penin-

sula (as described in Section 2). An example of one of such diagrams is presented

and described in detail in Appendix C.

The photographic prints of the strip mosaics were also useful in studying and

comparing the progressive time-development of the cloud populations over the

various regions of the peninsula and in attempting to relate these to the meteorology.

The prints could, in fact, be "shuffled like cards' to be put in various categories

of time, sky cover, wind, cloud spacing, etc., which quickly revealed those qualitative

correlations among the variables that would warrant further, specific investigation.
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Appendix C

Examples and Description of the Nephanalyses and Mosaic Diagrams

Cl. INTRODUCTION

Several of the analysis products described in the preceding appendix were

r elatively complex. They consisted of diagr ams containing various types of

photoreconnaissance, meteorological, and sky camera information. Because of the

large area coverage of these diagrams, this information had to be, of necessity,

presented in abbreviated or coded form. Also, there was a need, with most of the

photographs presented as illustrations in the main body of the report, to identify

the site of the photog'raphy and the site of the particular cloud feature, or features,

that were being illustrated. This again necessitated a coded form of reference to a

particular sectional map of the Florida area.

It is'the sole purpose of this appendix to present examples of these diagrams,

to describe them, to explain the contained information and code symbols, and to

present the Florida sectional map and to indicate the convention of reference to

this map.

C2. METHODS OF DESCRIBING THE SITES OF THE PHOTOGRAPHY AND FEATUR ES

The convention of identifying the sites of the photography and cloud features

herein is by abbreviated reference to the sectional map shown in Figure Cl. This

map shows the Florida peninsula, and the immediate offshore areas, divided into
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greater detail, concerning where within the sections the sites lie specifically, coded

reference is made to one of the nine sub-sections within each section, that is, added

reference is made to the northwest (NW), north (N), northeast (NE), west (W),

central (C), east (E), southwest (SW), south (5) and southeast (SE) subsections.

Hence, a coded reference to 5 65 SE means that the particular site lies somewhere

within the southeast subsection of section 65, which identifies the site as being

located within a square area 10 miles on a side.

In cases where the sites being referenced lie outside the sectioned area of the

Figure Cl map, the convention of reference is to specify the latitude and longitude

coordinates of the sites directly.

The photographs and mosaics of this report also contain information, drafted

directly thereon, concerning the true altitude of the aircraft at the time of the

photography and concerning the "direction of view" of the photographs.

C3. EXAMPLE AND D ESCRIPTION OF A CLOUD \MOSAIC DIAGRAM

The methods of constructing a cloud mosaic diagram were described in the

previous appendix. An example of one such diagram is presented in Figure C2.

The descriptive caption that pertains to the diagram, and to all other like diagrams

in this report is as follows:

This diagram shows a mosaic constructed from vertical photographs obtained
on 26 August 1957 from aircraft sorties number 349 and 350. The take-off time of
the aircraft was 0915 EST, the landing time was 1100 EST. The double-lined arrows
show the direction of flight.

The photographs of this mosaic were matched together along the horizontal plane
of the cloud bases and the brightest of the terrain features have been "inked out" to
improve the overall contrast resolution. The numbers immediately adjacent to the
photographic strips give the altitude of the cloud bases, as determined either by
sun-shadow triangulations or by parallax measurements. The numbers underlined
give the maximum cloud-top altitudes, as determined from the oblique photographs
using the range-thickness diagram described in Appendix B and illustrated in
Figure Bl. The arrows associated with these numbers point out the particular
places in the cloud populations to which this base and top information specifically
pertain. Sometimes, however, when the place lies well within the central area of
the mosaic, it is not possible to point it out directly with the arrows. In these in-
stances, the numbers drafted next to the arrows give the mileage to the particular
clouds, from the boundary of the mosaic, along the direction of the arrows.

Surface weather reports pertaining to the cumulus populations are plotted near
the station circles and the time of the observations is noted beneath the mileage
scale of the diagram. The sky cover is plotted conventionally except that the
coverage amounts pertain strictly to cumulus. The base heights are given in
thousands of feet and these numbers are prefaced with an E (for estimated), an M
(for measured), or an A (for aircraft). The numbers following these base heights
give the time (EST) when cumulus type clouds were first reported at the stations.
Occasionally, these times, as plotted on the diagram, may actually be later than the
latest photoreconnaissance time itself. In these cases, the plotted information tells
the length of time, after the photoreconnaissance, when cumulus activity first began
over the particular site.
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Caption for Mosaic Diagram (continued)

Cloud information that was obtained from the time-lapse whole-sky camera
is shown plotted on the diagram within the "rectangular drafted box.' The arrow
associated with the box points to the camera site, or indicates the mileage to it
(from the boundary of the mosaic along the direction of the arrow). The plotted
information within the box includes:

a) First line -- time of first cumulus appearance at the site, EST.

b) Second line -- direction of the cumulus cloud motion at the beginning of the
photoreconnaissance period and the decimal sky cover of the
population at the beginning of this period.

c) Ihird line -- direction of cloud motion and decimal sky cover at the end
of the photoreconnaissance period.

d) Fourth line -- time of the first rainfall at the sky camera site, if any.

The rainfall amounts for the different weather stations (two-hour totals for the
time period nearest that of the photoreconnaissance) are shown plotted in hundredths
of inches within "small square boxes" drafted near the station circles. The
absence of such drafted boxes at any of the airways, cooperative, or military sta-
tions means that the precipitation amount for the two-hour period was -zero. For
example, none are shown in this Figure C2 mosaic.

The surface winds at the airways and military stations are indicated vectorially.
They are dashed vectors, the lengths of which, when referred to the mileage
scale of the diagram (which is also a speed scale) gives the wind speed in knots.
A calm situation is indicated by a C drawn around the station circle.

The upper winds for the four upper-air stations, Jacksonville, Cape Canaveral,
Miami, and Tampa, are indicated vectorially by the solid vectors. As in the case
of the surface winds, the lengths of the vectors, when referred to the mileage scale,
give the wind speed in knots. The time of the winds is indicated by the number
of arrow heads drafted on the vector. A single arrow head signifies a 0700 EST
observation, a double head a 1300 observation, a triple head a 1900 observation.
The wind level is given by the numbers drafted next to the vectors, 3 referring to
3,000 feet, etc. Also, if one or more of the upper -air stations should happen to lie
just outside the geographical boundaries of the diagram, the wind observations for
these stations, for particular, pertinent times and altitudes, are shown plotted
beneath the mileage scale of the diagram.

If, for some reason, the cloud, rainfall or wind information for a particular
station could not be plotted reasonably close to the actual location of this station,
the fact of displacement is indicated by drawing the station circle as a "dashed
circle."

C4. EXAMPLE AND DESCRIPTION OF A NEPHANALYSIS CHART AND THE
ASSOCIATED CODE TABLES

The general methods whereby nephanalytical information was secured from

the aerial photographs was outlined in Appendix B. Two examples of such analyses

are presented in Figure C3, in conjunction with the associated surface and upper

streamline analyses. The descriptive caption that pertains to this combined

nephanalytical-meteorological diagram, and to all other such diagrams of this

report, is as follows:
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This figure shows two nephanalyses for 27 August 1957. These were obtained
from the vertical and oblique photographs of aircraft sorties 355 and 356 (at the
left) and 357 and 358 (at the right). The horizontal dimensions, boundaries and
pattern-forms of the cumuli and cumulus populations were established from the
oblique photographs using Canadian grids (see Figure Bl, Appendix B) and the
vertical dimensions and variations were determined from the oblique photographs
using the techniques described in Appendix B, particularly the range-thickness
diagram illustrated in Figure Bl. This cumulus information is presented in code
(as will be described).

With reference to the first of the nephanalyses, the take-off time of the air-
craft was 0825 EST; the landing time was 0910. In the case of the second, the
take-off and landing times were 1400 and 1530.

Also shown in this figure is the surface weather analysis for 1300 EST, at the
lower left, and, to the right of this, in order, the 1900 EST upper -streamline
analyses for the particular altitudes 2,000, 10,000 and 30,000 feet. These analyses
were originally prepared by the Base Weather Station, Patrick AFB.

Specific Description of the Nephanalyses

The dotted lines on the nephanalyses show the boundary of the photographic
field of view. If, for some reason, there were interior obscured regions within
this boundary, these are indicated by cross hatching.

Two different, but complementary, codes have been employed to provide
information about the geometric and pattern-form characteristics of the cumulus
populations. The gross differences are indicated by using different types of zipa-
tone, in accord with the drafting code shown in Figure C4. This code should be
self-evident and should require no particular comment, except perhaps to point out
that there is a considerable difference in the scale of the zipatone patterns, as they
are illustrated in this figure and as they actually appear on the nephanalyses. The
second method of indicating the population characteristics, their detailed charac-
teristics, was by a "two letter, one symbol" code which will now be described.

First Letter of the Code (see Tables Cl and C2)

The tirst letter of the code provides information about the geometric charac-
teristics of the individual cumuli of the populations. An illustration of the use of
the tables is provided by the following example.

Suppose that in a particular area of one of the nephanalyses the first of the
plotted letters happened to be the letter R. Then, entering Table Cl with this letter
R, we find that the visually most-conspicuous of the cumuli of the population had an
average, horizontal size of some 11,000 to 15,000 ft. Also from the table, we find
that the appropriate "input number" for Table C2 is the particular number 6 and, on
entering this table with this number, we obtain the additional information that the
larger of the cumuli were generally "tall" clouds, and that they were "leaned over,"
which, we may suppose, was the result of their development in a field of wind shear.

This example indicates the kind of information that is contained in the first
letter of the code and points out how such information can be "regathered" from the
nephanalyses by working through Tables Cl and C2.

Second Letter of the Code (see Tables C3 and C4)

The second letter of the code provides information about the general overall
characteristics of the population itself. The following example illustrates.
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RELATIVE CLASSES OF CLOUD SIZE AND OR SPACING

D SMALLER CLOUDS AND OR WIDELY SPACED CLOUDS

MEDIUM SIZE CLOUDS AND OR MEDIUM SPACING

LARGE CLOUDS AND OR CLOSE SPACING

PARTICULAR CUMULUS OR CUMULUS ASSOCIATED SYMBOLOGY

CUMULUS IN ROWS -ORIENTATION SHOWN BY DASHED LINES

CIRRUS ANVILS OR OLD ANVILS

~ INDIVIDUAL LARGE CUMULUS BUILDUPS

CLOUDS OTHER THAN CUMULUSSTRATUS (St.), STRATOCUMULUS (Sc.), ALTOSTRATUS (As.) AND
ALTOCUMULUS (Ac.)

NOTE: GENERAL MIDDLE AND HIGH CLOUD SITUATION AT ALTITUDES
GREATER THAN FLIGHT ALTITUDE NOTED DIRECTLY ON CLOUD MAP.

SYMBOL INDICATING PHOTORECONNAISSANCE PROBLEM

INTERIOR REGION OBSCURED FROM VIEW

Figure C4. Drafting Code for Differentiating Cumulus-Cloud Populations
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Suppose that in one of the regions of the nephanalysis the second plotted letter
happened to be the letter T. Then entering Table C3 with this letter T, we find that
the sky cover of the population was less than 0.15. Additionally, we ascertain that
the appropriate "input number" for Table C4 is the particular number 2 and, on
entering this table with this number, we find that the population had a very-
homogeneous appearance and that, in general, the highest cloud top, of any in the
population, exceeded the "average cloud top" by some 4000 to 8000 ft. (See footnote
to Table C2 regarding the particular meaning of the word "average.")

This example indicates the kind of information contained in the second letter of
the code and illustrates the use of Tables C3 and C4.

The Symbols (see Table CS)

The particular symbols shown in Table CS, as plotted on the nephanalyses,
provide information about the general pattern-form characteristics of the popula-
tion. This table is self-explanatory and no additional comments are required
except to note that the symbols were designed to keep the plotting space at a
minimum and that, in general, in the actual plotting, they were placed "around" the
second of the two code letters.

Additional Comments

The above code scheme makes no provision for the designation of clear
regions containing no .cumuli. These were left unidentified, if obvious, otherwise
they were indicated by the single letter C.

Also, all cumuli which had tops exceeding 20,000 feet were drafted individually
on the nephanalyses and were inked-in "solid black." The actual top altitude of
each of these was specified.

Final Specific Example

So that the code scheme will be patently apparent, one final example will be
presented referring specifically to the first nephanalysis of Figure C3. Just
north of Lake Okeechobee on this nephanalysis, near the east coast, there is an
area of clouds labeled CUI . Working through the code tables in the manner out-
lined above, we find that this population consisted of cumuli which had an average
horizontal size of 3,000 to 7,000 feet, which had vertical depths equal to their base
diameters, and which evidenced no lean from the vertical. The sky cover of the
population was between 0.15 and 0.40, the visual appearance was very homogeneous,
and the highest cloud tops exceeded the average by some 0-4,000 ft. In addition,
the cumuli were organized in a row-band pattern form.
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Table Cl. The "Average Size" of the Cumuli in Their Horizontal
Base Dimensions*

A B C D E F 3- 7,000'

G H I J K L 7-11,000'

M N 0 P Q R 11-15,000'

S T U V W X 15-20,000'

Input Numbers for
Table C2 are 1 2 3 4 5 6

Table C2. The "Typical Shape" of Cumuli of "Average Size" or Largert

"Short"
1 2 (the vertical depth is less

than the base diameter)

"R egular "
3 4 (the vertical depth equals

the base diameter)

''T all''
5 6 (the vertical depth exceeds

the base diameter)

Are "Wind Shear Effects"
apparent? (that is, do the No Yes
larger clouds "lean from
the vertic al" ?)

*If it was not possible to ascertain the above information for the particular
cloud population, the symbol %'/. was plotted (to replace the first letter).

t The term "average size" specifically refers to the particular cumuli of the
"area modal size" which, as a class, contributed the maximum to the total sky
cover of the population. Information concerning the details of this area modal-
size cumulus, and of the population geometry, in general, are supplied in the
second volume of the report.



Cll

Table C3. The Decimal Sky Cover

A B C D E F G H I greater than

0.40

J K L M N O P Q R 0.15 -0.40

S T U V W X Y Z a less than
0.15

Input Numbers for
Table C4 are 1 2 3 4 5 6 7 8 9 _ _ _ _ _

Table C4. The Visual Appearance of the Cloud Populations

1 2 3 very homogeneous

4 5 6 average

7 8 9 heterogeneous

The highest cloud top
exceeds the "averagecloud top
by (in thousands of feet) 0-4 4-8 8-12

Note: If it was not possible to ascertain the above information for the particular
population, the symbol &L was plotted (to replace the second letter).
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Table C5. Symbols Indicating Pattern Form Characteristics

Symbol

No symbol
present

First and
second letters
underlined

No definite organization of the population was visually apparent.

It was impossible to ascertain the pattern characteristics of the
population.

The cumuli were in a row-band pattern form.*

There was a tendency for a row-band pattern form.t

Groups of cumuli were present which were of a
size and these were widely spaced.$

Groups of cumuli were present which were of a
size and these were closely spaced.

relatively small

relatively small

Groups of cumuli were present which were of a relatively
large size and these were widely spaced.

Groups of cumuli were present which were of a
size and these were closely spaced.

relatively large

Notes

*The distinction between a row and a band is specified in Section 2. The fact
that rows and bands tended to coexist in the Florida populations is also discussed
there.

t~A "tendency for a row-band pattern" means that, although the photographs
gave the visual impression of such pattern, it could not be established definitely
without detailed plotting of each individual cumulus of the population (which,
except in certain instances, was not attempted).

$Specifically, a "wide spacing" implies that the average spacing between
groups was more than twice the average horizontal dimension of the groups; and
a "close spacing" means that the average spacing between groups was less than
twice the average group size.
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