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Abstract

This position paper on Inadvertent Weather Modification is based
on data characterizing the physical, chemical and dispersion state of
the stagbilized ground cloud within the first three hours after launch
supplied by NASA-Lyndon B. Johnson Space Center. From this government-
supplied information we have estimated the extent of the S.G.C. and the
particle content for times three hours, one day, three days and se;en
days after launch. We then discussed in detagil the involvement of the
5.G.C. in warm and cold cloud Formation processes and the interasction
of the S.G.C. aerosol with solar radiation for the times after launch
mentioned above. Baged on the climatology of the Florida Peninsula,
we assessed the risk fqr weather modification. Certain weather situa-
ticns warrant launch rescheduling because of the risk of )
- possible impact on hurricanes
~ hail formation and lightning acfivity
- strong wind developments
- intensification of high rainfall rates
The cumulative effects of 40 launches per year on weather modification

were found %o be insignificant.
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Preface

We have investigated the possible impact of the stabilized space shuttle
exhaust cloud ("Stabilized Ground Cloud, 8.G.C.") on the "weather" of
the Florida Peninsula for a time period of three hours after launch up

to seven days after launch.

This position paper is based on information

supplied by NASA-Iyndon B. Johnson Space Center (all data on the S.G.C.)

and on information extracted from pertinent literature.

An assessment

team was formed consisting of ths following members who have complemen-
tary research experience in vital areas of inadvertent weather modification:

Dr. Volker A. Mohnen, Divector
Atmospheric Sciences Research Center
The University at Albany

Dr. Vincent J. Schaefer
Leading Professor, Atmospheric
Sciences Research Center, The
University at Albany

Mr. Bugene Bollay, Former Chief,
Office of Weather Modification,
NOAA

Dr. G. Garland Lala, Research
Associate, Atmospheric Sciences
Research Center, The University
at Albany

Dr. Patrick Squires, Head
Atmospheric Physics, Desert
Research Institute, Reno, Nevada

Dr. James E. Jiusto, Head
Atmospheric Physics, Atmospheric
Sciences Research Center, The
University at Albany

Dr. Lance Bosart, Associate
Professor, Dept. of Atmospheric
Science, The University at Albany

Scientific Project Director and
Chairman of the Assessment Team.
Principal discussant of Chapter VI
entitled "Solar Attenuation Model
for the Stabilized Ground Cloud."

Principal discussant of Chapter I
entitled "Historical WNotes."

Prineipal discussant of Chapter II
entitled "Summary Review from Overt
Weather Modification Efforts."

Principal discussant of Chapter IIIL
entitled "Assumptions and Numerical
Values." -

Principal discussant of Chapter IV
entitled "Warm Clouds."

Principal discussans of Chapter V
entitled "Cloud Physics Processes —
Cold Clouds."

Principal discussant of Chapter VII
entitled "Florida Synoptic
Climatology."



Dr. Earl G. Droessler, Reviewer
North Carolina State University
Research Administration

Box 5356

Raleigh, North Carolina

The assessment team met twice for three days each at the Institute on
Man & Science (April 1976) and at the Atmospheric Sciences Research
Center's Field Station at Whiteface Mountain, New York (July 1976).
In the interim period, the members of the team have been in regular
contact through individual and conference calls. The problem was
approached as outlined in the block diagram.

CLIMATOLOGY OF
———— [THE FLORIDA -—— RISK

WEATHER MODIFICATION PENINSULA ANATYSIS
i~ o
‘ arm cloud cold cloud fog laerosol
‘modification| modifTication] modification! |scatter &
absorption
N N
cloud ziant ice
condensation| jpuclei nucled
nucledi

physical and chemical
properties of stabilized
ground cloud at T + 3 hrs.,

T + 1 day, T + 3 days, ¢——restriction on launch
T+ 7 days
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The following risk situations for inadvertent weether modification
due to the space shuttle exhaust were concluded:

1. Exhawst cloud encountering active convective precipitation cells
with consequent verticsl transport to the upper troposphere and potential
for acid rain

(a) sea breeze convergence during the warm season with attendent
afterncon thunderstorms. Effects include possible localized
hail and brief wind gusts in excess of 20 ms™!. Affected ares
is less than 3100 km? with a time scale of less than T + 1 day.

(b) frontal and prefrontal activity including squall lines with
attendent thunderstorms. Effects include possible localized
hail, wind gusts in excess of 30 ms ! and tornadoes. Affected
arez is 100-500 km? with a time scale of less than T + 2 days.

(¢) general air mass thunderstorms not associated with (a) and (b)
above but responding %o different summer synoptic flow patierns.
Effects include possible localized hail and brief wind gusts
in excess of 20 ms !. Affected area is less than 100 km2 with

g time scsle of less than T + 1 day.

(@) +tropical storms in the vicinity of the Florida peninsula
within 24 hours of launch time. Potential effect of shuttle
exhsust cloud caught up in the circulation of a tropical storm
is unknown in terms of inadvertent weather modification.” A sub-
sequent change of direction of such a storm might be interpreted
as not an "act of God" by some people with possible social and
legal problem from communities in the landfall region.

2. In the months November-April, when advective and radiative fogs
maximize, very significant worsening of visibility conditions in foggy
situations could occur within the area affected by the dissipating S.G.C.
up to T + 1 day (area affected up to 10% km?) and particularly under wind
flow conditions from the S~F aquadrant.

3. Minor risk associated with easterly flow in lower troposphere
(unless tropical disturbances are present)} particularly in those situations
where atmosphere is table- under those conditions, clouds do not reach
the level where ice phase processes are operative. However, overseeding
of warm clouds with CCN could result in a very significant reduction of
precipitation over the entire area affected by the dispersing cloud.

Effect diminishes after T + 1 day. (Criteria: shallow warm cloud
system and no ice phase.)

4. Stagnating anticyclonic conditions with reduced dispersion of
5.G.C. Little cloudiness is normally associated with conditions of this
type. The impact is therefore restricted only in the ares of visibility
deterioration and solar energy reduction. This constitutes therefore a
nuisance and conceivably might violate EPA standards. On rare occasions
air mass thunderstorms may develop, particularly along the sea breeze
convergence zone, under stagnant anticyclonic conditions during the
warm season. The risk would then be equivalent to 1(ec} above.



5. Possible modification of a major hurricane located east of
Florida peninsula at time of launch. Air from launch site would participate
in the storm circulation and might indeed cause some modification effects
producing unknown results. Any subsequent veering of such a storm would
undoubtedly cause serious social and legal problems.

6. Cumulative effects: for the projected 40 launches per year
assuming several days spacing between launches is considered negligible.

7. Minimal risk and impact: strong westerly winds system extending
through the lower troposphere.

Certain weather situations warrant launch rescheduling because of the
risk of

possible impact on hurricanes

hail rformation and lightning activity
strong wind developments
intensification of high rainfall rates

The cumulative effects of 40 launches per year on weather modification
were found 4o be insignificant.
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Chapter T

HISTORICAT, NOTES

The impact of modern technoleogy on the gquality and properities of
the global atmosphere has been the continuing interest of investigabors
for more than 35 years.

Some of the first problems studied related to the role that small
airborne particulates played in the formation of snow and ice erystals
in the stmosphere of eastern New York (Schaefer, l9h2). This expanded
- within a few years to the subject of the filtration of poiscnous smokes
(Langmuir and Blodgett, 1961) and then the utilization of large
quaﬁtities of smoke to protect army troops in Europe and navy ships in
the South Pacific (Langmuir, 1948),

There followed investigation of the role of airborne snow on the
communication effectiveness of sirborne radios on B-1T7 and other air-

" eraft (Schaefer, 1947}, then of the safety of aircraft flying in super-
cooled clouds (Langmuir, et al., 1946), along with the study of smow
crystals and methods for replicaiting them in the free atmosphere
(Schaefer, 1941) which led to the discovery of a method for the seeding
of supsrcooled clouds in the free atmosphere (Schaefer, 1946, 1950).

During the period of 194k-L5 some studies were carried out on the
effectiveness of A1203 as an ice-~forming nucleus, and the role played
by organic and inorganic vapors on the growth habits of ice crystals
(Schaefer, 1953).

The possible role that particles and gases play in local, regional
and global weather patterns is a research concern of an increasing

number of scienbtists. Some of the work was summarized in a review paper
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several years ago (Schaefer, 1969). More recently it was the theme of
a major conference on inadverient weather modification (Blanchard, 197%).
Studies were conducted on the effectiveness of several.different
types of particles as heterogeneous ice nuclei (Schaefer, 1949,
Vonnegut, 1947) which followed shortly after Schaefer's discovery
that dry ice and other substances colder than -L40°C(F) led to the forma-
tion of tremendous numbers of ice embryos formed through homogeneous
nucleation, Shortly after these discoveries were announced and sub-
stantiated by field work (Schaefer, 1947) in supercooled clouds, Langmuir
proposed that warm clouds could also be modified through the sudden
injeetion of large water drops or hygroscopic meterials that would trigger
or enhance coalescence and thus initiate the precipitation process
(Langmuir, 1948). A% = considerably earlier time, Houghton and Radford
(1938) had conducted field studies of the stability of ground fogs.
Following Schaefer and Vonnegui's work with dry ice and silver iodide,
Pournier d'Albe, et al. (1955) in India carried out some seeding of warm
clouds using sodium chloride. Langmuir had suggested the use of ammonium
sulfate for similar purposes, but the field tests we carried out were
not very éﬁcouraging.
Since that time, others have attempted the modification of warm
glouds by salt particle seeding (Schleusener énd Kocielski, 1971;
Biswas and Dennis, 1971; Simpson and Dennis, 1974). It should be noted
that the utilization of hygroscopic materials to affect the precipitation
process in warm clouds either overtly or inadvertently, involves an
entirely different mechanism than is involved when a change ol phase

is involved.
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The use of salt-like or watery substances involves pariticles that
must be larger than 25 m to be effective. Since dry ice or silver
iodide seeding in superccoled clouds can be effective with particles less
than 0.01 m, this means that a difference in weight or mass of aboutb
10 hillionfold is involved in producing effective particles in the two
processes if one assumes that there is a one to one relationship between
nucleus and precipitation particle. Langmuir has suggested that the
injection of large water droplets into an actively developing warm cloud
would lead to a chain reaction (Langmuir, 1948), Thus, a relatively
small amount of seeding material could dramatically accentuate the
growth mechanism. More recent attempts to model such growth mechanisms
suggest that this may be possible (Berry, 1967T).

In any event, it is important for this report on the space shuttle
program to consider both effects, i.e., whether either or both warm and
cold cloud modification is possible Trom the residue of the ground cloud
produced during launching.

The concentration of airborne particulates affecting the alr quality
of the global atmosphere has been a recent study of one of us (Schaefer,
1972; 1973; undated). Earlier it was pointed out evidence exists that
the effluent of suger centrales in Puerto Rico produced (Schaefer,

1949) much larger convective clouds than formed over the sea upwind of
the island under tradewind-cloud development. It was also suggested
(Schaefer, 1958) that the massive convective clouds which formed in
Africa prior to the start of the rain season showed strong evidence of
being overseeded with cloud condensation nuclel produced by the buraning

- of the bush on a massive scale. Such clouds, though forming to vertical
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heights of 35-40,000 feet, produced little if any precipitetion, though
the tops of these clouds formed ice crystai streamers extending for
hundreds of miles,

The possibility of the overseeding of clouds by the launch cloud
products, which might enhance their stability and repress the preci-
pitationrférming mechanisms in the loczl and dowawind atmosphere, will
also be considered.

Figure I-1 shows the basic relationships which exist between gir-
borne particulates on the global scale as related to natural and
anthropogenic sources. Figure I-2 then shows typical patterns found in
maritime air, and Fig. I-3 in continental air. BSince the air flow
pattern at the lower levels of the atmosphere over the Florida peninsula
are likely to consiét of maritime air, its modification toward continental
gir properties would likely be of interest in assessing possible

inadvertent effects.
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TTTLES OF FIGURES
Figure I-l: The Bagsic Relationships of Particle Sizes which Exist in
the Free (Global Afmosphere

Figure 1-2: Typical Particulate Sizes and Concentration Found in
Maritime Air

Figure I-3: Typical Particulate Sizes and Concentration Found in
Continental Air .
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Chapter IL
SUMMARY REVIEW
FROM OVERT WEATHER MODIFICATION EFFORTS

A, BACKGROUND .

Soon after the discovery by Langmuir, Schaefer (1946) and Vonnegut
{19L47) that there was a scientific basis for man to modify nature’s way
of producing rainfall, economic pressures and entrepreneurs were éeady
to put this knowledge to use. The time was 1946. Where are we now,
thirty years later?

Weather modification is an all encompassing term, still wsy beyond
man's fondest dreams. What we can do is cloud seeding. 1t is a
reality and there is scientific theory to back it up.

The underlying physical basis for cloud seeding is the altering of
the size spectrum or phase of the cloud condensate through the manipula-
tion of the population of the condensation, freezing or sublimation nuclei.
There is experimental evidence that micro physical changes and dynamic
changes are brought ahout when nuclei are added or when naturally
cceurring nuclei are activated.

The internal characteristics of clouds determines the behavior of
clouds, whether they grow, whether precipitation elements can develop
from the cloud droplets, and the lifetime of the clouds. The nature of
the zerosols anﬁ the updraft speed determines the number of cloud droplets
formed with the aerosols serving as condensabion nuclei., Different air
masses, maritime and continental, have varying aerosol populations,
Typically maritime air masses have aerosols ranging from a few tens to
hundreds per cma, whereas conbinental air masses may Vary from several

hundred to several thousand per em3. The mess of average cloud droplets
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is about 10~° gram and the mass of an average precipitation element is
shout 10~3 gram,

There are two processes by means of which we can explain the trans-
formation and growth of cloud particiles into precipitation drops.

One process leading to the formation of precipitation elements
depends on the availability of ice particles and thé presence of super-
cooled cloud particles. Because ice has a lower vapor pressure than
water there is a transfer of water vapor to the ice particles leading
to the growth of precipitation size elements. This is known as the
Bergeron-Findeisen process. It is believed to be the principal mechanism
in causing precipitation in the middle and high latitudes.

Another process explains the formation of precipitation elements
from clouds which are warmer than freezing, The process depends on the
collision and coalescence of cloud droplets having different size and
mass falling at different speeds through the air. In maritime air,
particularly where larger cloud droplets are expected because of the
presence of giant condensation nuclei, the larger cloud droplets can
grow at the expense of the small droplets very quickly to reach raindrop
size and fall out as precipitation. In air mass clouds of continental
origin there are many more condensation nuclei and there is very active
competition for available moisture amongst a large population of cloud
droplets and frequently no precipitation sized particles form and,
therefore, no rain falls from many such clouds.

It is believed that both processes, the Bergeron and the collision
and coalescence process are active and in competition siﬁultaneously.

There are no adequate statistics that establish the percentage of the
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total precipitation produced by either process or whether there is a
critical time factor when one process may be the dominant one in the
life cycle of a cloud.

An additional feature of the Bergeron-Findeisen process leads to
an increase in temperature resulting in increased cloud buoyancy when
supercocled cloud drops are converted to ice crysitals and the latent
heat of fusion is released,

The impact man can make in weather modification is to affect either
the condensation nuclei population and the ice forming nuclei population
in clouds (i.e., aerosols). Adding nuclei of one kind or another is
called cloud seeding.

There is ample evidence that precipitation will decrease when there is
an overabundance of nuclei, either cloud forming nuclei (CCN) or ice forming
nuclei (IN) (Project White Top, Climex I, etc.). Almost all cloud seeding
experiments in the ﬁast were carried out in the anticipation that hiere was
a shortage in netural nuclei which is not always the case, In California
and Colorado where cloud seeding has been underway during many winter seasons,
clouds having optimum seedability have been discovered as a function of
cloud top temperature (Grant and Flliott, 197k). Whenever clouds are seeded
in storms having sufficient depth 1o reach a cloud top temperature in the
range of -5°C to -25°C, increases in precipitation occur. When colder
cloud top temperstures are observed and the clouds are seeded, decreases
in precipitation will follow, suggesting that there are so many natural
ice nuclei that the addition of artificial nuclei will only increase the
competition for the available water vapor and fewer ice crystals can grow

to the size of precipitation elements. Figure II-1 illustrates
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schematically the cloud top tempersture window,
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The most cémmon nuclei used for cloud seeding are Salt and Urea for
warm cloud seeding (Collision and Coalescence Process), and Silver
Todide for cold cloud seeding (Bergeron-Findeisen process).

Precipitation Modification using the warm cloud seeding process
(Collision and Coalescence) has received relatively little attention in
this country and in the rest of the world. There are no long time
experiments that have heen accepted by the scientific community as
vardsticks of performasnce or acﬁievement. Research experiments of
short durabion and operational programs have been carried out, some
with encouraging results-but statistically inconclusive.

One reported experiment (Biswas, et al., 1967) using salt &s a
warm cloud seeding agent was conducted for a total of 18 experimental
seasons in three climatologically similar regions in northwest India during
the years 1957-1965. In this statistlcally randomized experiment, g 21% in-

crease in the total seasonal precipitation was reported,
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The technical feasibility of modifying *f;‘arm fog has been demon~
strated in certain meteorological situations., Results have shown that
the application of heat to disperse warm fog at airports appears to be
a more direct and dependasble Gechnigue without undesireable side effects,

such g8 corrosion from salt.
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B, WHERE DO WE STAND IN COLD CLOUD SEEDING

1. Cold Fog

Cold fog dispersal is operational at selected airporis and zir
bases using both surface and aircraft type silver fodide dispensers.

2. Bnowpack Augmentation

Snowpack can be increased and in some cases redistributed in
mountainous areas of the west by seeding winter orographic clouds, One
of the longest cloud seeding programs (Elliott, 1975) carried out in
this country, and still ongoing, shows an 8.5% increase in anmual stream
flow for over a 25 year period, The seeding has been carried out largely
with ground generators dispersing silver lodide psrticles in the size
range of 0,01 to 0,1 microns diameter. During a typical operational day.,
covering 15 hours, sbout 630 gr. of silver iodide are released from a
total of seven generators scattered throughout the mountains.

3. Mesoscale Modification (Winter Convective Band Modification)

A program (Brown and Elliott, 1972) indicating that mesoscale
changes can be produced by seeding convective bands imbedded in winter
storm clouds was carried out in Santa Barbara county during 1967-1971.

tatistical evidence suggested that precipitation increases over 100%
were occurring over large areas 100-150 miles downwind from the seeding
source. The seeding nuclei were produced with IW-83 pyrotechnic devices
(Navy )} producing 400 grams of silver iodide in a three minute period.
These devices were burned every 15 minutes as long as the convective band
was over the seeding area. This program can be considered a forerunner to
programs related to the modification of winter storm systems on the Pacific
Coast. It also presents gooed -evidence that sizeable extra-area effects

are likely and possible.
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b, Cumulus Modification

One of the classic experiments (Simpson and Woodley, 1971} in
weather modification deals with the precipitation augnmentation from
carefully selecied individual cumnlus clouds in south Florida. Seeding
effects of 200 to 300% have been demonstrated. The seeding operations
were carried out from aircraff and the silver iodide nuclei were generated
by pyrotechnic devices. The amount of silver iodide expended per day of
experimentation typically ranged from L to 15 kilograms. The same
program is now investigating the precipitation augmentation from
muitiple convective clouds and assessing the total ares effect. The
work is still in progress. Preliminary indications suggest much smaller
increases in precipitabion by seeding multiple clouds,

The study also showed that in south Florida (Holle, 19Th), there
are cumulus clouds favorable for seeding from mid-April through mid-
September, Outside‘of this season seedable cumulus clouds gre more
rare and at least haelf of them are assgociated with cold frontal activity
moving down the peninsuls,

5. Hail Suppression

Commercial operations related to hall suppression activities repord
success but lack satisfactory evaluation systems. A major National Hail
Research Experiment has been established by the Natlonal Science Foundabion
at the National Center for Atmospheric Research. As of this date no
results can be reported. Modification of hail forming clouds is reported

to be operational in the U.S5.5.R. and to some extent in South Africa.
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6. Hurricane Modification

The modification of hurricanes (Gentry, 1970) by expanding the eye
of the storm radially outwerds by cloud seeding is one of the major
national goals. Experiments in hurricane‘Debbie in 1969 provided en-
couraging evidence that meximum winds can be reduced by a pattern of
cloud seeding using silver iodide., Plans are now being made and the
necessary equipment and instrumentation procured to carry out an
important demonstration program.

T. Lightning Suppression

Lightning suppression experiments {(Kasemir, 1973) using silver
iodide are inconclusive. Another method of lightning suppression still
in the experimental stage uses "chaff needles” to bleed off the elec-
trical fields. This appears a promising method if operational means
Tor delivering the chaff to the electric field forming centers in
cumulo-nimbus clouds can be developed.

The modification of tornadoes or other severe storms are research
interests still in the design stage. Some excellent modelling effortis
are underway to determine where and when severe storm modification

might “be feasible,



10.

REFERENCES

Biswas, K.R., R.K. Kapoor, K.K. Kanuga, and Bh,V. Ramanamurty, 1967:
"Cloud Seeding Experiment Using Common Salt", J. Appl. Meteor.,
6, 91k-923,

Browvn, K.J. and R.D. Elliott, 1972: "Mesoscale Changes in the
Atmosphere Due to Convective Band Seeding', AMS Third Confer-
ence on Weather Modification, June 26-29, 1972, Rapid City,
South Dakota.

Elliott, R.D., 1975: "The Upper San Joaquin River Basin Cloud
Seeding Project", AMS Special Regional Weather Mod. Conf.
Nov. 11-13, 1975, San Francisco, California.

Gentry, R. Cecil, 1970: "Hurricane Debbie Modification Experiments
Aungust, 1969"; Science 168, 473-L75. -

Graut, L.O. -and R.D. Elliott, 19Thk: "The Cloud Seeding Temperature
Window", J. Appl. Meteor., 13, 355-363.

Holle, R.L., 1974: '"Populations of Parameters Related to Dynamic
Cumulus Seeding Over Florida", J. Appl. Meteor., 13.

Kasemir, H.W., 1973: 'Lightning Suppression by Chaff Seeding",
NOAA Tech. Report ERL28L,

Schaefer, V.J., 1946: "The Production of Ice Crystals in a Cloud
of Supercooled Water Droplets", Science, 10k, 457,

Simpson, J. and W.L. Woodley, 19TL: "Seeding Cumulus in Florida:
New 1970 Results", Science 172, 117-126.

Vonnegut, B., 1947: "The Nucleation of Ice Formation by Silver
Todide", J. Appl. Phys., 18, 227-228,



Chapter ITT

ASSUMPTIONS AWD WUMERTCAL VALUES
Qutline
INTRODUCTTON e s avvevnvavrranaarssssasancssasasnsassassanssseslil= L
BACKGROUND AEROSOLS..... Gessecvsasesssstecsenanassescensnrssalll— 2

VOLUME OF THE SGC AWD A®ROSOL MASS
CONCENTRATIONII...I..Il........‘l..I..C..I.I..OC..I.'.....l.III‘“ 3

1, Cloud Volume as 2 Function OFf TiMe.ciesesosseassesesssssllil= 3

2. Aerosol Mass Concentration in the
Stabilized Ground ClolUd.eceessssteresnsasosecsascsasssssllle 3

AFROSOL SIZE DISTRIBUTION AND NUMBER
CONCEN T RATION e s e v eeseonvasoancnsnarennes R 1
1. Size Distribution...seeses. teresesenne veesearsscssersnesIIIm 5

2. Aerosol Number Concentration............................III-12
SUMMARY AND RECOMMENDATIONS .. e eceersctesanssasosensna SR i 1 R

REFFBENCES-.-.--.-.---.-.-----nn.-ano-n-non-n.-o-o.notooooooIII"‘ls



Chapter III

ASSUMPTIONS AND NUMERTCAT VATUES

A, INTRODUCTION

In any attempt to assess the weather modification effect of an
aerosol cloud, one of the most important aspects is the particle size
distribution and number concentration. The distribution and councentra-
tion are important in determining whether entrainment of the aerosol
into a cloud will inhibit or promote precipitation and will also
determine the dominant precipitation mechanism. Equally important is the
background aerosol character and its concentration relative to the'
aerosol being introduced. Xnowing the distribution and concentration of
the two aerosols allows one to estimate whet@er there will be any

weather modification impact and the magnitude of the effect.

IIT-1
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B. BACKGROUND AEROSOLS

From & warm-cloud weather modification perspective, specification
of the aerosol in terms of a supersaturation spectrum is more meaningful.
A supersaturation spectrum gives the total number of particles (cloud
condensation nuclei) activated at a given supersaturation., Typical
supersaturations used are in the range of 0.2% to 2% which covers the
range of supersaturation occurring naturally in clouds and fog.
Supersaturation spectra follow a power law of the form

N = CSK

vhere 8 is the supersaturetion, C is the concentration at 1% super-
saturation and K is the slope of the spectrum. Measurements of the
supersaturate spectra over the Florida peninsula have been carried out

by Fitzgerald (1072) for aerosols of both maritime and combinental y

origins. The results of these measurements are summarized below

1l

Maritime aerosol § = 2heo gl+46

Continental aerosol N

"

5913 g0.53
where N is the concentration of particles (cm~3) activated at_a super-
saturation S, the latter being expressed in absolute units; for example,
at 5 = 10~2 (often expressed as "1%") N = 291 cm™? in a meritime
aerosol, or 515 cm~3 in & continental aerosol.

Background levels of ice nuclei for evaluating the potential
weather modification impact on cold clouds are given in Chapbter V

(Figure V-2).
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C. VOLUME OF THE SGC AND AEROSOL MASS CONCENTRATION

1. Cloud Volume as a Function of Time

The specification of the vol;me of the stabilized ground cloud is
based on a linear extrapolation of NASA measurements of the cloud volume
shortly after launch {NASA Staff-Langley Research Center). Voliume
estimates derived in this memmer are probsbly conservatively small but
offer a reasonable approximation considering the lack of data on the cloud
volume at long t;mes after the lzunch. Note that extrapolation of the growth
curve plotted along with the data leads to a cloud volume of 1200 km® at
3 hours as opposed to the volume of 600 km® used in these calculations.

Table 11I-I below gives the estimated volume of the stabilized ground eloud

at various times after launch.

TABLE III-I

Estimated Cloud Volume vs. Time

Time Volume of the Cloud
T + 3 hrs. 6 x 102 xm3
T + 1 day 5 x 103 ¥m3
T + 3 deys 1.5 x 10% km3
T + 7 days 3.5 x 10% 1m3

2. Aeroscl Mass Conecentration in the Stabilized Ground Cloud

Specification of mass concentrations in the stabilized ground cloud
is a difficult problem because of a lack of data on cloud volume and mass
concentration at long times after the launch. The approach followed here

273

that this mass is maintained in the cloud volume as specified in Table III-I.

is to start with the total emission of A1.0, in the ground cloud and to assume



ITI-k

The determination of the total mass of A1203 in the stabilized
ground cloud was obtained from integraticn of the calculated emission
of the space shuttle vehicle as given in NASA-JPL Tech. Memo. 33-T12.
Based on the information that the materiai emitted during the Lirst 20
to 2L seconds (2 3m altitude increment) makes up the stabilized ground
cloud leads to an estimate of 108‘grams of A1,504 in the cloud. Table
III-IT gives the mass concentration as a function of time based on the
conservation of the total mass of materizl ian the gruund cloud and the

eloud volume as given in Table III-I., (A 10 percent mass loss due %o

surface deposition is allowed during the Tirst 3 hours.)

TABLE ITI-IT

Al203 Mass Councentration vs. Time

Time Mass Concentration of A1203
T + 3 hrs. 150 g m~3
T + 1 day 18 pg w3
T + 3 days 6 pg m—3

T + 7 days 2.6 pg m~3
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D, AFROSQOL SIZE DISTRIBUTION AND NUMBER CONCENTRATION

1. B&ize Dist?ibution ‘

Aerosol size distributions for the A1203 aerosol were extracted from
the data presented by Varsi (1976). This data, presented in the form of
histoérams, was normalized and incegrated to obtain cumulative distri-
butions of the fraction of particles larger than the indicated size (dismeter)
and is presented in Figures III-1 through IITI-6, Power law functions were
fit to these distributions with the resulting values for N, the fraction
greater than dismeter, in terms of-D, dismeter in microns, indicated on the figures.

Inspection of these figures indicate that the data can be partitioned
into two groups: one with az steep slope (Figures ITI-1, III-3, III-5)
associated with early measurements and the other with a shallow slope
(Figures ITI-2, III-k, ITI-6) characteristic of later measurements or
long time averages. This change of slope with time reflects the effects
of coagulation at high concentration resulting in fewer small particles.
For the purpose of this study, vhich is concerned with the cloud at long
times after the launch, the distributions with the shallow slopes are
more appropriate,

Distributions obtained with the electrical mobility analyzer
(Fig. I1I-3 through ITI-6) exhitit a2 shallow slope in the size region
less than 0.07 pm. This is typical of size distribution at small sizes
where cozgulation rapidly acts to remove the very small particles.

Thus, to realistically describe the characteristics of the A1203
zerosol two distributions are needed; one for the small sizes

(0.01 pm

1A

D

1A

0.07 um) and a second for the large sizes

D

1A

(0.07 ym

1A

50 um). The distribution et large sizes has been
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terminated at 50 um because sedimentation of particles larger than this
size will rapidly remove them from the cloud.

Inspection of the size distribution at longer times (Figures ITI-2, .
ITI-4, IITI-6) indicate that an average distribution of the form

~dN = N, D73+5 ap (0.07 um < D £ 50 m)
is appropriste. AL the smaller sizes, the data can be deseribed by a
similar function of the Torm
-3 = N, D~%+7% ap (0.02 ym £ D < 0.07 m)

where the slope is one half the value for the distribution at larger
‘sizes.'

2.‘ Aerosol number concentration

Having specified the form of the size distribution, the problem of
determining the number concentration remains. The determination of the
number concentration is best accomplished through the regquirement of
mass conservation. By integration of the mass represented by the two
distribubtions, assuming the density of an aerosol particle to be
2.5 g ce~® (Varsi, 1976), and the veguirement of continuity of the two
cumlative distributions, the number concentration can be caleculated
from the mass concentration as given in Table III-II, Following this
procedure; the number concentration was calculated as a function of time

with the resulis given in Table III~IIT
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TABLE ITT-II1

Computed Aerosol Concentrations (0.02 ym < D < 50 yum)

Time Aerosol Number Concentrabtion
T + 3 hrs. 6.63 x 109 w3
T + 1 day 7.96 x 108 m~3
T + 3 days 2,65 x 109 m~3
T + T days 1.1h x 10% m3

For the purposes of this evalustion, the total mass of material in
The cloud at 3 hours is assumed conserved at later times and the form

of the distribution function is assumed constant with time.

REPRODUCIBILITY! OF THE
ORIGINAL PAGRE IS POOR
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E. SUMMARY AND RECOMMERDATIONS

Specification of the Al,0; aerosol in the stabilized ground cloud
has been accomplished in terms of cloud volume, average mass concen-
tratvion, and the particle size distribubtion. The;e ;esults have been
derived from extrapolated cloud volume data, mass of A1203 in the
ground cloud, and measured size distributions. Under the assumption
that all mass present at threé hours is present at later times and the
size distribution remains constant iﬁ form, the resulbting set of
specifications are consistent with mass conservation.

Future measurements of the zerosol in the stabilized ground cloud
should concentrate on the problem of determining the mass balgnce
and size distributidn for times exitending to at least several hours
after launch. It would also be of vital importance to measure total
particle concentration, and particularly the spectra of cloud conden-
sabion nuclei and ice nuclei during the same period., The availsbility
of a complete and éonsist;nt set of data on the aerosol in the stzbilized
ground cloud is essenpial to improving estimates of the inadvertent
weather modification impact of shuttle exhaust products. Measurements
of size distributions alone Woula be a quite inadequate substitute for

specific measurements of those properties which are of direct cloud

physical importance,
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Chapter IV

WARM CLOUDS

A, INTRODUCTORY REMARKS

As describéd~in" Chapter III, at 3 hcurs from launch, the
SGC has a volume of about 600 km3, having by then mixed with
many times 1ts original volume of ambient air within the surface
mixing layer. The enlarged and diluted cloud will then contain
an aerosol consisting of the natural background aeroseol, with
the addition of particles derived from the SGC, the properties
of which have been discussed in Chapter III. The 3-hour cloud
will continue to be further diluted with additional volumes of
ambient air during its subsequent drift downwind, and at some
point in its history may become involved in upcurrents which could
result in the-formation of cloud and precipitatiop. Even while
still in the surface layers, the SGC may become involved in con-
densation processes if fog forms.

The microphysical properties of the resulting water cloud
may be modified in several ways, as a result of the presence of
the artifically added aerosol. 1In some circumstances, such modi-
fication could have significant effects on the formation of pre-
cipitation and on the dynamical behaviour of the cloud.

With the Florida area, the enlarged and diluted SGC will usually
become involved in convective (rather than stratiform) clouds.
These form in updrafts caused by heating contrasts or by squall
line COnveggence. The artificial aerosol can then influence cloud

physics processes in the following ways:

Iv-1
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(2) It may provide giant hygroscopic particles which act
as the embryos for raindrop formation;

(b} It may modify the basic microstructure of the cloud,
tending to convert clouds which naturally would have had a
colloidally unstable maritime  microstructure into colloidally
stable continental type cloués, thus tending to delay rain forma-
tion;

(¢} It may catalyze the formation of ice particles, so
enhancing precipitation formation (discussed in Chapter V):

(d} As a result of increased ice formation, the additional
latent heat releésed may warm the cloud sufficiently to cause it
to break.thréugh a stable layer.. If this occurs, the basic up-
draft may increase, and the cloud may become both deeper and wider
than previously, with the possibility of greatly increased pre-

cipitation (Chapter V).
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B. THE S5.G.C. PARTICLE SIZE DISTRIBUTION AND SURFACE PROPERTIES

l. Size Distribution

As discussed in-Chapter I1T, measurements made on the 5.G.C.
aerosol indicate that in the size range 0.025 pm<r<5 pm, the concen-
tration (N(rp)) of particles per cm3 for which r>rp is given by
a relation of the form:

in N(rp) = al - 2.5 1n rp

It is assumed here that this same law holds for sizes up to
r = 25 pm. In the region below r = 0.035 pm, it is exﬁected that -
coagulation in the early SGC will have reduced the slope of the
distribution, which will be approximated down to r = 0,01 pm by:

In N(rp) =a, - 0.75 1n rp

- - e L i v e e s .

These relatlons obv1ously must give the same value of N(rp)

when rp =r, = 0.035 uym. Thus, the constants ay and agr which
are functions of time and decrease as +he cloud is mixed and
diluted, are related as follows:

__=1.75
eXp a = r, exp a,;

= 3.53lx109 exp ay .
all lengths being expressed in centimeters.

Writing A(t) for exp a;, it then results that in the’

range 0,035 um<rp<25 Hm,

_ ~2.5
N(z,) = A(e) =,

while in the range 0.01 um<rp<0.035 ym,

N(x) = 3.531x10° A(t) rp‘°‘75
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Taking the density of the aeroscl particles (Chapter III)} as
2.5 ¢g em™3 for all sizes, and writing Ml(rp) for the mass concentra-
tion (g cm_3) of the aerosol in the form 6f particles for which
r>rp, in the range 0.035 um<rp<25 um the mass distribution is

given by:

0.5 6.5
Ml(rl) - Ml(rz) = 52.36 A(t) (rz -

. -3, .
In particular, the total mass of concentration {g cm ~)} in the

whole range considered, from r = 0.035 pym to r = 25 pm, is 2.520
A(t) g em >,

NI

In Griting similary Mo(rp) for the range below 0.035 um,

10 2.25 2.25

Mo(rl) - Mo(rz) = 1.233x10 A(t) (r2 - ry )

and over éhe range .01 um<rp<0.035 tm, the total mass concentration

3

'is 6.143%10 ~ A(t). Thus the total mass concentration of the

.aeroéq%;}n the range I = 0.01 pm to 25 pm is 2.526 A(t) g cm -
This e;pression for the total aerosol mass concentration is essen— -
:ially independent of the lower linmit of particle radius.

At T + 3 hours, as discussed in Chapter III, the total mass
of the aerosol particleé in the SGC cloud is tzken to beA9x107 g,
the cloud volume at that time being 600 km3, so that the mean

mass concentration is 1.5x10_10 g cmb3. Thus at T + 3 hours,
A(t) = 5.938x10-ll. At later epochs, A(t) will be smaller, in

inverse proportion to the total volume of the mixed and diluted

SGC.



V-5

Thus, at T + 3 hours, in the size range 0.035 um<rp<25 Hm,

N(r). = 5.938x10 %1 ¢ 2.3,

P
and over this range, the total number concentration is 2.591x103
em” 3. , i
In the range 0.01 um<rp<0.035 pm,

N(x) = 2.097%x10" 1 rp’°'75,

and over this range, the total number concentration is 4.04Ox103

‘cm—3. Thus the total number concentration at T + 3 hours in *the
range 0.01 um<rp<25 um is 6.631x103 particles pexr cm3.

2. Surface Properties

It is assumed here that the surface properties of the A1203

particles have been irreversibly modified by reaction with gaseous
HCl and H,O to form a soluble surface layer. The reaction ié sup-
poséd to proceed to a uniform depth x cm in every particle, irre;
spective of its size. It is further supposed that the reaction
combines y grams of gaseous material with each gram of A1203,
resuiting in the formation of (1+y) grams of soluble hydrated sur;
“ace chloride, which is assumed to have a constant effective mole-
cular weight (in dilute solution) of M. Nominal values assumed

-8 7

are x = 10 © and 10 em, y = 1, M

30. These values imply an

areal surface density of the soluble product of 5x10_8 to 52{10—7 g cm-'2

(0.5 to 5 mg per m?).



C. GIANT AFROSOL PARTICLES

~ When a giant hygroscopic nucleus (r>1um) is exposed to the
saturated air within a cloud, it forms a droplet which out-
grows its neighbors which typically contain nuclei with radii of
less thén 0.1 um; this is a result of the strong depression of
the equilibriuﬁ vapor pressure over -the surface of the large drop-
let. Such fast-growing droplets can become the embryos of rain-
drops, since some of them can rather quickly reach sizes at which
collision-coalescence growth begins. It is generally agreed that
those giant soluble particles (such as sea salt particles) which
have dry radii exceeding 10 um are candidates to form precipitation

) . . . . -3
embryos, and that i1if they occur in concentrations exceeding 10

cm"3, they may well cause precipitation formation.

As discussed in paragraph B, the A1203 particles derived
from the SGC are only partly soluble. Since the giant particle
effect depends on the strong and persistent vapor pressure lower-
ing by the solute (which is very large compared with the opposing
Kelvin effect), the relevant factor is the mass of soluble material

in the particle.

It is assumed here that an outer layer of depth x cm on each

particle has combined with gases in the SGC to form a soluble
material, the reaction involving y grams of gas for each gram of
A1203. The resulting layer of soluble material then has a mass

4ﬁpp(1+y)r§x, where.pé is taken as 2.5 g cm™ > (Chapter IV).
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The mass of a sea salt particle of radius 10"'3 cm and den-
sity 1.2 ¢ cmm3 is about 5X10*9-g. The modified A1203 particle
which has a coating of soluble material of equal mass must have
a radius of about (5x10—9/4ﬁpp(1+y)x}1/2. Taking pp.= 2.5 g cm—B,
and giving y the nominal value of 1, and x & maximum value of
ZLO'"7 cm, this is about 2.8x1072 cm, which lies well above the assumed
maximum size (rP = 2.5}:10-3 cm) of particles in the SGC at T + 3
hours., Even if the size distribution assumed for particle radii
exceeding rP = 0.035 um were extrapolated to 2.8x10"2 cm, the

expected concentration at T + 3 hours would be only about 5x10“7 cmﬁ3,

which is very small compared with the concentration of such par-

ticles necessary to initiate rain formation (NIO—B cm—3).

It may be concluded that at and beyond T + 3 hours, any giant
particles present would have no significant effect on rain forma-

tion.
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D. CLOUD ¥ORMATTION

The most critical property of a particle with regard to cloud
formationh is its critical supérsaturation (SC), that is, the maxi-
mum supersaturation with which a large droplet can be in equilibrium;
As discussed in péragraph B, it is assumed that the A1203 particles
have been chiorinéted to a depth x cm, resulting in the production
of a hygroscopic water soluble material, the average molecular
weight of the ions produced at complete dissociation in a dilute
solution (M) being about 30. If a unit mass of A1203 combinas
with surrounding gas to form a mass (l+y) of the chlorinated solf
uble compound, after chlorination has occurrxed, a particle of

4

A1203 with an original radius of rp will contain a mass 37 pp(rp--x)3
) . 4 3 3
grams of unaltered A1203, together with 3T pp(l+y) [rp - (rp—x) ]

grams of the soluble product of the chlorination reaction, pp being

the density of the A1203 particles. On exposure to high relative

humidity, a haze droplet will be formed which will consist of a drop-

let of solution enclosing a particle of Al203 of radius (rp—x).

If this haze droplet has a radius r{cm), assuming that the
solution is dilute, the molar ratio of the solution (p) will
be given approximately by:

3 3
"= M 0y (1+y) {rp - (rp—x) ]

3 3 moles per mole.
Moo, [r “(rp-X) ]

where M, is the molecular weight of wafer, M is the effective
molecular.weight of the solute {assumed to be 30Q), and p- 1 the
L

density of the solution which is taken to be equal to that of water.
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As the relative humidity increases, the haze droplet radius
will increase. When the air is close to saturation (either slightly
supersaturated or slightly undersaturated} the equilibrium super-
saturation of the haze droplet (S(r)) is given approximately {(in

absolute units) by:

~ u(xr)

S{r) is stationary (and a maximum) when

20 M0 _ 3
) 2~ ur
RTer
2 3 3
_ 3 x _Moop (1+y) [rp - (rp~x) ]
3.2

M p. [r3——(rp—x) ]

The corresponding "critical" value of r(rc) is thus found by

solving the equation:

3 3 4
3 p_ (14y) [r - (r_-x)"] RT r
£(r) = £® - —P P 2
2 Mo
- 2(rp—x)3 r3 + (rp-x)6 = 0 (L

Since £ {xr) is positive at r=0, and can be shown to have cne
and only one turning point in the region r>0, f£{x)=0 has either no
real roots, or two. Since at r=(rp-x) . £(r) is negative, there-
must be two .real roots greater than zero, one greater and one less
than {rp—x). Only the larger root has physical meaning, since r

necessarily exceeds (rp—x).



The corresponding critical supersaturation (Sc) is then

given by:
20 Mo
S.=8(rJ = g - ulr))
C c RTerc C
. : P 3 3. .
In view of the definition of I Irc - (rp—x) 1 is propoxr-

tional %o rcz, and it results that:

‘ 3 3 3
20 M, 1 Zcpp M (1+y) [rp (rp—x) ] 2)

¢ RTp.xr, rc2 3 RT MpL2

S

Thus, in a’ case where the entire particle has been transformed

into a soluble material (x=rp), it results that:

32 03M M02 . ' (3)

S =
c 2 .33 3 7t
27 1+ R™Tr
pp( Y¥) Py, D

which agrees with the usual formula for the critical super-—

saturation of a soluble particle with a density equal to pp(l+y).
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An evaluation of the effect of the diluted SGC in increas-
ing the concentration of cloud condensation nuclei would tﬁere~
fore involve solving equaticn (1) to find Yor and hence evaluat-
ting S, from equation (2}. A much simpler approximate procedure
is to compare the actual SGC aerosol with one containing the same
mass of soluble material in each particle, but without the insol-
uble component (of radius (rpﬁx)). It can be shown that the effect
o0f the insoluble comﬁonent in the SGC aeroscl is to lower the
critical supersaturation of the particle. Thus the "soluble
component only" aerosol will provide. a lower bound to the effect
of the SGC on the Sc spectrum and hence on cloud forma#ion.

Consider a haze droplet of radius r formed on an aerosol
ﬁartiéle consisting of a mass m of soluble material of molecular
weight M and containing an insoluble particle.of radius r,. Tﬁen

the molar fraction comprised by the solute is approximately-

3m Mo

3)

and hence for this composite particle,.

20MO 3m Mo .
S} = - (4}
RT PeX 4mp. M(z> - x2)
L i*
. . 3as .
£ = £= =0 to £
As before Sc { S(rc))ls found by solving 5T 0 to find X

and substituting this value of r back in the expression for S(r).

Now, from equation (4),

BSC ar

_ ,38(xr) o 3s(r)
8r = 3r )rc 55; + (ari )rc
(as(r})

a r. ‘r,
i c
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asS(r)

since (&), =0
c
Hence ,
98 -9m M r.2
_ o
ar. 3 3,2
c 4ﬂpL M(rc - r )
Similarly,
2
8
Sg = 9 8¢
ari . ari I‘i
c
-18m M ¥, 54 m M r?
i - o~ i
= 3 3,2 3 3.3
4pr M(rC - Ty ) 4ﬁpL(rc - ri,)
Th . 358 () . .
us, using the fact that (~§E——)r is zero, it can be shown

that not only the first derivative of S. with respect to T is
negative, but all the higher derivations also. Hence, the critica
supersaturation of the particles is a monotonically decreasing
function of r,.

The = values for the "soluble component only" aerosol may be
deducgd from eqguation (3) by suﬁstituting 3rp2x for rp3, or alter-
natively by differentiating equation (4) with réspect to r (with
r. = 0), substituting this value back into (4), and finally sub-~

stituting 4ﬂpp(l+y) rpzx for m.

Either of these procedures yield:

32 M M0203

Sg - =

3_ 2
r

2 3
81 1+v)R™T
pppL {(1+v) D

“r
o
-

so that one may write

_ b
Sc T r
D
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32 M M 2@3
(s}

where bh™ =
BlpppL2(1+y) R3T3x

At 20°C, taking v = 1, for x = II.O”8 cm, b= 4.514x10_8. For

7 8

x=10 " ecm, b = 1.427x10° °. Warn cloud effects are dis-

cussed below for the two cases.
The concentration (N(Sc)) of particles with critical
supersaturations less than Sc is equal to that of particles

exceeding (%—) in radius. In the size range 0.035 um<rp<25 um, tr
c
distribution is given at T + 3 hours by:

1 {Eﬁ)—z.s
‘s
<

N(s )= 5.938x10°

while in the size range 0.0l um<rp<0.035 M,

b -0.75

g
c

N(SC) = 0.2097 {(

The value of b depends on that of X.

Thus, for x = 10:8 cm,

N(s ) = 1.372x10%s 2-°
(84 C

-2
for values of SC up to 1.290x10 ., For greater values of Sc,

_ 4. 0.75
N(S,) = 6.771x10" §_

-7
On the other hand, for x = 10 cHi,

g _ 2.5
= 2.4
N(S,) 2.441x10° s

-3
for values of Sc up to 4.077x10 ., For greater values of Sc’

_ 5 0.75
N(Sc) =1.606x10 SC


http:b-)-0.75
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The spectrum of the critical supersaturations (Sc} of the
natural aerosol in the Florida region has been studied by
Fitzgerald (1972} who found that over the ocean, the average
distribution was

N(S,) = 2420 500'45

where Sc is expressed, as earlier, in absdlute units (not pexrcent
and N{Sc) is the concentration of particles with critical super-
saturations less than Sc'

Over the land, Fitzgerald found:

_ 0.53
N(5,) = 5913 §_

Depenaing on the nature of the aerosocl and the speed of updra
cloud droplet formation occurs on particles with critical  supexr-

3 o 1072,

saturations typically in the range 10
The following Table IV-T compares the artificial CCN concen-
trations at T + 3 hours with the natural background concentration
found by Fitzgerald (1972).
Table Iv-1
Concentrations of artificial CCN activated at various supersatura

tions characteristic of cloud formation in the SGC cloud at T + 3
hours, and in the natural atmosphere in Florida.

S¢ ’ Concentrations (cm-3)
(absolute -3 -7
units} For x=10 “cm For x=10 ‘cm In the Natural Atmosphere
{(artificial particlies only) Over Ocean Over Land
1073 4.3x10° 7.7x10% 1.0x10% 1.5%102
3x1073 5.8x10% 1.2x10° 1.7x10° 2.7x10%
6x10~° - 3.8x10° 3.5x10° 2.3%x10% 3.9%10°
1072 1.4x105 5.1x10° 2.9x102 5.2%102
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The following Table IV-2 shows how many hours must elapse
before the concentration of artificial CCN becomes -equal to or

less than that characteristic of the background aerosol over the
land. When this occurs, the total concentration will be twice

that of the natural atmosphere. The decrease of the artificial
component ﬁas been calculated on the basis of the linear increat

in cloud volume discussed in Chapter IIT.

Table I1IV-2

Time in hours beyond T + 3 hours until the SGC is diluted to the
degree that the total concentration of CCN (artificial and
natural) is twice that characteristic of the Florida peninsula.

Sc Time (hours) beyond T + 3 hours
{(Absolute -8 -7

units) x = 10 cm x = 10 cm
1073 0 0.
3x1073 0 _ 10
6x10° 2 _ 24

1072 : 11 " 26
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E. CONCLUSIONS AND RESEARCH RECOMMENDATIONS

As discussed in paragraph C, the concentration of giant part
cles in the SGC is far too low to result in enhanced warm rain
formation.

However, at T + 3 hours and for some hours afterwards, the
SGC may contain a concentration of CCN which is large compared
with that which is naturally present. Thus if chlorination pene-

-7

trates to a depth of x = 10 cm in the Al 03 particles, the SGC

2

will have a definite effect on cloud formation for a day or more,
resulting in highly continental clouds which will be quite ineffi
cient in forming rain by the warm rain process. In the case whex

-8 cm, this effect is probably appreciable for a few houxrs

x =10
only.
Since the effects of the SGC on cloud formetion seem likely
be very significant, it would appear to be important to make dixe
measurements of the spectrum of the critical supérsaturations of
SGC aerosol. This would provide in a direct manner a far more ce

tain basis for the estimation of warm cloud effects than is pre-

éently available: or could be deduced from chemical analyses.
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Chapter V

CLOUD PHYSICS PROCESSES ~ COLD CLOUDS

A. ICE PHASE DEVELOPMENT AND PRECIPITATION IN CLQUDS
1. Genersl
Only a small percentage of clouds reach the precipitation stage.
The progression from minute cloud droplets (circa 1-25 m radius) to
falling hydrometeors, if it is to occur at all, involves three basic
Drocesses:
a. droplet collisions and coalescence
b. +the ice crystal or Bergeron-Findeison process whereby ice
crystals grow by diffusion of water vapor at the expense of
evaporating supercooled drops and from cloud vapor generated

in vertical updrafts

¢. the ice crystal process augmented by collisions with droplets
(riming) and/or other crystals (aggregation)

Warm rain or that due entirely to droplet coalescence dominabes
at tropical latitudes. It may even play a role at higher latitudes with
unstable clouds not extending to or far esbove the freezing level. The
ice crystal mechanism clearly is dominant at polar latitudes and also
highly significant at mid-latitudes. In the latter zone, where the
world's populstion and industrialized nations are concentrated,'the
ice phase combined with collisional mechanisms (item c¢) prevail. It
is well recognized that the heavier mid-latitude precipitation (rain or
snow) cen only be explained by this combination of mechanisms
(Houghton, 1950).

2. Florida Precipitation Processes

Florida, being a sub-tropical region, can experience rainfall by

either mechanism (a} or (c)} sbove. However, deep cloud systems and the

V-1



ice phzse undoubtedly are instrumental in the major production of rain-
fall on the peninsula. As described in Chapter VII, the summer rainy
season extends from roughly May to September or October. During this
time, rainfall is likely every day (50% probability) vs. 1-2 days per
week in winter, and half the rainfall comes from local showers and
thundershowers {(Bradley, 1972).

Clearly in these deep convection systems, ice nuclei and crystals
are the initial building blocks for subsequent riming, snowflake
aggregation, latent heat release, and heavy rainfall. The Florida Area
Cumulus Experiment (FACE), conducted by NOAA since 1970, is predicated
on the belief that cloud seeding with additional ice nuclei in organized
convective systems will enhance rainfall, The effectiveness of FACHE to
date is not entireiy clear; hawever, the recognized role of the ice
vphase in Florida precipitation and the comparison between ice nuclei
seeding concentratlons and that inadvertently released in NASA space
shuttle launches are highly relevant (Section C).

Stendard temperature lapse rates for summer and winter at latitude
30°N (AFCRL Handbook of Geophysics, 1965) are shown in Figure V-1,

It is evident that the freezing levels during the respective warm and

cold seasons average roughly 5 and 3.5 km., The -5°C levels, below ﬁhich
ice crystals are only rarely observed, are at approximately & and U km.

As a first approximation then, cloud systems with tops below these levels
will not bhe influenced by ice and only warm rain processes will be involved.
In strong convection, particularly in summer, Florida clouds can pene-

trate well sbove 6-8 ¥m where freezing phenomena are paramount.
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B. ICE NUCLEATTION MODES AND NATURAL ICE NUCLEI (IN) CONCENTRATIONS

1. Ice Nucleation Modes

Particles that promote.the formation of ice in clouds are believed
to do so via:

a. condensation-freezing

b. contact (with a supercooled drop)

c. sublimation (or direct deposition of vapor onto a solid
nucleant)

While uncertainty remains, the condensation-freezing process is a
principal mode of nucleation in the atmosphere. In short, mixed ice
nuclei, consisting of mainly hydrophobic composition with some hygro-
scopic sites are effective in attracting water ana then initiating
freezing. Evidence suggests that this nucleus type may represent the
most general type of IN. Contact nuclei, necessarily very small and
hydrophobic to avoid building up a water film, appear capsble of
freezing contacting droplets at relatively warm temperatures. Sublima-
Ttion nuclei now are considered to be comparatively rare in natural cloud
processes, although artificial seeding agents such as silver iodide can
act in this manner.

2. Natural IN Concentrations and Sources

While condensation nuclei are plentiful in the atmosphere, parti-
cularly over continents and at mid-latitudes, ice nuclel are scarce.
The well-quoted global concentration of IN-is 18~! at -20°C (some 6
orders of magnitude less plentiful than cloud condensation muclei).
For every 4°C temperature warming, there is an approximate order of

magritude decline in activated ice nuclei, Figure V-2 illustrates the
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average concentration of IN as a function of temperature as obtained

from the empirical function of Fleicher (1962):
N (2-1) = 10-3 exp (0.6 AT)

where AT is the degree of supercooling. While order-—of-magunitude
departures from this curve occur, it typifies measurements of natural
I concentraztion made to date.

During the last 10-15 years, however, observational evidence has
accumilated to the effect that ice crystal concentrations in clouds
sometimes greatly exceed that expected on the basis of ice nuclei con-
centrations-~by factors of up to 10%, Such occurrences seem more common
in aged maritime clouds containing some relatively large drops (Q.g.,
Mossop, 1971). Recent laboratory results (Hallett and Mossop, 1974)
indicate that this so-called ice-multiplication process may be at least
partially resolved., Crystal enhancement apparently necessitates riming
of drops larger than 25 ym dia, at selective temperabtures very close to
-5°C. In a summery of ice crystal (IC) measurements in clouds by
several investigators, it was generalized (Hobbs, 197Lk) that the‘IC/IN
ratio was on the order of 10" at -L°C decreasing to aboui 102 at
-14°C and 10! at -20°C.

Thus in those selective eclouds vwhere multiplication has taken place,
background levels of ice might be of order 1 9~1 at -14°C and 10-20 ¢~}
at -20°C (in-contrast to Figure V-2 values). The foregoing measurements
and estimates will be of relevance in estimating the importance of
potential IN released in solid rocket motor (SRM) launches by NASA

where maritime clouds are often prevalent.
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While the sources of naburally occurring ice nuclel are also tenuous,
the activity spectra of several suspected materials have been analyzed.
The earth’s surface, a logical source, contains clays, silicates, and
minerals that can serve as active IN (Schaefer, 19%9; Mééon and Maybank,
19583 Mason, 1971). Clays have activity thresholds (1 active nucleus in
~10%) at temperatures as warm as -10°C (common kaolinite at -9°C) and
reach high activity levels by -24°C. A list of some of the meterials
examined and their ice nucleation thresholds appear in Table V-I. From
collected snow crystals which were then sublimed, Kumai (1961} observed
that soil particles (clays) were the commonly found central residue. Of
relevance and to be discussed subsequently, the stabilized ground cloud

(SGC) contains large amounts of soil material sucked up from the ground

during rocket launch,
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Table V-I Tee Nucleating Ability of Naturally Occuring Particles
(from Mason 1971) -
B
REPRODUCIBILITY 0
S ORIGINAL PAGE 1S POOR

Threshold
Chemreal temperatuse
Substance compcesition Symmetry (*C) Roforences
Covellito CuS Hex =3 ME&M
Vaterito- CaC0, Hex -7 M &N
B-Tridymite 8i0, Hex -7 M&M
Magmetate Fag0, Cubie —8 M &N
—9 I&X
Kaolinite AL(OH),Si,05 Erclinic -9 M &AL
—13 &Y
Ananxite AL {QH), 81,04 Moroclmic -8 A
lite Monatlue =9 AL
Metabontonte -9 bS
Microchne - -9 M &N
Hypersthene (Mg, Fe),{5.0g) Rhombic —10 I&I
Heomutito Fe,05 Hox —10 M &3I
{Spocularita) —13 I&T
Pyrophylhte AL(OHNS1,0;5  Monoslinic —10 M
Cibksite AlL{OH) —11 M &M
Halloysize Al (OH)y Sty )
Og-2H,0 AMenoehnie —12 A
—13 M &AL
Dickite AlL{OH), Si,0; Monedlinie —12 M
Olivine (Mg, Fa),-8i0y Rhornbie —12 P&S
—18 T&I
Agquadaz C -13 M &M
Dalonute CaMg(CO,4); Hex (Rbhomb) —14 M &3
Biotito Monoecline —14 3 & 3L
Attapulgite 4H,0 (0} gs- . .
Sig0,y4H,0 Monoelinie —14 M
duseovite Monoeltnie —14 F&X
< —18 M &2
Vermiculite Monochnte —15 3L &M
Nontromte Monochnie -13 M
Monsmorillomie Monoclue —16 M
< —18 M &M
Gypsum CaB0,2H,0 Jfoneeliniz —16 M&M
Graphite s —I6 M &M
Cienabar HzS Hex -18 3 &
Orthaclase EalSiy0g Monochnie —17 IsI
<—18 M &M
Anorthocleso —17 AL &3
Quartz 8i0, Hex < —18 MEM
~19 I&X
<< —~20 LE&O
Stony metcorite -17 M &I
—17 I&l
(2 specimens) < —~I8 M &I
{3 specimons) <l --17 M
Voleanic osh:
10 Japanese voleances i —~12t0 =18 LK &O
Mi. Eina -~13 M&EM
Crater Lake, Qrogon —16- 5
Yaricuten, Mexiso -3 S
Soils: .
Amerwan-loam, clay, —$t0 —25 8
Clay —11 P &S
Y.oess, N, Ching, —12 I&l
. —13 LELO
Looss, Hanford,E.S.A. —11 5

The following substances wore found by Mason ¢ al. to bo nactive at tomperatures
above —18° C: Monimonllomte, saprolite, albite, tale, sand, guariz, w-tnidymite, and
soveral samples of stony meteor:te.

M &M == Mason and Meybank (1958}, M = Mason (1960¢), I & I = Isonc and Tkebe
(1960), I, K & O = Isono, Komabayesw, and Ono (1959),.P & S = Pruppecher end
Senger (1955), 8 = Schaefor (19495).
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C. ICE NUCLEATION OF FLORIDA CLOUDS BY THE S.G.C.

1., Activity of Rocket Exhaust Particles - A1203

As noted in Chapter III, the stabilized ground cloud is generally
confined to the first 2 km above ground. Within that gliitude increment,
the corresponding rocket burn yields approximately 7-10 x 107 g of
A1203; see sanple Table V-II (from NASA JPL Tech. Memo 33-T712).

Some uncertainties exist as to the dominanit crystalline phases and
exact surface composition of the A1203 particles, particularly upon
interaction with gaseous and agueous HCl. Investigators at NASA-Langley
Research Center (LaRC} (Cofer and Pelleti) have suggested that a major
proportion (by number and also surface area) of the alumina produced by an
SRM tends %o consist of submicron-size metastable alumina types. This
Jjudgment was based partly on LaRC x-ray diffraction results obtained on
alumina collected by JPL from small SRM's fired in a cleosed tank; findings.
agreed with the electron diffraction results of Robbins and Strand (1970},
i.e., the large spherical particles (0.2 to 1 um) were predominantly stable
alpha-alumina and the irregular submicron particles (highly agglomerated
as received) were predominately metastable gamma-alumina.

However, the slower effective particle ceooling rate in the exhaust
plume of a large SEM may significantly increase the percentage of the alpha
form, as observed in recent measurements by Varsi (1976). He reported that
Titan III particle samples, collected at high altitude by NASA-Ames and
examined by both trensmission and reflection electron diffraction at JPL,
indicated "...mostly alpha phase for particles in the 0.1 pm size range."
Although earlier JPL transmission electron diffraction measurements

", ..on just a few 0.1 um particles collected by JPL with an impactor" at
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Table V-II Exhaust Products Released into Atmosphere .
by Space Shuttle SRMs (Partial list: Mission 2)%

k™
Exhaust productsa
Average -
Altitude band, Aaltitude, Time, Atime, mass  Mass, A1203 HCl co C:O_2
km ki s B flow, 103 kg
R 103 kg/s 0.302028 0, 209315 0.241T19 0.n343946
Exit ~ Exat
04-0.0095 0.0095 0-2 2 9.444 18.88 5,704 3.953 4,565 0. 6495
0.0095-0, 039 0. D295 2-4 G. 446 18.89 5.704 3.953 4.565 0. 6496
0.139-0, 087 0.048 - 4-6 9.446 5.705 3.954 4. 566 0. 6496
0.087-0.160 0.073 6-8 9. 447 ) 5.705 3.954 4.566 °  0,6497
0.16-0.25 0. 090 8-10 2 9.448 18.89 5.706 3.953 4.566 . 6493
0.25-0.50 ¢, 250 10-14 4 9.449 37.79 11.41 7.912 9.134 1.300
0.50-0.85 0.35 14-18 I 9.451 37.79 11.41 7.911 9.136
¢.85-1.3 0,45 18-.22 g.451 37.80 11.42 7.912 -2 9,137
1.3-1.9 0. 60 22-26 4 9.454 37.81 11.42 7.914 9.13% 1.300
1.9-2.2 0. 30 26-28 2 9.445 18.89 5.704 3.953 4,565 0.649%6
2.2-2.5 0,30 28-30 2 9.292 18.58 5.612 3.889 4.491 0.6390
2.5.3.3 0. 80 30-34 4 8.859 35.43 10.70 7.416 8.564 1.219
3.3-4,2 0. 90 34-38 1 8,282 33.12 10.00 6.933 8.006 1.139
4.2-5.1 0.20 38-42 4 7.705 30,81 9.307 6.450 7.448 1,060
5.1-6.0 0. 90 42-45, 44 3.44  7.123 24.50 7.399 5.128 5.921 - 0.8426
6-9 3 45.44-56.06 10.62 6.526 69.29 20.93 14.50 16.75 2.383
9-~12 . 56.06-65.52 9.46 6.630 62.70 18.94 13.12 15,16 2.157
12-15 . : 65.52-74.0] 8.49 6.925 58.78 17.75 12.30 1+£.21 z.021
15-18 " 74.01-81.64 7.63  7.147 54.52 16.47 11.4} 13.18 1.875
18-21 81,64-88.70 7.06 7.270 51.32 15.50 10. 74 12. 40 1.765
21-24 88,70-94.90 6.20 7.320 45.37 13.70 9.497 10.97 1.561
24-27 94,90-100.8 5.90 7.298 43,05 13.00 93.011 10.41 1.481
27-30 100.8 -106.2 5.40 7.227 39.02 11.78 2. 167 9.431 1.342
30-33 106.2 -111,2 5.00 7.089 35.43 10,70 7.417 8.565 1.219
33.36 111.2 -116.08 4.88 6.230 30.40 9.180 6.362 7.347 1.045
36-39 3 116.08-120.80 4,72 3.227 15.24 4.602 3.189 3.680 0.5241
39-41.6 2.6 120.80.124.85 4.05 0.8(86 3.519 1.063 0.7366 0.8506 0.1210
TOTAL 915.6 276.5 191.46 2z21.3 31.49

2The mass is indicated below the symbol {or each specie,

 PH I
REPRODUCIBILITY OF ThE
DRIGINAL PAGE 18 POOR

#NASA JPL Technical Memorandum 33-71
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lower altitude, showed the gamma (cubic) structure, Varsi (1976) concluded
that "At present it would appear that the evidence is in favor of alpha
(hexagonal) structure for the material injected into the stratosphere."

A recent assessme;% of the interaction of varicus aluminas with gaseous
and agueous HCL (Cofer and Pellett) indicated that both the metastable (theta,
delta, gamma) and stable alpha forms chemisorb gaseous HCl, either dry or
moist, to yield significant coverage of the surface by soluble chloride
("saturation” at 12 ﬁz/molecule). In fact, recent studies of anhydrous EC1
adsorption (up to 20 torr) at Virginia Polytechnic Institute (WASA~LaRC Grant)
have indicated that surface cove:agé for an alpha sample (alT iz/mﬂlecule)
was gbout twice that for a Alon~C gamma sample (33 Kz/molecule).

Summarizing possible A1203—HCl interactions, while the metastable aluminas
tend to be more soluble in the bulk than the alpha (hexagonal) variety, all
the known forms of alumina sgppear to chemisorb HCL and exhibit the potential
for attaining relatively high surface coverages of soluble chloride. Thus
the probable.result of in-cloud chemisorption processes is the production of
partially soluble particles which tend to be less effective as ice nucleants;
how much less is uncertain,

Since alpha Al503 is a reasonably active IN source and because of phase
and surface-composition uncertainties, we will tentatively assume that as
much as 1 to 10% of the total A1203 is of the stable type. As subsequent
estimates will show, the exact percentage is highly important and must be
determined accurately.

Thenks to the cooperation of the China Lake Naval Weapons Center and

Drs. William Finnegan and Kirk Odencrantz, nucleation tests were run at their

facility. They burned an aluminum solid-propellant in their 15 m3 cold chamber
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and determined the temperature activity spectrum of the stable A1203 S0

produced. Their results appear below in Table V-III,

Tgble V-III. Al;03 (Stable) Ice Nuclei Activity

Temp. Output per gram (AgT comparison)
-1k to -15°C 1-2 x 108 g~1 101 _ 3015 g1
~20 a1l x.1010 g2 1015 . 3 x 1015 g-1

Tn short the threshold of activation was at -1t to -15°C with the
TN concentration reaching V1 x 101Q g‘l at -20°C. For reference, the
typical effectiveness of the best cloud seeding agent, AgI, is also
indicated for various generators (Fletcher, 1962).

The concentration of effective IN in the SGC is ai any time (cloud
volume) and temperature given simply by:

Mass of A1,05 x Activity (g=1)
Cloud Volume

IN =

For example, at (T + 3) hours the cloud volume is 6 x 10% km3
(6 x 101" 2). Assuming the unreasonsble cese where all the Aly03 is
nonchlorided (stable) and T = -1L4°C, then:

_ (7 x 107 g)(108 g-1)

v 10 278
6 x 1014 g

Iy

Adjusting for the perhaps still conservative values of 1-10% stable
A1203, the concentration of IN at -14°C would be 0.1 - 1 £~1, Continuing
in this mamner for two cloud temperatures; the 1-10% stable A1203

assumption; the expanding cloud volume with time and initial A1203 mass
of lSd ug n-3 as given in Chapter ITI; the IN concentration wvalues of

Table V-IV result,
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Table V-IV, ZIce Nuclei Concentrations from Als0; (1-10% Active)

(Values versus time and temperature)

Cloud
Time Yolume - In(-1kec) - IN (-20°C)
(T + 3 hrs) 6 x 10%°xm® 0.15 - 1.5 2”1 15 - 150 &1
(T + 1 day) 5 x 103 .02 - 0,2 2 - 20
(T + 3 days) 1.5 x 10%. .006 - .06 0.6 - 6

Comparing Table V-IV estimates of potential Als03 ice nuclei with
the natural atmospheric IN background of Fig., V-2, it is evident that the
added component is not insigpificant. If 10% of the A1203 is of the
stable type, the ice nucleil conceivably produced is roughly 1-2 orders of
magnitude sbove background at (T + 3) hours; and still a Ffactor of 2-5
above background after 1 day. Even for 1% siable Al1203 and (T + 3) hours,
note at -20°C that 15 £~' is well above the often quoted natural atmos-—
pheric level of 1 %=1, In maritime clouds where ice muttiplication may
be taking place, the differences between SGC and natural IN concentrations
are not so great. fter three days natural IN levels generally ibut not
necessarily always) exceed the values in the expanded rocket cloud volume.
Precipitation scavenging, during the rainy season in particular, would
likely reduce the residence time and concentration of SGC particulates
to insignificant values at 3 days and longer. It must be emphasized
that this entire raiionale hinges on 1-10% of the A1203 being effective
as IN and the rest not at all.

2. Ground Component of Ice Nuclei

An added consideration is the amount of ground soil drawn up into

the SGC during rocket launch. If Fig. V-3 (NASA Notes Ref, 1k) for a
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Titan IIT launch is representative, then the total suspended meterial sampled
at ground level is some 30-100 times that of the A1203. Some of this ground
material will undoubtedly constitute potential ice nuelei. Most clisy-
silicates, as shown in Table V-1, will be more effective (warmer.nucleation
thresholds) than the Al,05, provided no HCL "poisoning" takes place. These

active particulates are often found in trace amounts in the earth's erust

and may not be abundant at Cape Kennedy; typical sand is not active at
temperatures above -18°C (Mason, 1971). Nevertheless, it is inevitable
Tthat some ground particles will serve as IN and the concentration may
well be significant, as the previous numbers demconstrate. More research
and instrumentation on the chemistry of SGC particulates and IN
activation spectra are cleerly in order,

3. Cloud Seeding Implications

Thus the potential for some cloud seeding exists, particularly
within several hours or perhaps a day of launch. The higher values of
Table V-IV (15 - 150 2-!) represent substantial seeding concentrations;
cloud seeding programs often are designed on comparable values. The
NOAA Florida FACE program, aimed at "massive" cloud seeding, attemptis
to inject 100 AgI nuclei 2~} active at -10°C levels. An example of the
effectiveness of small pryotechnic seeding rockets (U.8. Navy and Olin
Corp.) used on the Florida program is shown in Fig. Voli, While their
AgT activity (g=1) at -1k to -20°C is 3-4 orders of magnitude higher
than stable AlpO3, the great quentity of Al,03 released in shuttle
rocket burn results in the relatively high IN concentration of Table V-IV.

Returning to the impact on Florida peninsula clouds in summer, the

Alo03 activation threshold of ~14°C corresponds to an average 7.2 km

LS
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altitude (Fig. V-1)., Wote that temperature structure can depart sub-
stantially from the standard lapse rate, However, in general it can

be stated that clouds with tops below 6~T7 km will not be influenced

by Al,05 ice nuclei (in winter, 4.5-5.5 km cloud tops appear tolerable).

In deep penetrative convection associated with well develcoped cumuli
and thunderstorms, seeding material most assuredly can reach levels of
) substantial activation (roughly T-10 km in summer; 5-9 km in winter).
Above these levels (—3500)1 generally there are natursl IN concenbtra-
tions far greater than man can produce. In fact at approximately -40°C
(10-11 km), spontaneous crystallization of supercooled water drops
occurs without the need of any nucleating particles.

The significance of enhanced IN concentrations is far more diffi-
cuwlt to assess. Exact cloud seeding effectiveness has been and continues
Lo be a subject of déba%e. In broad terms, given suitable environmental
conditions and substantial supercoocled clouds, IN seeding of the order
of 10 2-1 is believed by some to increase precipitation by perhaps
10-20%. More massive seeding {cireca 100 £-1!} in thunderstorm airmesses
reportedly can diminish damaging hailfall (Sulakvelidze, et al., 1967;
Burtsev, et al., 1973; Miller, et al., 19Tk). These two weather modifi-
cation effects--potential rainmaking and/or thunderstorm diminution--are
most relevant to Florida., Neither are neéessarily detrimental , especially
the latter., Aliternately, seeding at an inopportune time can have the
effect of suppressing cloud development and rainfell {(Braham, 1966). I%
has b;een postulated (Schleusener, 1968) that Agl seeding rates higher

than 2 kg hr™! tend to enhance convective activity.
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4, Rocket Release Above the SGC

While this analysis is concerned with the low-level SGC, the
possible IWM effects at higher levels should not be ignored., It is
evident from Table V-IT that approximately 8 x 107 g of A1503 are
released at 2-12 km altitudes, a mass equivalent to that in the first
two km. Considering that the vertical exbtent is 5 times as great and
that dispersing winds are greater at higher leveis, the resultant ice
nuclei concentrations of Table V-IV should be down by roughly an order
of magnitude at these higher altitudes, Alsc ground soils, ingested into
the 3GC, will not immediately reach these levels except by subsequent
strong convection. Thus, the possible IWM impact by direct AlsOg
releage at high levels, while s potential factor in certain circum-~
stances, is proportionately diminished.

5. Summary IWM Implications

In surmary, on the assumption that 1-10% of the space shuttle
rocket Al,Cs (and/or entrained earth material in the SGC) are effective
ice nuclei with a threshold of ~3L4°C:

a. The potential for inadvertent weather modification (IWM) exists.

b. The effect could be that of allering precipitation amounts,
hail, and severe winds; in the uncontrolled situation involved,
the net result could be either an increase or decrease.

c. Concerning rainfall it is more likely that such an effect would
lead to an increase of modest amount and be of modest signi-
ficance (based on non-orographic cloud seeding conducted to
date): because of the crucisl timing and sizable seeding re-
guired to modify hail development, significant alteration

appears more improbable, though possible by chance.

d. Seeding effects are more likely in summer when strong convection
can carry particulates upward to colder-IN activation levels.
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The levels most conducive to ice nucelei erystallization are
approximately 5-10 km, the higher end of the range in summer
and the lower levels in winter.

Any IWM is more probable et shorter times (T + 3 hours), owing
to higher TN concentrations, with the impact diminishing with
time. Concentrations may still be somewhat above background
after one day in continental type clouds but probably not
enough so to perturb weather significantly. At 3 dsys and be-
yond, IWM is considered highly improbable.

21,04 (IW) released above the SGC in the 2-12 km altitude range
are less concentrated by sbout an order of magnitude. Sone
near-term short-range IWM could result if susceptible clouds
are present.

Because of washout and dilution effects of the S5GC with time
(particle residence time of a few days in the lower tropos-
phere), no cumulative IWM effect from the projected 40 launches
per year is likely. As an added precaution, spacing of rocket
launches by several days is recommended.
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D.  RISK ANALYSIS

1, Evaluation Guides

The previous section {C-5) referred specifically to the weather
modification risks associated with shubttle rocket launches. In parallel
fashion, one can examine those conditions most favorable to the NOALA
FACE seeding program. Their suitable criteria for rain auémentation
in Florida are listed in the first column of Table V-V, All "suitable'
conditions are relevant risk guides-for NASA purposes with the exception
of item 7. Here, even isolaied (la;ge) cumuli could be subétantially
stimulated on a local scale.

To this list of most susceptible see@ing conditions influencing
Florida, one should add the following:

a. short time periods (hours) after launch

b. when thunderstorms or large cyclonic systems are in the vicinity
at time of rocket launch

c. when winds are calm or easterly

d. ibtems (e¢) through (g) of the previous section relating to

most conducive season (summer); altitudes (5-10 ¥m); strong
convechion; and cumulative consequences {only with shori-
intervals between launches).

Conversely, the second column of Table V-V indicates conditions least
favorable for weather modification--planned or inadvertent., Wherever
possible, NASA launch schedules should attempt to take advantage of
thesge mesoscale and cloud-microphysical factors. Prevailing westerly

winds would also assure that any possible IWM effects take place over

the ocean and not over Florida.



10.

Table V-V

Conditions Suitable for
"pynamic” Seeding of Florida Cumuli

unstable lower ‘Lroposphere, stable middle
troposphere and unstable upper troposphere
with moiscure values not too dry or too
wet throughout

hard cauliflower appearance to clouds

tower moving upward through flight
altitude

cloud liquid water content in excess of
1.0 gm‘3 as measured by Johnson~Willlams
device

ice particle content less than 7.5 per liter
vpdraft velosity in excess of 7.5 m secl
convection nelther very isolated nor very
disturbed

weak wind shear conditions

weak low-level winds

continental air mass characteristics

updraft velocity less than 5.0 m see™

Condirions not Suitable for
"Dynamic" Seeding of Florida Cumuli

atable lower troposphere ov unstable troposphere
through mid-levels; very dxy or very wel through
large regloa of troposphere

fuzzy appearance to clouds
no upward motion to tower

cloud water content less tham 0.5 gu™> as
measured by Johnson-Williams device

ice particle content greater than 20 per liter

1

suppressed conditlons or disturbed conditiona

atrong wind shear conditicns

strong low-level winds

maritime alr mass characteristics

Florida NOAA TFACE Seeding Criteria (Woodley and Sax, 1976)

Ixplanation

TFor optimum dynamic seeding effeces, eumulus
clouds need to grow naturally to abourt ~1°C
but should be stopped by a capping inversion;
heat released by seeding allows cloud to grow
beyond inversion into unstable layer abave.

Hard appearance is Indicative of young, .
vigorous cloud with a coplous quantity of
supercooled water,

Cloud should be in growing stage of its life
c¢ycle for optimum seeding effect, '

Johnson-Williamg instrument measures water
content of drops <30jm radius; the presence of
supercooled cloud drops is indicative of a
youthful tower which has not yet started on
the "downhill" part of its life cycle.

Seeding 1s pointless 1iF larpge comcentrations
of naturally-formed ice already exist in
wloud updraft reglon.

Strong updrafc is indicative of youthful
cloud.

Secding cffect beeomes indistinpuishable 1f
all clouds grow to great heights, however,
cumulus towers should form in elose proximity
if geeding is to cause mergers.

ACirrus blowoff can decrease surface heating

and thus suppress new convection; also natural
seeding from c¢lrrus anvals can confusa experi-
mentation.,

Continuity of thermils destroyed by strong
low-level winds and convection Is suppressed.

It is suspected {though not confirmed) that
natural glaciation occurs more readily under
maritime air mass conditions.

Te-A

H00¢ §] gOvd TVNIHIH0
HHE, 0 AIITaonaoaday



V-22

2. Magnitude of Possible IWM

There is reasonable agreement thab the'seeding of layered super-
cooled clouds over orographic terrain can produce precipitation increases
of the order of 10-20% (National Acadewy of Sciences, 1973). The
seeding of cumulus clouds brings inte play more cloud and environmental
variables and less predictable results (Neiburger, 1969). Perhaps the
most positive such experiment conducted to date is the Israeli 1961-1966
program in which an average 18% precipitation increase was reported.
Simpson and Woodley (1971) reported cases of explésive growth of seeded
mgritime clouds with perhaps a doubling of precipitation at cloud base
level as revealed by radar. (Gro;nd level precipitaiioh enhancement
‘ would logically be substantially leés, but no corresponding measure-
ments were obtained,) There are numerous other cumulus programs that
show 1ittle, if any, increase in precipitation and in some cases decreases.

Based on'these deductive considerations, the upper limit risk factor
for ITWM on the NASA Space'Shuttle Program could be 20% on a local scale
and over short time periods (hoﬁis). This is considered =z pessimistic
view and except for rare situations, the risk factor should be much less.
Should the percentage of active Alps03 in the total exhaust be less
than 1% and should ground soils in tﬁe‘vicinity of Cape Kennedy be
generally devoid of effective clay-silicates, TWM effects via cloud
_glaciation reduce to the noise level.

Until more information is cobtained on the exact chemistry and
ice activation specbra of rocket and soil mabterial within the SGC,
caubtion is advised. Launches, whose rocket plumes could interact

with existing or predicted large cumuli {or a strong sea breeze regime)
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within 1-3 hours, are not recommended.

3.

Recommendations

It is advised that further NASA efforis be conducted to provide

information vital in validating certain ice phase assumptions necessary

in this

&.

evaluation. These recommendations are as follows:

determine the percentage of stable A1203 generated in the
shuttle exhaust plume

perform additional ice nuclei activation spectra of AlxOg
(as done by the China Lake Naval Weapons Center for this
analysis) and, if possible,

1. at high temperatures approaching rocket burn and

2. with the identical SRM propellent mix

in future penetrations of the stabilized ground cloud, include
menbrane filter collections of particulates, These filters
can subsequently be processed in the laboratory for perhaps
the most definitive indication of ice nuclei active at -
various temperstures (alsoc fly sn automatic IN counter)

establish a ground network to evaluate possible downwind
changes in precipitation patterns and to collect rain water
for chemical analysis {e.g., Alnx03, pH).
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Chapter VI °

SOLAR ATTENUATION MODEL FOR THE STABILIZED GROUND CLOUD

The effects of aerosols on the atmospheric transmission of solar
énergy have been debated since early in this century. Humphreys (1913)
concluded that volcanic dust caused a cooling in the average surface
temperature of the earth, The effect of the increasing haziness around
cities, which is sattributed Ho inéreased air pollution, has been studied
by numerocus authors. Bryson (1968) has ‘concluded the steady decline in
average temperature of the eartﬂ over the past decade is a resulst of
increasing global pollubion levels. itchell (1971), also working on the
problem, showed that increasing pollution may lead to a warming or a
cooling of the earth depending on the serosols' radiabtive properties.

On a smaller scale, the effects of increasing air pollution in urban
areas have been summed up by Lendsberg (1962) and Peterson {1969). Their
Tindings indicate that urban areas receive an average of 15 to 20% less
solar radigtion than rural regions. The reports guoted here indicate the
uncertainty in ascertalning the direct effects of air pollution on solar
energy.

The model was designed for rapid operation by reducing computational
demand wherever possible. In addition, the model was designed to reguire
only easily accessible input da%a. This criteria served the final goal
of maintaining generslity and versatility in the models when possible.

The transmission of solar radiation through the atmosphere is coil-
puted using an iterative technique to éolve the radiative transfer
equation (Dave and Gazday). This technique first approximates the
total intensity as that due o first-order scatiering only. Successive

approximations include the next highest order or scattering until the

-
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desired accuracy is cobiained. Thus, the final calculated intensity in-
cludes multiple-scattering effects to the order of accuracy desired.

The transmission of sunlight through the atmosphere is a complex
Phenomenon. Rough estimates of the loss of radiation from a direct heam
of sunlight can be obtained guite easily using single-scattering technigues
(Van De Hulst, 1957). However, since we are interested in determining a
heat budget at the ground, we are required to use more complex bechniques
referred to as multiple-scatitering spproximations. Single-scattering
techniéues yiei& the amount of solar energy lost from the direct beam of
sunlight (direct radiation); the multiple scattering method, however,
yields the single-scattering result with éhe addition of all the light
(diffuse radistion) scettered in the downward direction., Since the earth's
surface collects all sunlight directed downward, the multiple-scattering
result is significantiy more accurate for our purposes (Hammond, 1973).

Multiple—scattering»calculatiohs are considerably more complex
because they require the solving of an integro-differential equation
called the radiative transfer equation (R.T.E.). The equation has
historically been used largely in the fields of astronomy and physics.
However, with the realization that anthropogenic air pollution may effect
the global radiation balance, and hence the climate of this planet
(Charlson and Pilet, 1969), the R.T.E. recently has been used to calculate
the effects of pollution of the atmospheric radisgtion balance of the
earth.

In principle we kuow how tc solve the ﬁ.T.E. using one of the various
numerical technigues., The most widely used methods include the doubling

method (Hausen, 1971), discrete ordinate method (Chandrasekhar, 1960),
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spherical harmonic method (Bergstrom and Viskanta, 1972), and the iterative
method (Braslau and Dave, 1972). The computational demand of the dis-
crete ordinate method is quite Jarge, thus this method was not ubilized
for the model. Of the remaining three technigues, the iteravive mebthod
was chosen for this model because program nddifications are easily per-
formed using this method.,

The primary difficuilty encountered in applying these technigues is
the caleculation of the scatiering and absorption properties of the medium.
Scattering and absorption of electromagnetic radiation (light) by par-
ticles or droplets are described by Mie scattering theory. Mie scattering
theory is the classiecal solution deseribing the interaction of électro-
magnetic waves with spherical bodies. BScaitering theory uses the
refractive index of the particle, the size of the particle and the wave-
length of the interacting light to calculate the scattering and absérption
properties of the particle.

The effects of cloud droplets and serosol particles on the incoming
solar radiation can be calculated by ugsing the Mie scabtering theory,
Sinee serosol particles occupy a2 whole range of sizes, the overall
optical characteristiecs of an aerosol are obtained by integrating the
optical properties of each size intervael over the whole range of particle
sizes, The effects of clouds on solar radiabtion require a complete
knowledée of the droplet size distribution and concentration within the
cloud (Twomey, et al., 1970). Since this data is generally not avail-
able, we must resort to average cloud conditions. Therefore, we assume
thet the cloud is homogeneous {all particles are the same size)} and

that the concentration of cloud droplets present is directly related to
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the amount of cloud cover reported. Using these approximations, the
effects of clouds can be calculated by using the Mie scattering properties
of g singie sized wabter droplet in varying concentrations, This

technique provides a method of including the effects of aeroscls and
cloud droplets on the atmostheric transmission of sunlight,

The effects of cloud droplets, aeroscl particles and the gases
present in the atmosphere are combined to produce the overall trans-—
mission properties of the atmosphere, The model developed for this pur-
rose is a modified version of a model developed by Braslau and Dave in
1972. The model divides the atmosphere into a number of layers. The
optical properties are considered constant throughout each layér,
but may change from layer to layer. The model computes the diffuse
radiation at each level:in the atmosphere. The total amount of sun—
light transmitted throughout the atmoséhere to the ground level is
then calculated by adding the amount of diffuse radiation in the
downward direction to the attenuated amount of direct radiation, This
result provides the amount of sunlight which strikes the earth's
surface,

Transmission of abtmospheric radiation is calculabed using the
plane-parallel form of the radiative transfer equation. This equation
calculates the transfer of monocromatic light through a non-homogeneocus

atmosphere and may be written:
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ud_I_'(_;_-;;_l'_ﬂl = I(T;‘A,‘#) - W(t)rI(rsu,é) (3)

]cos 6] where 9 is the angular deviabion bebtween the angle

=
m

of propagation and thg local zenith p is defined as upward,
while -y is downward

¢ - azimuth angle from the horizon

. d = is called the source function, it provides the amount of .'
radiétién added to a specific direction (u,'¢) due to
“scattering from all other angles

T -~ normal optical depth, it is the sum of optiecal depth due to

scattering and absérptign.by molecules and particles - -
7(S, M) -~ optical depth due to Mie scattering (particles)
T(é,-R) - optiqé} depth due to Rayleigh scattering (molecules)
T(C; M} - opticel depth due to Mie absorption (particles)

W -~ albedo of single scattering, defined as the ratio of‘oﬁtical
depth due to all types of scabiering divided by total
opticel depth N ‘

I .—: ‘intensity of radiation at optical deptﬁ T i1l'1 the- a‘tmosp‘neré >

ijropagating in the &irectioﬁ {u, ¢}

The-s':our;:e funetion inecludes all scattering and absorption proper-
ties of the medium. Essentially it reﬁresents the amount of direct
radiation which Is converted to diffuse radiastion by interaction wiih
© the mgdium. The soures function can be.repfesented_bx an equation.of :

the form:
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. T
J(t3p,¢) = hreTHo Plagusdion . )F +

+1 2n ) =
Semef [ B(riu,45mt 50" ) (k)
7% .
, I(r;u',¢‘);du"d¢‘
F = Flux ab top of almospher:
T, H; ¢ = have same meaning as before .
Voo ¢0 -'répresent the direction of incoming diffuse radiation ':
P ~ the phase function
The phase funétion represents the angular distribution of the scattereé
rgdia§ion. The normalized scattering function is defined by:

O B(rousdsnts8") = T(x) Mu,g5uT,40) +

. (5)
[2 -~ 2{x)]-R{u,d5u",9")

(1) - turbidity factor and is defined as
() = At(s,M)/[at(s,M) + At(S,R)]

M - the normalized Mie scattering phase function

R - the normalized Rayleigﬁ scattering phas; function
fhe freatment of the Mie and Rayleigh phase functioqs is deter-
. mineé hy'ﬁhe numerical technique chosen. For use in the jterative
' techniqug,_the functions gre expaﬁded in a'fourier series vhose argu—.
"ment is the difference b;tween the azimuth angles of the inciaent and
scattered radiation. When this technique is emplpqgg it is advantageéus
to express the intensity and source functions in.the form of Foﬁiiefi
series also, Siﬁce the azimuth integration pgrfSrmed in équation b

. can be carried out analytically,‘yhis reduces the computational
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demand to that of a single integration (Braslau & Dave, 1972)., Finally the
computational
. demand is reduced even further since only the first term of the Fourier:

series for intensity is needed for the caleulation of total ralialion

. flux. Thus, the Mie end.Rayleigh phase functions may bde expressed hs:

E, (r)

R(Cose) = Wt -Ple(cése)'
. {6) -
M{Cose) = ¥ Ak(m)°P};_l(Cbs6) B

k=1

Ce &g(R)  Rayleigh legendre coefficients given by:

A =1, AE =0, A

= 1/2

1 3

P - ordinary legendre polynomials

§ - scattering angle between incident end scattered radiation

. Ak(M)_; legendre coefficients for Mie phase function

The 1égéndre cdefficients for the Mie phase function depend only on

the size distribution concentration and optiecal properties of the

aerosol particles. The coefficients are given by:

n{r)

T3

Y

r

. . 2 2 ' v .’ _'.‘ - ‘ . . . ,.
)« = [ L mratn) e T N
; som) ¥ - L

wavelength of incident radiation

size distrivution of aerosols

unnormalized legendre coefficients of the series représenting

the secattering phase funciion of:d single pafticle

- a—

size parsmeter defined as X = éwrfi":
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M - complex rocfractive index B
B(s,m) - volume scatiering coefficient for the medium
The volume scattering coefficient can be caleculated using the

efficiency factor for scatiering and is given by:

Ir .
B(s,m) = 7 f%s&,m)-n(r)-r?"dr (8)
¥y Co

[}

QS ~ efficiency factor for scattering

The unnormalizad’legéndré coefficients used arise from the expansion
of the ;omplex Mie amplitudes by the rspeated use of recurrent relationships
between the derivatives and the products of legendre functions (Deirmendjian
1969). The methcd was suggested by Hartel (1970) and first carried out by
Sekera (1952)., The power of this technigue lies in the fact that these un-
normalized coefficients are independent of direction, thus they can be
computed for the aerosol or cloud partkcles in advance. We have used a
modified version of a calculational procedure develcped by Dave (1970) to
compute these coeflicients. This caleulation is performed before the
actual radiation model is operated and are read as input data by the
radiation model. This technique saved considerable compuier time, (See
Appendix B-l for program listing.)

Therefore, the final expressions for the Mie and Rayleigh phase

functions may be written using the addition theorem of spherical har-

monies to express 6 in terms of U and ¢ as:
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fF

"M(u,e3uts0l) = I F (m)(u,ul)-COS(n-:L)-(¢1-¢)
. LR S ()

7,7 (1) Cos (am1)- (41-)

n:

R(Uv¢;.u;9¢1)

The only remaining step needed %o render the radiative transfer
- equation solvable is the addition of iwo bouﬁdary conditions. Thesé
* conditions are defined by assuming thet there is no incident diffuse
© rediation striking the top of the e.i:mosp.here and similarly that there is.

no radiation-reflected upwérd_at ‘the base of the atmosphere. These con-

‘ditions are expressed as:

ﬁﬂoru)ao;Imhbau)soz T (lm-

The effect of ground reflection is inciuded by using a technique-
developed by Chandrasekhar (1960) .- The intensity cs,lc;ﬂe:ted b};’ solving the
previous equations is increased by an amount I, (t, 1). ‘Phe radiation
reflected by the ground is assumed te be isotropic. The procedure
used involvés solving the radiative-transfer equation for t@e reflec;ed‘

\

‘ ground radistion. The R.T.E. has the form:

ug%ilﬁ’l = Tu%(t.u) .- W(t) () .
e 1.(1) . —...(T '::f)/]ll. N ] T -
Ju (.Th\l) = ;:’a'{P (T;B,ul)"el_"‘ dul + . (1)

. R
3{;‘]P(l)(T;Ugu})'Igc(T;ul)‘dul
-1 - ) . ’
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rith boundhry—conditions given by

T4%(03-u) =

i
o

aga -:‘f . } - o . ) (12):

[

IuC(rp3tu) 21

TpiS'séf cf equations epplies for the case of iémbertian~il;uﬁiﬁa— :

" 4ion (Ig(-wo) = 1). Finally, we have: ‘
10000, 1) 5 Talouo) TSl g ) L L (13)
1 R . e

The reflectivity R is defined a&s the ratio of the_upward flux given by: -

i 2n . - ,
Ig(~po)* f [ wan'ap = wIg(~wo) - {ak) -
. o o© S . )

‘to the total downward flux. The downward flux has contributions from:
direct solar radiation wepo+Frexp(-1y/u0) b (a5} .

'E ‘downvward flux due to diffuse radiation

4

1 27 : : .
[ J Tlrps-u,¢)-au s = mg(rys-uo) (16)
o 0 .

‘ dovnward flux due to scattered. ground radigtioﬂ

. 1t ’ : . ]
2ewIg(-uods [ Tu®(1y3=u)-u-dn = nIg(-p0)-5{1y) (17)
. o ‘ . .

- Rearranging the terms in the reflecfivity equation :we. have:

’ ‘R. uo.F.e—Tb/uc + g(Tp;~lo ]
. Ig(- O) = [ : .ﬁ( b )

e L : P N,

-{18)
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The equations presented form a complete set which can be solved to yield
the flux of solar radiation at any level in the atmosphere. It only remains to
define the properties of the atmosphere for use in the radiation model,

Before these equations can actually be used in a practical model,
some simplifying assumptions should be made to reduce the computational de-
mand of the model. The effects of ineluding polarization on the total net
flux caleculations has been shown to be insignificant (Adams & Kattawar).
Thus, polarization has not been included sc the scalar form of the R.T.E. can
be used. Aerosol pariicles present in the stabilized ground cloud have re-
fractive indexes which vary considerably with the partiecle's composition.

We have assumed an average value of 1.5 for the real part of the refractive
index. We have also assumed for this part of our calculation that the
particles are low dbsorbing, the imaginary part of the refractive inde# is
0.03, Altﬁough it is knowm that aercsol particles in general do gbsorb
solar radiation, Braslau and Dave have compared the results of their model
for the cases of absorbing and non-absorbing aerosols, and their resulits
show that only a minor change occurs in the net flux calculations when
aerosol absorption of less than 0,05 is included (Braslau and Dave,

1972).

The radiative transfer equabtlion presented previocusly is valid for a
single frequency only. Since most solar energy is emitted between 4000 and
6000 Angstroms, we have chosen 5000 Angstroms as the wavelength used in
this model. More accuracy could be obtained, with a drastic increase
in computational demand, by caleulabing the ground flux in each wave-

length and then integrating the result over the entire solar spectrum.
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The significant changes in the model reqguired for this caleculation are the
inclusion of the absorption bands for water vapor, atmospheric gasés and
pollutants (See Figure 1). Technigues are available to approximate
these absorption bands (Bergstrom and Viskanta, 1972). There is no
reason why bthe model could not be operated over the entire range, except
that the computer time required is excessive, One final simplification
was ubtilized, the model is used three times a day at 9:00 a.m,, 12:00 noon
and 3:00 p.m. Jocal time, The results from these three runs are combined
to estimate the total radiation received during a particular day. These
simplifications in the model significantly reduce the computational de-
mand of the model.

The atmosphere is divided into thirty lsyers; the top five layers are
five kilometers in dépth, while the lower twenty-five layers are only -
one kilometer in depth. The stabilized ground cloud is assumed to be
homogeneous after T + 3 houvrs, from the mixing height level down o the
ground level, The calculation proceeds from the top of the gtmosPhere
downward, with the effects of ground reflection added separately.

A standard atmosphere is used to specify the Rayleigh attenuation
coefficients and also the Mie attenuation coefficients down to the
mixing height level. The Rayleightcoefficients B(s, r) and the Mie
coefficients B{s, m) are given by McClatchey (1972) for the standard mid-
latitude atmosphere. These coefficients are used to compute the normal

optical depth and the turbidity for =ach layer.

L B(S,I')j_ + B(S,m)i (19)
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FIGURE 1

Absorption spectra for H,0, coz, 03, 1,0 and the atmosphere.

, -



VI-1k

Ti‘gf) = Ari(s,m)/[ATi(s,m) + ATi(s,r)] {(19)

The legendre coefficients for each layer are calculated using
equation 7, where the size distribution is assumed to be constant after
T + 3 hours. Thus, the optical properties of all thirty layers are com-
pletely determined for the standard atmosphere. A wvalue of .3 was used
for the albedo. This value is read into the model as data so that it
can be changed quickly if desired.

If clouds are present during the calculation period, their effects
are included at the three kilometer level and below. The cloud drop-
lets are all assumed to be average sized stratus cloud droplets
(% microns in radius)(Mason 1971). The concentration of droplets is determine
by converting local climatological cloud cover data to tenths of sky
cover. The cloud ceiling reported by local weather stations is used
to determine the thickness of the cloud layer. Since the scattering
efficiency factor for 4 micron sized water droplets was previously
calculated (Appendix B-1l), the attenuation coefficient for cloud
layers‘B(s,c) can be computed using equation 8. Therefore, the total
attenuation coefficient for the layers is just the sum of B(s,m) and
B(s,c). TFinally, th; legendra coefficients for the layer are simply
the standard coefficients plus the coefficients computed fér the cloud
layer using equation 7. This determines all the optical properties of

the cloud layer needed for the £lux calculation.



VI-15

The mixing depth determines the height in the atmosphere pene-
trated by the stabilized ground cloud. The aerosol mass concentration
of the stabilized ground cloud is determined by the assumed dispersion.
The mass concentration i1s converted to a number concentration of
particles between the reported size interval, The total number of - °
particles in each .1 micron size interval is computed. The results of
this computation are used in equation 8 to determine ihe new attenuation
coefficient for the layers. This procedure is similar to the procedure
used ;o determine the attenuation coefficient for layers of cloud drop-
lets., Finally, the legendre coefificients are computed using equation 7.
The new values for the legendre coefficients and the attenuation co-
efficients replace the standard coefficients for all levels below the
mixing height.

Recalling equation 4, it is seen that the first term of the
source function is the contribution due to scattering of direct solar
radiation to the source function. This is the primary scattering term.
The iterative technique approximates each successive order of scatter-
ing by using the previous result to obtain each higher order scattering

term. Tﬁus, the primary scattering is approximated by:

3, (eisF) = 3 ¥-exp(-rifuo) -y (v 35, -uo) 20)

where P is given by equation 5.
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The successive approximation of the intensity Funetion is then

given by:'

.Iﬁ(l)fTi;-u) = Im(1)(Ti_l;-u)-exp{pAti/u)_+ l
W(Ti)-:fm(”(ri;-u)' -(21-;._ -

- e/l

for the upvard intensity and similarly for the downward intensity.
Successive orders of scattering are ineluded in the source function by -

approximating equation b as:

. Jm“)(ri;iu) = Jl(l)('ri;iu) + lﬁj
1 ' -
fPl(ri;ius-ul)‘Im(l)(fi;-ul)‘dnl + (22)
J o

’ 1
%-fPl(Ti;iu,ul)'nglllhi;ul)'dul .
. QO .

Jm is caleculated using a sub-program ‘called SOURCE for listing see
Appendix B;Br This approximatioq is substituted in equation 21 to
. obtain the intengity.funct}on whiech inecludes the next B?ﬁer of scalter-
ing. This new in‘t‘ensity is ti'len inserted into equation 22 to calculate
the new source function which now includes scattering of the next order.
The procedure is continued until the desired agreement between In and
Tn+l is achieved.: The criteria used for this I‘nédel }‘.eminates the

procedure when:
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(Im+#1 - Im) S .002%Im (23}
. The effects of ground reflection are included uéing & procedure en—-

tirely enalagous to thgf ﬁresenbed above. The only 31gn1f1cant Giffer-

1ence being that calls to SOURCE are replaced_with calls to sub-program"
B GROUND. (Fof listing see Appendix B-4.) fThe pfocednre is applied
' _only-oncé.for the grbuhd reflected radiation sinee it is essumed to Hé
.feflected isotropicaliy at the ground. ' ‘
" The model finally integrates the intensity fﬁnction, which nov in- .
ﬂ cludes all effects due to ground level reflection, thréugh-ull downward
-aﬁgles to obﬁain the net downward flux. Thié ié acéomﬁlishgd‘using thé-

" flux equation given by:

o) = pem B2 L
Falt) = 2:m (T8 (agu)opean > {2h)
- . 0 ‘v' = )

" This flux value represents the total amount of dlffuse ra&xat:on

" reeching the ground level. The directly transmitted radiation is com-

. puted and added to the diffused using:

*

Flux = Flux + Ig'exp(-t, /o). - . (25) -
As mentioned previously the model is used three times a day to-

obtain the final value vhich gives the toial flux Lor the entire. day.

A llsting of the maln prOgram is prov1ded in Appendlx Bn2
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The model was tested at the city of Albany since measured values
of solar radiation are also available. fhe results of the week-long
model validation run are presented in Figure VI-2., A second plot of the
measured values of solar imsolation for the same period is also included
in the graph to facilitate the comparison. In Figure VI-3, we have plotted
the amount of clouds present and also the cloud ceiling for the same time .
'period. From a study of the graphs, it is seem that the calculated values
and the measured values of solar insolation agree quite closely for the
period.

The model was then used to demonstrate the effect of the stabilized
ground cloud on solar energy transmission for the Florida latitude. Cloud
cover was set equal to zero for these calculations.

Figure & shows the overall results of percent decrease of ground
level solar radiation versus zerosol mass concentration within the
stabilized grognd cloud, We have carried out the complete radiation
transfer calculation in an atmosphere clear of water clouds. The limit
of vertical mixing was assumed to be 850 meters and 1550 m. Below the
mixing height, the stabilized ground cloud is homogeneously mixed in the
vertical direction. Figure 4 constitutes the basis for our impact assess-

ment with respect to the radiation f£lux received at ground level,
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RESULTS

1. Any effects resulting from the absorption of solar radiation by
the stabilized ground cloud (deposition of heat energy in the atmosphere)
are negligible, if the absorption coefficient of the particles within
the S5.G.C. is less than 0.03.

2. The scattering of solar radiation by the stabilized ground
cloud resuliting in a decrease of solar energy received at the ground
amounts to maximal 15%.

Under those high scattering conditions, the 85.G.C. would have to be
dispersed homogeneously between ground and 1550 m with an average mass
concentration of 150 pg/m3 which could ocecur azit times up to T + 3 hrs.
For times greater T + 3 brs., we anticipate the decrease of sgolar radia-
tion =t grommd to be less than 15% under 211 meteorological conditions.,
This change of heat energy deposition at the ground is not sufficient
to cause significant changes in the vertical mixing of air causing such
effects as cumulus cloud formation, etc. We, therefore, conclude that
there will be no detectable impact on "weather" resulting from the
interaction of the stabilized ground cloud with solar radiaztion.
However, we anticipate a reduction in "visibility". Since there will

gsoon be a secondary air guality standard with respect to 'Mwisibility",

some attention should be devoted to the radiation-~interaction problem.
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RESEARCE RECOMMENDATIONS

For more precise calculations, the real and imeginary pazxt of the
extinetion coefficient of the 5.0.C. acrosol must be known. If the
aerosol absorption coefficient exceeds 0.05, then the problem must

be reassesgsed.
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Comparison of measured and calculated values of solar insolation for a

six~day period.
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Cloud cover and cloud celling height.for the six-day modeling period,
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T UNNURMALIZED LEGENDRE CO-EFFICIENTS PRUGEAT LISTING™

[

INTEGER P.@Q
REAL TA{4)Y2TB(2)+TCI2)+T{4)»COEF(100)
. REAL NOC.NOB+KOC,.KOB ’ ’ i
COMPLEX BCAP{S00)«ADOD{(S00)
COMPLEX RF sRRF JRRFX s WML +FNASFNByTCI o TC2:WFN(2) s ACARP (SO0
COMMONP + Q ¢ )X s ADOD y ACAP s CKR
EQUIVALENCE (WFN(I1)aTACLI) ) o (FNAYTBCL)) o (FNEsTC(1})
READ{S+5)RFRsRFI X
5 FORMAT(3F10.2)
DO 300 LIN=14+6
=e I HLIN
2 RFR=1+.9
3 X32,%3.1816%¥X/.5145
RF=CMPLX{RFR+—=RF1)
RX=1e/%X
RRF =] e /RF -
RRF X=RRF *RX
T(l)=2%X+10e
NMX1=1e10%T(1).
NMX2=T(1) .
IFINMX1eGT150) GO TO 22
NMX1=150
“NMX2=135
22 ACAP(NMX1+1)=(00ee0eJ. )
THE FIRST LOOP COMPUTES THE MIE FUNCTIONA AND B USING A
DOWNWARD RECURSION TECHNIGQUE '
DO 23 N=1yNMXI
NN=NMX1-N+1 .
ACAP (NN) = (NN+1 ) ¥RRFX=1 a0/ ({NN+ 1) ¥RRF X+ACAP (NN+1))
23 CONT INUE :
T(1)=COS.[X)
T(2)=SINIX)
WMISCMPLX(T(1) +~T(2))
WEN( L) =2CMPLX(T (2}« T(1))
WFN(2) =RXEWFN(1)-WMI
TCI=ACAP({ 1 )Y *¥RRF+RX
TC2=ACAP{ 1 }%RF+RX .
ACAP (1) ={TCI*TA(S)=-TA(1)I/Z{TCL*WFN{2)—WFN(1}}
BCAR(1)=(TC2¥TAI3I-TACL) ) /{TC2*WFN{2)=WFN(1))
FNA=ACAP( 1)
FNB=BCAP( 1)
T(11=3.0
QEXT=(TB(1)+TC(1)I*¥TLL)
CSCATS(TB(1)¥¥2+TB(2)%¥%¥2+TC( 1) EX2+TC(2)%X21%T (1)
N=2
65 T(1)=2%¥N~1



aO0o0n

25

T{2)=N~1
T{3)=2%N+1
WMI=WFN{l)

WFN{ 1) =WFN(2)

WEN(2) =T (1) *¥RXEWFNCT) ~uMl
TCI1=ACAP{ N} ¥RRF+N#RX

TCZ=ACAP (N) #RF+N¥RX

ACAP (NI =(TCL¥TA(Z)=TALL ) ) /{TCIX¥WFN{2)~WFEN(L}))
BCAP(N}~(TC2*TA¢3)"TA(1)}/(TCE*wFN(2)—wFN(1))
FNA=ACAP(N)

FNB=BCAP(N) .
T(4>-TB(1)**2+TB(2)**2+TCt1}%*2+TC(2J**2
QEXT=0QEXT+{T(3)*¥TB(1)34TC{1))

 QSCAT=QSCAT+T(3)Y%*T(4)

50
100

110

102
104

105

N=M+1
IF{NLE+NMX2)GO TO 65.
WRITE(&»S0) T4}

FORMAT(® TO BAD®@.E20e8) i
TU1)=2,0%RX*%2 REPB.ODUC TRILITY Gﬁﬁgﬁﬁ
NUMT =N QRIG’INMJ PAG g P

QEXT=0EXT®T(1)
QSCAT=QSCAT*T{(1)
WRITE(S6+6)QEXT sGSCAT

"FORMAT (2E20+8)

N=N/2%2

N=N+2

K=N+1 .
THE ODD AND EVEN SUMS OF A AND 5 ARE COMPUTED FOR LATER US

ADQD(N)Y =040

ADOD{(KYI=0Q+0 _

N=N=2

K=N-1

NOC=1e/N+(laor{N+1))

KOC=1.{K+(I./(K+1))

KOBzle/{K+1)+{1l o/ (K+2))

NOB=le/{NF+1I+{l e/ (N+2))

ADOD((N)Y = BCAQ(N)*NOC“NOB*ACAP(N+1)+ADOD(N+2)

ADOD (K) =BCAP (K) #KOC-KOB* ACAP(K+1 1 +ADOD (K+2)

IF{NNE2) GC TO 110

DO 104 K=1,412

I=K%10

WRITE(6s102) ACAP(I)OBCAP(I}OADOD(I)

FORMAT(AEZ20:8)

CONT INUE

K=0 .

THE MAIN PROCRAM CALCULATES AN SERIES APPROXIMATION
TO THE UNNORMALIZED LEGRENDRE COEFFICIENTS NEEDED IN .
THE RTE MODREL '

KTOT=NUMT=-2

"TMO= .0

BKT=00
K=K+l
TMQ=0¢0


http:WRITE(6.50
http:IF(NoLENMX)GO.TO

-

BKT=0,0
KC=(K+1)/2%2
IF(KC.EQeK} GO TO 175
KPRIM=z{K=-1)/2
MaKPRIM-
IF(KeGTel) GO TO 115
Alo=2, "
All1=A10-
B1l0O=1.
P=M+1
Q=P
CALL LSUM
BKT=810%CKR
GO TO 160

115 I=0

T AlLO=4AR K- )R {K=2)FALO/( ( 2¥K-1 ) R 24%K~3))

Al1=A10 .
BlO=(K=2)%¥#2%¥B10/ (K~1)¥%2
B11=8B10
QEM+1+1
P=M—1i+1
CALL LSUM
BKT=811%¥CKR+BKT
IF(].EQeRKPRIMY GO TOI160

. GO TO 150

140 M=M+1
I=0 .
All=({2HM-~K)¥(2%¥M=1+KIFAL LA (2FMEK ) F (2¥M=-K+1) )
P=M+1 . :
G=P
CALL. L_SUM
BKT=810%*CKR+BKT
811=810
IF(]+EQeKPRIM} GO TO160

180 I=1+1
Blls(K=2%1+1 1% (K+2%]~2)1#B1l1/{({K=2%[)¥(K+2%][~1))
P=M=1+1 ‘
Q=M+ ]+1
CALL LSUM
BKT=811%¥2%CKR+BKT
IF(]l.LTeKPRIM) GO TOISO

160 TMO=A11%¥BKT+TMO
IFIMLTWKTOT)Y GO TO140
COEF(K)=(K=a5) % TMO
COEF(K)=ABS(COEF (K))
IF{KLT+NUMT)Y GO-TO 105
GO TO 220 -

175 KPRIM=(K=21/2
MsKPRIM .
IF(KeGT2)G0 TO 18
AD10=80o/3
AD112AD1O
BD10=10/2:0



‘v

BD11=8BDI10O
P=M+1
Q=P +1
CALL LSUM
BKT=BD 1 0%CKR*2
GO TOQO 200
185, 1=0
ADLIO=4¥ (K=1)¥(K~2)}RADIO/{ (2¥K~1 } ¥ (2%¥K~3))
AD11=AD10O
BD10= (K—l)*(K-S)*BDIO/(K*{K—Z))
BD11=BD10O
P=M+1
Q=P+1
BRT=ED 1 1 #CKRE2+BKT
CALL LSUM
IF({IEQeKPRIMY GO TO 200
GO TO 193
180 Mz=M+1
I=0
AD11=(2AM=K+ 1) ¥ {2FEMIKIFADI L/ (L { 2HMHK+1 ) F(2%M=K+2) )
P=M=1+1
Q=M+ 1+2
CALL L.SuM
BRKT=BD10#CKR%¥2+8KT
BD11=8D10
“IF (1 «EQeRKPRIM) GO TO 200
195 I=1+1
BDl1-(2*1+K-1)*(2*I—K)*BDII/((2*1~K+1)*(2*1+K))
P=M=-1+1
Q=M+1+2
CALL LSUM
BKT=8D11%2#CKR+BKT
IF(1+L.TeKPRIM) GO TO195
200 -TMO=AD1 1 ¥BKT+TMO
IF (ML TKTOT; GO TO180
COEF{K)=(K~¢5}#TMO
COEF(K)=ABS(COEF(K))
IF(K . ToNUMT)Y GO TO 105
220 WRITE(S+23031(COEFIK) ¢K=1 +NUMT)
230 FORMAT(SE14.4)
240 WRITE(ToESO)(COEF(K’;K—lvNUMT)
250 FORMAT(BE10s4)
300. JINA=JINA+L
END

SUBRCUTINE LSUM

LESUM COMPUTES THE INNER MOST SERIES OF THE APPROXIMATION
FO USE IN THE MAIN PROGRAM

INTEGER P»Q



COMPLEX ADJD(500) s ACAP (500}
COMPLERX AsAlsDLE

COMMCNP + QG+ K+ ADOD « ACAR s CKR
IF(P.EQel) GO TO 10
A=ACAR{P-1)

Al=ACAP (Q=~=1}

5 D={2%P—1)%(P~1)%*A/P+{2%P—-1)}%ADOD(P)
E=(24Q-1)%(Q=1)%A1 G+ (2¥Q~1)*ADOD(Q)}
E=CONJG{E)

CKR=REAL (D¥E)
RE TURN o

10 IF{PEQ«Q) A1=CMPLX(00+Qs0}
A=CMPLX(0s0s0e0)

GO TO S

) END

BEND :

@ELT+DIL DD -

133341 0.0 4.5
@END

@FIN

000232

28
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'APPENDIX B-2

o — 1 tmm——_mmr A .m wes = - mm

COMPILER(D{AG=3)
REAL INT(30+20)+«INTO

DIMENSION CLOU(3) +CLOUC({3)+CCOEF{34)+BETA(IO)+BETRI1IO) s =~

b oE e e e e mied 8md = aw— e

RADIATIVE TRANSFER MODEL -- MAIN PROGRAM LISTING

BTA(10)+QSCAT(T7) +COEF1S6:34)+AC0OL11+34) VAL (10}«
X TURB{10}+TAU{31)+CONCIIISAERILIC)IFACIO) ’

sFA(G) s BTRI10) +CA(E)

COMMONPHASE»INT\GNT.LIoJI|DELT'IsOSOURySOUR
DATA /FA/. 1984.e2218q.14629o1091990932900725!

READ(S+26)8ETA
READ(S5+26)1BETR
FORMAT(S5F 150 10)
READ (5+¢39) AER o
FORMAT(SEL10.4)
READ (5.9 28)Q5CAT

'FORMAT(7F1bo8)

READ(S+22)CLQEF

FORMAT(8E1Qe4}
DO 30 I=1:6

READ (S5+22) (COEF {1 +K) s iK=1 ¢34

BETO=1+25E-6
BET1=164E~5
TAU(31)=0.
AMDA=.5145
FLUX=295.

.CR=4,

NUM=34
ELEV=.247

CORR=1o~ELEV

pl=3¢L416
NUMT=0

CBET=0e
DO a6 J=1.+20
IF(JelLE S 1QIGNT{(14J3=00
IF (JeGTe10)GNT(304J) =10
READ(S417) ALBED
FCRMAT(F10e2)
DAS=160.

C=0.
DR=,1
Co=0
DO 47 1=1,100

=o1%l

C=DR/R¥#%4+C
IF{]eLTeS50)1CO=DR/RTCO
IF(]eLEeS&IFACL 1 )=DR/R##S

REPRODUCIBILITY -OF THE

PRIGINAL PAGE I8 POOR

29

X PHASE(30+20+11)2GNT(30+20) ¢SOUR(30,20) s 0SOUR(30420) sHMXTI3} "



27 IF(1el.Ec&)IFA(]I=DR/R
C=14,C
CO=1./CO 30
READ(5+53)1C1,C2+C3
50 DAS=DAS+!
JIN=0
53 FORMAT(3F10.2)
JINO=0
51 IF(JINO«EQs1)YGO TO 55
READ(S+20)CLOU
DO S2 1=1,3
IF(CLOU(I)thooE)CLOU(X}-CLOU(I}*CI
IF(CLOUCLI)aGTee2)CLOULII=SCLOU(TI*C2
52 IF(CLOU(I).GT-.S)CLOU{I)‘CLOU(I)*CS
20 FORMAT(3F10+2)
READ(S,20)CL.OUC
READ (S 4+ 20 )YHMXT
READ{S+20)CONC
55 JIN=JIN+1
NUMT =NUMT +1
CLOUC(JxN)~CLOUC(JIN3/3280.B+ELEV
JCEIL=CLOUC(JIN)+e5
CIHMXT=HMXT(JIN)Y +e TS
IF(CLOU(JIN)«L.T«s01) GO TO 200
CBET=2.E-11%CLOU(JIN)
CBET=PI*0SCAT{7)*CR*%2%CBET ‘
ATTENUATION COEFFICIENTS DUE TO THE PRESENCE OF CLOUWDS
. ARE COMPUTED USING THE SCATTERIN PROPERTIES OF 4 MICRON OR
DO 180 K=1 NUM
ACO(IIgK}-AMDA*%E*CCOEF{K)*EoE—lO*CLOUCJIN)/(PE*CBET)
180 .CONT INUE
CBET=CBET*1.E9 .
SCATTERIN COEFFICIENTS DUE TO AEROSOLS ARE COMPUTED IN
THIS LOOP. ) T
200 DO 250 L=1+10,
IF (CLOU(JIN) sLTes01)CBET= 090
BET=BETA(L)
BER=BETRI(L)
IF (L eGTe4)BET=BET-BETA(L~1).
IF{L+GTe4)BER=AZR-BETR(L~1)
BTA(L)=BET
BTR (L) =BER
IF((10-IHMXT)eGEsL) GO TO 235
DO 215 I=146 )
z=e1%]
CON=CONC(JIN)*FA{])%CO0*3. E—12/(4-*PI*Q**3)'
IF((10-1CEIL}osL.TeLosANDaICEILsNELO) GO TO 214
IF{CLOU(JIN) aGTea0 s ) CON=CON=o 1 ¥ CON*CLOULJIN)
214 VAL(1)=QSCAT (1)*CON*R#**2%P]
215 CA(13)=CON
BET~.5/184*(VAL(1)+4*VAL{2)+£*VAL(3)+4*VAL(4)
X +2%VAL (5)+VAL(&))
. DO 230 K=1+NUM


http:IHMXT=HMXT(JIN)+.75
http:IF(CLOU(I).GT

. 31
DO 220 I=1:6
EXRE
220 VAL{1}=COEF(1+K}*¥CA(I)
ACO (L K)=AMDA*%2% ¢5,/ (P *BET*184) %
¥ (VAL{1)+a#VAL (2} +2¥VAL(3)+4 ¥ VAL (41 +2% VAL {5)+VAL (6 )
IF({10~1CEIL) eGEsL)ACO(L+KI=ACO(L +K)I+ACO{11.K)
230 CONTINUE
GO TO 246
235 BET=BET#] +E~9
DO 245 K=1+NUM
DO 240 I=1+6 . .
=el¥l ,
"CON=AER(LI*¥FAC({1)%*C
IF({(10-1CEIL) eGE sl . +ORsL+LEeB)GO TO 240
IF {CLOU(JIN) «GT e o ) CON=CON=—o 1 #CON¥CLOU(JIN)
240. VAL(I)=COEF (1 4K ) #CON .
ACO (LK) =AMDA¥X2¥ e S5/ (P I*BET*184)
X*(VAL(1)+4*VAL(2)+2*VAL(3)+4*VAL(4)+2*VAL(5)+VAL(6))
IF((10~1CEIL) oGEsL «ORsLsLEs&) GO TO 245
ACO(LyKIEACO (L KI+ACO(11,4K) .
245 CONT INUE
" 246 CONTINUE
BET=BET*1 +E9
BTA(L)=BET
TURB(L)=(BET+CBET) /(BET+CBET+BER)
IF((10~ICEIL)sLTeLsOR:Los LEoé)TURB(L)-dtT/(BET+BER)
250 CONT INUE
40 FORMAT(SE1Qe4)
THE AZIMUTHAL ANGLE OF THE SN Is COMPUTED USING THE. NUMBER
OF DAYS SINCE THE SUMMER SOLSTICE
RND=2¢%P] /3600
AT=43+%¥RND
DEC=DAS¥3604/365 2563 %RND
DEC=23,48%RND*COS(DEC)
H=ABS({ 45« ¥RND¥* (NUMT—2))
PMUO—(SIN(AT)*SIN(DEC)+COS(AT)*COS(DEC)*COS(H))
PMUQ==1 s ¥ ABS (PMUQO}
WRITE(&+41)PMUQD
41 FORMAT(E1Q.4+@ ANGLE®)
IF (DAS oL T e 1624 + ANDaJINEQa1 JHUXZFLUX
FLUX=HUX* ¢ 225
IF(JINEQs 2)FLUX=HUX* ¢ 55
WRITE(6s 191 )FLUX
191 FORMAT(@ FLUX = "@+F4¢0)
" T=0. .
THE LOOP COMPUTESTHE SCATTERIN PHASE FUNCTION FOR USE
"IN LATER CALCULATIONS
DO 350 L.=1.30
IF(LeGTe24) GO TO 270
IF{LeGTe5) GO TO 256
N=1 ,
BET=L¥BTA(NI+BETO
BER=L*¥BTR(N)+BET1


http:IF(L.GT.24
http:IF(DAS.LT.162..AND.JIN.EQ

TAUIL Y ={BET+BER)Y+T
T=TAU(L)
BET2=BET
BET3=BER
GO TO 265
256 IF(LeGTe11) GO TO 258
N=2
BET=BTA(NI+BET2
BER=BTR(N)4BET3
BET2=BET
BET3=BER
GO TO 265
258 IF(LeGTel6) GO TO 2560
N=3
BET=BTA{(N)+BET2
BER=8TR{N)I+BET3
BET3=BER
BET2=BET
GO TO 2585
260 N=4
BET=BTA(NI+BET2
BER=BTRI{N}+BET3
BETzZ=BET
BETI3=RER
265 TAU(L)}=BET+BER+T
T=TAU(L)
. GO TO 300
270 N=L~20
TAU(L)=BTA(N}+BTR(NI+CBET+T
IF{NLE«6) TAUIL)=TAU(L)=CBET
.IF(L.EQaao)TAU?L)=bTA(N)*CORR+BTR(N)*CORR+CBET*CORR+T
IF((30~L)+GE-ICEIL) GO TO 290
IF(LL+EQ+30)CHET=CBET*CORR
TAU}L):TAU(L}“CBET
290 T=TAU(L}
300 CONTINUE )
DC 350 J=1ail
PMUP=- %41
IF(JeEQel 1 )PMUP==PMUO

278 DO 330 I=1+20
PMU=—=]%,41
IF{1eGTel10} PMUS(I=1Q)%#,1
PMUZ=1 s )
PPMUZ2=1 0

FONEM= ACO(NQI)*PMUE*PPMUE
PPMU3=PMUP

PMU3=PMU

DO 320 K=2.NUM

FONEM ACO(N.K)*PMUB*PPMU3+FONEM
PPMU1=PPMUZ2

PMUl=PMUZ

PPMUZ=PPMUZ3

PMUZ2=PMU3


http:IF(L*GT.11

320"

350

351

‘382
353

354
45

3586

370

33
PMU3 =2 ¢ ¥PMUXPMU2-PMUL = (PMUXPMUZ2-PMUL ) /(K4 1)
PPMU3= 2 o ¥PMUP*¥PPMUZ-PPMU 1 ~ (PMUP*PPMUZ~-PPMUL) /{(K+1 )
CONT INUE
FONER=23 4 ¥ (34 ~PMU¥¥2~-PMUP*% 2+ 3FPMUXF ¥ 2% PMUP*%2) /8, .
PHASE(L.1.J)—TURB(N)*FONEM+(1o~TuR5<N))*FONER
PHASE(L» ! +J)=ABS(PHASE(L.s 1 +4))

CP=0

CRO=04

DO 352 L=1+30.
DO 351 J=1.20

DO 351 N=1410
CR=CP+PHASE (LsJsN)
CP=1.,/CP
DO 352 J=1.20
DO 352 N=1+10
PHASE (L + JyN)=PHASE{lLs JsN) %¥CP
DO 354 L=1+30.
DO 353 J=1+20
CPO=CPO+PHASE {LeJo11)
CPO=1.,/CPC
DO 354 J=1,.20
PHASE({ L+ Js11)=PHASE (L +Js11)*CPO
FORMAT(SE10+4+@TATATATA®)
WRITE(6445) {TAU(L) +L=25,30)
THE FIRST APPROXIMATION TO THE INTENSITY FUNCTION IS
CALCULATED INCLUDING ONLY FIRST ORDER SCATTERING
DO 380 L=1,30
DO 380 J=1+10
DO 380 I=1.2
DTA=TAU(L)
LB=—1
JIi=J
Li=L
D=J
PMUs—, 1#0D
V=—1+*ABS(DTA/PMU)
V=EXP{V}) ’
IF(1.EQel1)¥GO TO 356
LI=31-L
L=t
JI=J+10
PMU =~PMU
DTA=—1 . % { ABS({TAUCLI)—TAU(LI+LB) )}
V==1.%ABSIDTA/PMU) *
V=EXP(V)
IF{LeNE«13GO TO 370
INT(LIs+JI}=00
GO TO 380
DTA=—1¥ABS(TAU(LI}—TAUILI+LB))
V=1 *ABS{DTA/PMU)
V=EXP (V)
DELT=TAUL3D)~TAULILI)
W= 1¥ABS(TAULLI+1) /PMUD)


mailto:FORMAT(SEIO.4,@TATATATA

OSOUR(LI »J1 ) =FLUX*EXP (W)

K ¥PHASE(LI.JIs11? 34.

380
400

450

475

480
500

48z

INTILE I )= INTILIHLBy JI I ¥VFOSOURILI s JI ) ¥ (1 ey
CALL GROUND
GNT(LI,JI}—GNT(LI+LBcJI)*V+SOUR(LIoJI!*(ln-V)
CONT INUE
DO 500 J=1.10
SUCCESSIVE ORDERS OF SCATTERING ARE INCLUDED IN THE
INTENSITY CALCULATION CUNTIL COMPARISON CRITERIA IS MET
DO S00 I=142
DO 480 L=1.30
DTA=TAUL{L)
B=-1" ) ..
JdIi=J
Li=L -
PMU=~3d%ae ] ' .
IF(]«EQel}GO TO 450
LIi=31+L
.LB:I
SJI=J+10
PMU=~PMU
IFGLeNEe L) GO TO 479
GO TO 480
CALL SOURCE
DTA=-1 % {ABS{TAU(LI)-TAU(LI+LBY} ¥
V=—1%ABS(DTA/PMU)
V=EXP(V)
IF(UIEQelQ)INTO=INT(LIJI)
INTILL JI)—SOUR(LieJl)*(1.-V)+INT(LI+LB;JI)*V
CONT INUE
CONT INUE
WRITE(G+482)INTOINT(30.10)
FORMAT(ZE1Qe4s@INTOINTO®}
IF{ABS(INT(30.10)-INTO)oLEasOOl*INTO)GO T0 510

- 80 TO 400

510

550
540

555

560
561

THE EFFECTS OF GROUND REFLECTION. ARE INCLUDED In THE FiNAL
CALCULATION OF THE DIFFuUsE COMPON&NT OF THE GROUND LEVEL I
DO 550 J=1,10
PMU=s=—, 1%J
VALCI) =INT(30+J)¥*~PMU
SOUR(Z.J) GNT(BO.J)* PMU
I=1
TEGRAL-.?/SO-T(VAL(1)+4*VAL(2)+2*VAL(3)+4*VAL(4)+2*VAL(5)
X +4*VAL(6)+2*VAL(7)+4*VAL(8)+2*VAL(9)+VAL(10))
SOUR{I 11 )1=2+*%TEGRAL
I=0+1
IF{I1e8Qa3)G0 TO S5l
DO Se0 J=1.10
VAL (J)y= SOUR(Z.J)
CONT INUE
IF{1.EQe2) GO TO 540
REFI.= ALBED# (PMUQHFFLUXH#EXP ( TAU(BC}/PMUO}+SOUR(2ol)}
A /(1“ALBED*SOUR(191))

EPBODUCHHLHXTOF'ﬁiE
ihﬂﬁﬂﬁﬁ&:E%KﬂE!B POOR



DO 580 J=14+10 35
ONT{30+J)=REFL*GNT{304+J)
) INT(30+ )= INT(30+JIHGNT(30:J)
580 VAL{JISINT{(30+J)¥*el%J ) N
TEGRAL=29/30 ¥ (VAL (1) +4% VAL (2 +2%¥VAL (3) +4¥VAL (4) +2%VAL (S5}
X FEEVALIG)I+2AVAL( 7)1 +4%# VAL (8)+2%VAL (D) +VAL. (101} '
INT(30+1)=TEGRAL¥2%P 1]
FLU==1%ABS(TAU(30) /PMUQO)
INT(30+1)=INTL{3041 ) +FLUXXEXP (FLU)
WRITE{G6+480) INT(304+1)
80 FORMAT(1E14.5)
TIN =INT{(30:1}+TIN
IF{JINNEa3) GO TO 55
WRITE(54+585) TIN
585 FORMAT(@ SOLAR FLUX@+3X+1F602)
TIN =0
- NUMT=0
JIN=Q
IF(DAS.LTa166)G0 TO 50
END

» 000338
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- e m abdar =

RADIATIVE TRANSFER MODEL -- SUB-PROGRAM SCURCE LISTING

SUBROUTINE SOURCE
SOURCE COMPUTES SUCCESSIVE APPROXIMATIONS TQ THE SOURC

FUNCTIONWHICH INCLUDE HIGHER ORDER SCATTERING

REAL INT{30:20)

DIMENSTON VAL(IO).OSOUQ(EOsEO)
XePHASE(30420+11)+GNT{30:203+S0UR(304:20]
COMMONPHASE;INT‘GNTgL-KtDELToIIeOSOUR-SOUR

T PI=3e1416

" SOUR(LLWK =0
JO=1
JI=J0+9
Ki=K
DO 15 [=1.2

5 00 10 J=J0WJI -
10 VAL{J=JO+1 ) =PHASE (Ly KT +J=JO+1 ) ¥INT (L J)

TEGRAL=45/20+ ¥ (VAL (1) +4%¥VAL(2)+2%¥VAL(3)+4% VAL (4)

p s +2*VAL(5}+4*VAL(6)+2*VAL(7)+4*VAL(8)+2*VAL(93+VAg(10))

Jo=11
LJI=J0+9
IF(11EQe2)KI=K~10
IF(I]EQ:1)KI=K+10
15 SOUR(L.K)‘OSOUR(LoK)+TEGRAL+SOUR(LfK}
" RETURN :
. END

" 000035
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APPENDIX B-4 -

RADIATIVE TRANSFER MODEL -- SUB—PROGRAM GROUVD LISTING

SUBQOUTINE GROUND
SUBROUTINE GCOMPUTES THE SOURCE FUNCTION NEEDED TO
INCLUDE THE EFFECTS OF GROUND LEVEL REFLECTION IN THE
INTENSITY CALCULATION o

REAL INT(30.+20)

DIMENSION VAL(20) +0SOUR(30+20)

KvPHASE(SOaZOvII)qGNT(30o20)aSOUR{30o20)

C
c
a8
10
9
13
11
@END

COMMONPHASEQINT!GNT LuK DELT!!IQOSOUR.SOUR

Li=L

LB=-1

IF{I]1.EQe2)LB=1

SOUR(L+K)I=0

TEGRAL =0

DO 10 J=1,20 "~~~ —° °°

JI=J )

Kl=K - T
"IF(Jel.Es10) GO TO 8

IF({KLTe10IKI=K+10

IF{KeGTs10IKI=K=10

JI=J=~10

CONT INUE

VAL (J)=PHASE (L, YIgJI)*GNT(LI+LBoJ)

CONT INUE -
TCGQAL=-45/60-*(VAL(1)+4*VAL(2)+2*VAL(3)+4*VAL(4}+2*VAL(5)+
% 4XRVAL (L) +2¥VAL (7)1 +4XVAL (B)+2%VALLI9 ) +4¥VALL10) +2*VAL(1 1)+
4*VAL(12)+2*VAL{13)+4*VAL(14)+2*VAL(15)*4*VAL(16)+2*VAL(17)
X +4*VAL(18)+2*VAL(19}+VAL{20))

oo 13 J=1410

Pl=J#,1

VAL (J) =PHASE (L, K+ J) ¥EXP(~DELT/PI1}

CONT INUE

TEGRAL = e45/30 6% ( VAL ( 1 ) +4 ¥ VAL (2)+2¥VAL{(3) +4%VAL (4)
X +2*VAL(5)+4*VAL(6)+2*VAL(7)+4*VAL(8)+2*VAL(9)+VAL(10))
X +TEGRAL .
SOUR(L.K)~SOUR{L.K}+TEGRAL

RE TURN

EnND
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Chapter VII

FLORIDA SYNOPTLIC CLIMATOLOGY
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Chapter VII

FLORTDA SYNOPTIC CLIMATOLOGY

Al OVERVIEW

The following description of the Climate of Florida has been
synthesized from many different published data sources. Special tabula-
tions of unpublished data have also been constructed to supplement the
published sets. In particular, exbensive use has been made of the tabu-
lated climatic summaries from Bradley (1972), Newell et al., (1972),
Baldwin (197h), Court (197Lk), various WOAA publicaticns, Air Weather
Service Climatic Briefs, U.S. Navy Station Climatic Summeries and

selected NASA Technical Memorandums and Notes.
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B. SURFACE SYNOPTIC CLIMATOLOGY

1. Temperature

The normal average dally temperature for January and July is showmn
in Fig, VII-1 and Fig, VII-2 as taken from Court (19Thk). Note the elimina-
tion of significant north-south temperature contrast from January to
July across Florida. The normal mean daily range of temperature varies
from 12°C to 10°C north to south across the peninsula in Januvary and
from 10.5°C to 7.5°C in July.

Figure VII-3 (Court, 1974) shows the mean interdiurnal variability
of minimum and maximum temperatures in Janvary and July. In general the
variability decreases from winter to summer and from north to south as
continental effects lessen,

2. Dew Point Temperature

Janunary and July mean dew point temperatures (Court, 197L) are shown
in Fig. VII-L 2nd Fig. VII-5 respectively. Seasonal variations parallel
those of temperature gquite closely. A mean dew point temperature ;f
23°C is quite representative of the Florida peninsula in July.

3. Relative Humidity

Analysis of relative humidity for 1200 and 1800 GMT are presented
in Fig. VII-6 thru Fig. VII-9 for Jenuary and July. These times approxi-
mate the time of highest and lowest relative humidity respectively. The
data were gleaned from selected NOAA and military .climatic summaries with
varigble record periods of at least 10 years. Little difference in the
1200 GMT' values between January and July is noted. A relative inland
minimim is noted during the early afterncon with slightly drier condi-

tions prevailing in January. Figure VIT-10 taken from Baldwin (19T4)
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shows the hourly relative humidity wvariation for selscted stations based
upon dabta for the 1954-1968 period,

4, Fog

Days of heavy fog as defined by the occurrence of a visibility
less than or equal to O.% km are shown in Fig. VII-1l and Fig. VII-12 for
the ﬁay-October and Novewber-April periods. The data source is the same
as used for the fog frequency maps. Fog is rarely observed along the
middle and lower east coast and is a maximum in the northwestern part
o? the state in winter. The gradienit bebween coastal and inland loca-
tions along the peninsula is larger than the figures suggest as fog is
quite rare along the immediate coastal strip.

5. Visibility

Figure VII-13 end Fig, VII-1l taken from Eldridge (1966) show visibility
freguencies over the coterminus-U.S. by seascn. The data are bazed
upon the 1948-1958 period with only Miami, Tampa and Jacksonville data
used to construct the Florida analyses. The resulbs, however, are
compatible with synoptic experiences- in that the best visibilities are
found along the Florida lower east coast and with the highest values
found in summer.

6. Cloud Cover

Mean cloud cover from sunrise to sunset for the May-October and
November-April periods is shown in Fig. VII-15 and Fig. ViI-16. These
éix month periods comprise the approximate wet and dry seasons across
the Florida peninsuia. The data source is the same as previocusly indi-

cated with more attention here devoted to small scale variations.
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A warm season maximum is locaited along the sea breeze convergence
region just inland from the lower east coast with a2 relative minimum
in the Leke Okeechobee area. During the cool or relatively dry season
a relative cloud minimum is found in the southwestern part of the penin-
sula. Daytime cloudiness is a maximum along most of the east coast and
in the extreme northwest.

T. Precipitation

Rainfall maps were constructed from all gvailgble civilian and
military daita for the months of March, June, September and December
with the results shown in Fig. VII-1T7 thru Fig. VII-20, December
rainfall is relatively sparse with a gradual decrease from northwest
%0 southeast. An exception is the relafive maximum along the lower =sast
coagt. March is the wettest month during the dry season everywhere ex-
cept along the lower east and southwest coasts and the Keys. A relative
rainfall maximm is noted from just north of Tampa across the peninsula
%o Cape Canaveral.

By June the rainy season is well underway with the maximum rainfall
totals now found inland in the lower part of the peninsula. A rather
large rainfall gradient is noted along the entire east coast (and to
some extent the west coast) with a relative minimum in $he Lake Okeechobee
region. Convective rainfall is enhanced in the sea breeze convergence
region approximately 10-20 km inland. The relatively cool waters of Lake
Okeechobee act t0 suppress convection. September marks the culmination of
the rainy season in the southern and western regions of the peninsula
whereas elsevhere things begin to dry out somewhat. The central and lower
east coast inland rainfall maximum is still evident as it persists throughout

the summer,
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The number of days of measureable rainfall (> 0.25 mm) is shown in
Fig, VII-21 and Fig. VII-22 for the May-October and November—April periods.
Approximately 50% of the days record measureable rain during the summer
along the lower east coast sea breeze coavergence zone., This number
decreases rapidly ;ight ;lbng the immediate coast with a value of 36%
in the Cape Canaveral area. During the cool. season the inland meximum is
replaced by a coastal and panhandle maximum., Finally, on aﬁkannual basis
the standard deviation of the number of days with measuresble rain in-
creases from 12 to 16 north to south across the peninsula.

The mean annual nmber of days with precipitation 2 12.7 mm and the
mean annual precipitation from days with 12.7 mm or more as a percent of
the total rainfall (Court, 19T4) are shown in Fig. VII-23 and Fig. VII-2k,
Comparison of Fig. VII-21 thru Fig. VII-2k suggests that rainfalls reach
the 12,7 mm category on 25-30% of all rain days and account for T0-80%
of the amnnual rainfall total across the peninsula.

Table VII-I taken from Wallace (1975) shows the diurnal frequency of
preéipitation by amount and category by season. The data source was
"Climatography of the United States", No. 82, "Decennial Census of the
United States Climate" for the years 1951-1960; published by the U.S.
Weather Bureau, 1962-1963 in addition to Part A of the Uniform Summary of
Burface Weather Observations, on file at the U.S., Air Force, Eanvironmental
Technical Applications Center, The data were harmonically analyzed to
obtain amplitudes and phases of the diurnal and semidiurnal cycles,
Ampliitudes were normalized by dividing them by the 24 hour mean of the

parameter in guestion.
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Approximagtely 10-12% of the summer hours are associated with pre-
cipitation versus 7-10% in the winter. Trace amounts occur 4-6% of the
time whereas heavier amounts (>2.5 mm h-!) occur 2% and 1% of the time
in summer and winter. The time of maximum occurrence ig generally mid-
afternoon with the exception of Jacksonville in winter. The normalized
amplitudes‘suggest that the afterncon maximum is much more pronounced
in summer. Normalized amplitudes in excess of unity can occur, e.g., if
the precipitation frequency was near zero during the night and high
during the daybtime, with symmebry about a noontime peak.

8. Thunderstorm Frequency

The mean Florida thunderstorm frequency for the May-October and
November-March periods is shown in Fig., VII-25 and Fig. VII-26., Civilian
and military data sources were used to construct the analyses. Additional
details with specizl emphasis on Cape Canaveral can be found in reports
by Neumszun (1968, 1970)}. The analyses suggest that during the warm season
Tthunderstorms are suppressed along the immediate coast and in the Lake
Okeechobee ares, consistent with monthly rainfall statistics. Winter
frequencies are considerably reduced with the maximum shifting to the
Panhandle area.

Table VII-II gives the diurnal cycle in the thunderstorm freguency
by season for a nﬁmber of Florida stations based upon data derived from
Wallace (1975). The percentage of summer hours with audible thunder
ranges from 3 to 6% with a maximum across central Florida. A very strong
late afternoon peak is noted for all stations. Winter frequencies are
considerably reduced across the peninsula (several stations have been

combined to achieve a reasonable sample size) with a much weaker early
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evening meximum. A weak morning maximm is noted across the panhandie
region in winter. Caution must be used in interpreting this data as
Wallace notes due to variable record lengths and differing decibel
levels required for thunder to be heard at the various stations.

9. Winds

Prevailing wind directions and mean wind speeds for all available
civilian and military locations in the state of Florida are shown in Fig.
VIT-2T7 thru Fig. VII-30 for the months of March, June, September and
December., Wind speeds average U ms~1 except near 5 ms—l along portions
of the lower east coast in March., Directional consistency is weak. By
June the mean wind speeds are reduced to 3-L ms—1 with easterly flow south
of 28°W and a tendency for southwesterly flow further to the north,
suggesting an east-west surface ridge line oriented across the mid peninsula,
By September surface winds are easterly everywhere with average speeds
of 4 ms—1l, WNortherly components giving way to northeasterly components
from north to south prevail in December with mean speeds in the 4-5 ms~1
range. WNote, the listed wind directions refer to preveiling wind
directions. Ldittle informzbion is available on surface wind variability
for most of the stations listed in the figures. Along the east coast
wind speeds increase by about 1 ms™l with easterly flow and decrease
by nearly the same amount with southwesterly flow. TFor reference surface
wind roses taken from Baldwin (1974) for January end July are presented
in Fig. VII-31 and Fig. VIi-32,

10. Fronts

Figure VII-33 thru Fig. VII-38 show the frequency of cold, warm

and stationary fronts, in days per 10 years, for the conterminus
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United States based upon tabulations from the 1200 GMT Daily Weather
Map for the 1951-1970 period. The datas were presented by Morgan et =al.,
(1975). A north-south gradient of cold frontal passage is quite evident
with the exception of December., Warm frontal passages across the
peninsula are comparatively rare. Bosart and Korty (1976)* have provided
a tentative hypothesis for this observation in terms of the Carolina
coastal baroclinic zone. Stationary front frequencies suggest a maximum
across central Florida in all seasons except late spring and summer,
This-is related to the well known tendency for cold fronts to stagnate
gcross central Florida,

11, BStagnating Anticyclones

Korshover {1976) has presented & climatology of stagnating anti-
cyclones for the 1936-1975S period based upon Habulations fxrom the Daily
Weather Map published by NOAA. Figures VII-39 thru Fig. VII-L2 show
the number of cases of atmospheric stagnation (four days or more) ;or
this 40 year period by season. Stagnation is defined for those anti-
eycloniec regions where surface geostrophlce winds are under T ms—! and
hence actual winds are considerably less. The highest frequencies are
found in sutumn across the southeastern states. Some stagnation cases
are found across northern Florida in all seasons with a pronounced
spring maximm across east central Florida,

12. . Cape Canaveral Climatological Data

Figure VIT-k3 shows the Air Weather Service Climatic Brief for
Cape Canaveral for the 1950-1968 period. This is provided as a
reference for more detailed information.
¥Published in preprint volume of the Conference on Coastal Meteoroclogy,

September 1976, Virginia Beach, sponsored by the Americah Meteorological
Bocietv.
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REPRODUCIBILITY OF THE
C. UPPER ATR CLIMATOLOGY - FLORIDA ORIGINAL PAGE 1S POOR

1. Temperature

Newell et al., (1972) have published the only informetion which
gives upper alr conditions across Florida in which all six radiosonde
stations are used. The period of record is 1957-196% and is based
mainly on the 0000 GMT observations.

Table VII~II$ gives the 850 mb, 700 mb and 500 mb temperatures by
winter and summer season acrdss Florida, The summer uniformity is rather
remarkable such that detalled Cape Canaveral data should be representa-
tive of the entire peninsula. As would be expected from synoptlc con-
siderations the coldest winter temperatures are found across the north-
western panhandle at Eglin AFB (Valparaiso) with a modest thermal
gradient across the peninsula at all levels,

Upper air summaries prepared by the National Climatic Center {NOAA)
for a few of these stabtions suggest the following standard deviations of
temperature north te south szcross the peninsula: (a) 850 mb: k.5 to 3.0°C
in winter and 1.3 to 0.9°C in summer, (b) 700 mb: 3.6 to 2.6°C in
winter and 1,3 to 0.9°C in summer, (e¢) 500 mb: 3.0 to 2.0°C in winter
and about 1.0°C in summer.

2. Mcisture

Moisture data is not as definitive or as widely published as
temperature data, Tabulated summaries (0000 GMT data) available from the
National Climatic Center suggest-the following patterns: {a) 850 mb:
60~75% across most of the Florida peninsula and 40-50% across the north-
west panhandle in winter, T0-75% and rather uniform in summer, (b) TOO0 mb:

25-35% from north to south in winter and a fairly uniform 55-65% in



VII-1i0

summer, (¢) 500 mb: umiform 20-30% in winter and 40-50% in summer,
Specifics for Cape Canaveral will be presented in a later section.

3. Winds

Table VII-IV gives the u and v wind components (ms—1) at the sur-
face, 850 mb, TOO mb and 500 mb for the six Florida radiosonde stations
based upon the Newell et al., (1972) data. In addition, standard de-
viations of the u and v components sre given at 850 mb and 500 mb. The
basic winter west-southwest flow increasing with height is evident sbove
the surface with a strong gradient across the Florids peninsula. At
the surface the picture is more confused bub a winter westerly flow across
the western panhandle giving way to a northerly flow along the upper east
coast and s east-northeasterly along the lower east coast is suggested.

The summer surface picture is probably confused by sea breeze effects
with an easterly and westerly flow along the east and west coasts
respectively and a soutﬂerly flow along the panhandle area. Aloft an
east-gsoutheast flow across the lower peninsula gives way to a wesﬁerly
flow across northern Florida. Clearly an east-west oriented ridge line
- gits BAcross cent;al Floride in the mean data in summer. This ridge
line can oscillate north and south as judged by the greater variability
of the u as opposed to v components in summer at the selected levels.
Note also the southward slope with height of the boundary between the
swmer easterlies and westerlies,

4, Morning and Afternocon Mixing Heights

Holzworth (1972) compiled data on seasonal and annual mixing
heights (morning and afternocn) for selected coterminus United States

stations for the 1960-196k period. Table VII-X shows the summarized
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data for Tampa, Miami and Jacksonville., No data is readily available
for the other Florida stations. A general increase in mixing height
is noted from winter to summer with reduced wind speeds as convective
heating becomes more dominant. Inland locations would probably have

lower morning mixing heights and somewhat higher afternoon values.

Table VIT-XT summarizes the episode-~days of high meteorological
air pollution potential for episcodes lasting at least two days for these
stations. For example, both Tampa end Jacksonville have 29 episode-days
in winter of mixing heights under 1000 m end winds under 6 ms‘l, or
about 6.5% of the winter days. The results suggest that the upper
and lower Florida peninsule is most sensitive to air stagnetion in

‘winter and summer respectively.
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D. UPPER AIR CLIMATOLOGY - CAPE CANAVERAL

1., Temperature, Moisture and Wiads

Table VIL-V gi%es a 20 year summary of temperature, standard de-
vigtion of temperature and relative humidity for selected lower tropo-
spheric pressure levels for the indicated months. Likewise, Table VII-VI
summarizes the data by height levels but only for a 10 year period and
for different months. As an approximate conversion factor, note that
the 850 mb and T00 mb levels closely approximete 1,5 km zud 3.1 km
respectively at the latitude of Florida. Reaszonable consistency for
the Cape Canaveral data is seen amouné Tgble VII-III, Table VII-V, and
Table VII-VI despite the varying record lengths. DNote especially.the very
moist conditions in the late summer and early fall. This is typical
of the east coast of Florida at that time.

Table VII-VIT summarizes Cape Canaveral wind statistiecs by level
in more detail based upon a 50% cumulative frequency of u and v compo-
nents., Considerable seasonal variation is evident in the lower tropo-
sphere., Note especially the deep mean easterly flow of September in
cerms of the potential for the shubttle exhaust cloud to remain over land.

2, Diurnal Variations

In an éffort to assess the possible significance of diurnal varia-—
tions, ten years of 0000 GMT and 1200 GMT Cape Canaveral data were
assembled on WBAN-33 forms provided by the National Climatic Center.
Table VII-VIIT shows the resulis for the lower troposphere. The
1200 GMT sounding is uwniformly cooler and has a higher relative humidity
through 900 mb with the differences becoming indistinct by the 850 mb

level., Little difference in the height field is noted.
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Diurnal wind frequencies by quadrant for June and December are
shown in Table VII-IX for the 850 mb surface. The results are rather
interesting and warrant future investigation. Differences between on-
shore and offshore wind components are apparently rather negligible by
time or by season. However, the 1200 GMT observations feature en-—
hanced southerly flow in comparison to the 0000 GMT observabion,
especially in summer., More months and data for the 0600 GMT and 1800 GMT
radiosonde release times need to be investigated to either support or
refute this finding., A possible explanstion might be based on differen~
tial heating whereby the peninsula cools more than the adjacent water
at night and heats up more during the daytime. This would lead to
relatively higher and lower 850 wb heights over the inland peninsula
by late afterncon and daybresk respectively and thus favoring enhanced
southerly flow along the east coast in the early mt?rning. If this
explanation has any merit, then Tampa, located along the west coast,
should have a greater relative northerly flow at the 1200 GMT obse'rva’sion

time.
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E, SEA BREEZE AWD RELATED EFFECTS

During most of the warm season the Florida peninsula is relatively
unaffected by large-scale organized synoptic scale disturbances.
Weather during this period is then determined by differential heating
between land and sea and the attendent interaction with the synoptic
scale flow. This means that the sea breeze, an almost daily occurrence,
will play a major role in determining the local weather patterns.
Climatological information on the strength, duration, inland and verti-
cal extent of the sea breeze circulation is lacking. However, the many
observational and theoretical papers in the literature on the subject
suggest that the average inland extent of the sea breeze is 10-15 km
with the vertical circulation confined to the lowest 500-1000 m.

The picture in Florida is complicated by the éxistence of a double
sea-breeze superimposed on small but significant varisbions in the
prevailing synoptic flow. Frank et al., (1967), Frank and Smith (1968)
and Pielke (1973) have shown that preferred shower locations over
. central and south Floride depend strongly on the location ofbthe sesa
breeze convergence zone. Recall the inland precipitation waximum along
the entire east coast during the warm season that was discussed pre-
viously. On sn annual basis Miami International Aiyport and Miami Eeach
receive 1B3 and 109 cm of rain respectively, although the distance be-
tween the stabtlons is only 10 km. The observed difference is almost
entirely accounted for by warm season precipitation.

In general on a typical summer day lines of showers form along the
windward and leeward coasts of southland central Florida. The windward

shower line tends to move toward the lee coast during the day and has a
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tendency to merge with the leeward line in the late afternoon., This
process is particulerly evident on days with moderaste easterly synoptic
scale flow such that extensive precipitation occurs aiong the west ccast
‘sea breeze convergence. Immediate east coastal locations do not have
much rain in such, situations. Under light wind conditions, the shower
lines show little movement during the day, a not too pleasant a prospect
for those individuals living along the sea breeze convergence zone.

With atwesterly or soubthwesterly synoptic scale flow the sea breeze con-
vergence zone 1s closer to the cast coast so that rainfall probabilities
along the immediate shoreline are enhanced compared to further inland.
These factors are taken into account in Cape Canaveral thunderstorm
forecasting and are important to consider when assessing the probability
of the spaée shuttle exhaus£ cloud encountering an active thunderstornm
cell, -

Neumann (1968, 1970) has carried éut the most definitive study of
frequency and duratioﬁ of Cape Canaveral thunderstorms. For reference
purposes Tig. VIT-kl shows 2 map of the Cape Canaveral area, A similar
sumﬁer precipitation gradient prevails between Titusville and the ocean
front, although somewhat wesker, as compared to Miami Airport and
Miami Beach.

Figure VII-45 and Fig. VII-46 show the prominent daily summer
thunderstorm peak reaching 50% in July and August in the vicinity of
the Kennedy Space Cenbter. The sbtrongly diurnal natgre of The percent
of days with a thunderstorm is quite evident. The data in these figures
is based upon 13 years: 1951-1952 and 1957-1967. It is also instruc-

tive that Neumann finds that 11% of the thunderstorm occurences at
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Cape Canaveral take place entirely between regular hourly surface re-
ports. This implies a significant uhderestimation of thunderstorm fre-
quencies in the published climatological summaries (e.g., Wallace [19751)
which are based entirely on hourly observgtions.

Figure VII-UT shows that the beginning =nd end of the Cape Canaveral
thunderstorm season is associated with a strengthening and weakening ;f
the 1200 GMT 1000 m resultant wind, consistent with the ideas expressed
previously. More details are provided in Fig. VII-48 on the annual
variation in the 1200 GMT 1000 m vector and scalar winds under conditions
with and without afternoon thunderstorms. _Afternoon thunderstorms are
cleaxrly favored by westerly wind components and suppressed by easterly
components during the summer. Afternoon thunderstorms during the cool
seeson are especially prevalent in the strong southwesterly flow ahead
of the more potent migrating troughs at that time of the year.

The data is summarized in Fig. VII-h9 which shows the probability
of afterncon thunderstorms over the entire May-Septenmber thunders%orm
season as g function of the 1200 GMT 1000 m wind speed and direction.

The contrast between northezsterly and southwesterly flow is remarkable.
Southwesterly flow days are associated with a sez breeze convergence
zone very close to the coast and the developing thunderstorm cells then
can Arift towards the ocesn during the afiernoon., Finally, Fig. VII-50
shows a forecast monogram for the peak of the thunderstorm season
around 1 August. With a wind of 250 degrees between 5 and 9 ms~! the

afternoon thunderstorm probsbility reaches 90%.
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F. CONCLUSIONS

The data presented in the previous sections can be used for many
individual purposes. In terms of the space shuttle progrem it becomes
important to worry about possiple inadvertent weather modification by
the stabilized ground cloud. Clearly, the risk is greatest when the
exhaust cloud remains over or near’land, especially populated areas.
These risgks would be enhanced under the following synoptic conditions:

1. Burface sea breeze regime and weak westerly flow at 1000
and 2000 m in summer

2, Pre cold front squall lines that occasionally occur in the
winter and early spring

3. Post cold frontal (weak with easterly surface flow glving
way to week westerly flow aloft

L, Pre warm front passage in winter with low land onshore flow
veering to offshore flow aloft

5. Wezk stabionary front located south of Cape Kennedy with sur-
face onshore flow veering to offshore flow aloft

6. Stagnating anticyclonic conditions

7. General easterly flow of late summer and early fall across
the Florida peninsula -

8. Thunderstorm events

9. Trxopical storm situations

Items (1) through (3) above are in particular quite diffiecult to
evaluate without further research. The surface wind field on sea
breeze days is relatively well known. Unfortunately, the lower tropos-
pheric wind field is not at all well documented in terms of diurnal and
seasonal variations as & funetion of the prevailing synoptic patterns.
Consequently, accurate mesoscale three-dimentional trajectories are

rather difficult to compute,
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Pre cold front sguall lines may occasionally move across northern
and central Florida in the winter and early spring. These sguall lines
are usually oriented from northeast to southwest and may propagate
southeastward o+ speeds up to b0 knots. The frequency of occurrence
may reach two to four times per month at the height of the cool season,
Such sgquall lines usually die out before they reach south Florida.

trong low level southerly flow shead of the squall lines carries the
potential risk of incorporating particulate matter from the space
shuttle exhaust into fthe active cumilonimbus clouds of these systems,
The risk would be greatest within the first 2L-hours after launch.

The resilits from Morgan et al., (1975) suggest possibly two warm
front eqisode days per winter month across central and northern Florida.
Assuming a 12-hour frontal passage this would work out fo be about a maxi-
mum warm front influence of 3% during a mid-winter month. Convective
activity often accompanies warm frontal passage especially in northern
Florida. Pre fronbtal veering winds can carry the exhaust cloud north-
ward into the region of favorable convection.

Stationary fronts are more ambiguous because the lower tropospheric
wind field can be considerably different depending upon such factors
as frontal intensity and distance from the station. An upper bound of
i déys per winter month gives an upper bound of a 13% influence and
this will be an overestimate of the true risk.

The results from Korshover (1976) and Holzworth suggest that re-
latively stagnant conditions ére possible in winter and early spring
across central and northern Florida from 3 to 6% of the time, ranging

down to 1 to 2% in summer. Normally such situations are associated with
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stable air but occasional air mass thunderstorms during the warm season
pose some risk for vertical mixing.

The deep easterly flow regime of late summer and early #2ll becomes
& special problem if the exhaust cloud encounters active precipitation
cells after launch, This risk is difficult to assess with the data
cuf?ently in hand. Overall, the thunderstorm problem is perhaps
potentially most sericus because of uncertainties in precise prediction.
Neumann (1968, 1970) has compiled a very valuable data set which
obviously is heavily used in thunderstorm prediction at Czpe Canaveral.
His data suggest that 1200 GMT 1000 m level winds of 1 mé"l or less
can be encountered 4.5% of the time during the May-September period.
This number increases to 15.1% For a 2 ms~! or less cut off point. This
suggests in burn that the exhaust cloud can still be within 10 Im of
Cape Canaveral more than an hour after launch, agsuming relatively
light surface winds, on a substantial number of summer mornings,., How
this simple caliculation would change based upon the 6000 GMT data is\
unknown now and is worthy of further research.

Finally, tropical storm situations carry potentizal risk because
of the active gumulonimbus clouds assoclated with such systems and
potential for inadvertent westher data., Historical data (Court, 197h)
suggest that from 10-15% of the June-October Florida rainfall is

associsted with tropical disturbancesi
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G. RECOMMENDATIONS FOR FURTHER RESEARCH

The most pressing need is to establish typiecal and atypical three-
dimensional air trajectories in the lower troposphere ag a funection of
the time of the year and prevailing synoptlc situation over the Florida
peninswla, Likewise, temporal and spatial varistions of various
meteorological parameters on scales of several hours and several itens
of kilometers needs to be better documented. In particular,"the following

is suggested.

1. Diurnal and seasonal variations of the lower tropospheric wind
field across Florida using the 0000, 0600, 1200 and 1800 GMT
winds aloft observetions. Published studies rarely refer
%o winds other than at the 0000 GMT observabtion time.

2. Diurnal and seasonal variations of various meteorological
surface parameters along a line perpendicular to the east
coast to bebter understand the complex mesoscale alr motions.
Existing stabions in the Jacksonville area offer such an
opportunity for research., The present upper air network does
not permit such a study above the surface layer, however.

3. BEstablish hail frequencies across Florida on a county by
county basis to better assess the risk of inadvertent weather
modification during convective situations.

b, Better establish precipibation frequency, intensity and
duration as a function of the time of day and season from the
existing hourly precipitation nebtwork across Florida.
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Fig.36, Mcan monthly temperatures, 1931-1960, in January (A) and July (B), interpolated from U.S. Weather Burcau National Atlas map.

Figure VII-2:

July Mean Temperature
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Fig.37. Mean interdiurnal variability of minimum and maximum temperatures (°C) in January and July, based on data at 75 stations, 1957-1961. (Prepared by
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Figure VII-3:
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Figure VII-6:

January

Surface Mean % Relative Humidity

1200 GMT
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Surface Mean % Relative Humidity
July 1200 GMT
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Visibility < 0.4 km
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MEAN ANNUAL NUMBER OF DAYS

WITH PRECIPITATION OF
127 MM OR MORE

Figure VII-23:

Mean Annual Number

of Days with Precipitation

of 12.7.mm or more

After Court (197h)
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Figure 13, Map of Cape Kennedy area.

Figure VII-lLi: Cé.pe Canaveral Area Map
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Figure la. Probability (%) of at

least one thunderstorm on August 1
(EST) between time T, and time T,

+ & T. (data derived from Part I).

. Figure 1b. Daily thunderstorm
frequencies (top panel) smoothed
over periods of 5, 15, and 31 days
{data derived from Part I}.

After Neumann (1970)

Figure VII-45: Smoothed Cape Canaveral Daily Thunderstorm Frequencies

(lower Panel)
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After Neumann (1970}

Flgure 2. Probability of thunderstorms at or in the immediate vicinity of
ithe Kennedy Space Center over specified time intervals {data derived from

Part I).

Figure VII-46: Thunderstorm Probability at Cape Canaveral as a Function of Time
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After Neumann (1970)

Figure 4. Location { @) of the 1200 GMT 3000-foot resultant wind at the
Kennedy Space Center for each of the 73 dates referred to in figure 3. The
location { @ ) of the resultant wind for the 15th day of each rnonth is inter-
polated from the location of the adjacent 5-day positions. The location (-e:>- )

of the resultant wind for the entire thunderstorm season is 187 degrees at
3. 6 knots.,

Cape Canaveral 1200 GMT 1000 meter Resultant Winds during the Thunderstorm Season
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After Neumann (1970)

Figure 9. Probability of afterncon thunderstorms over the entire May
through September thunderstorm season as a2 function of the 1200 GMT
3000 ~fcot wind speed and direction, Values entered perimetrically in
outer circle are the probabilities (%) for this direction without regard to
the speed. This chart not to be used operationally since it applies to the

seagon as a whole, Shading shows relative location of the Florida eastern
. coast.

sure VII-19: Cape Canaveral Thunderstorm (DM) Probability over May-September Period
Based on 1200 GMT 1000-m Wind Speed and Direction
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# ELLIPSES BELOW SHOW THE DISTRIBUTION
OF THE 12005MT 3000 FT WINDS ASSUMING
A BIVARIATE NORMAL DISTRIBUTION OF
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TABLE VIT-T {Wallace — 1975)

Diurnal Frequency of Precipitation by Amount and Category by Season

Percentage of hours

with Precipitation Phase of Diurnal Cycle
Station (Trace or More) (Time of Maximum—-GMT) Normalized Amplitude
Jun-Aug  Nov-Mar Jun-Aug  Nov-Mar Jun-Aug  Nov-Mar
Jacksonville 10 10 2100 1300 <90 .10
Orlando 12 9 2100 2000 1.10 A5
West Palm Beach 11 9 1800 2000 .65 .20
Miami 10 T 1900 1800 4o .10

Perceﬁtage of Hours with
Precip > 2.5 mmh~! "

‘Jun-Aug  Nov-Mar Jun-Ang  Nov-Mar Jun-Aug  Nov-Mar
Jacksonville 1.8 1.1 2100 1400 1,05 .20
Orlando 2.2 1.1 2100 2300 1.15 Jho
West Palm Beach 2.1 1.1 1900 2100 - .70 .35
Miami 2.0 0.9 2100 2000 .60 .25

Percentage of Hours with
a Trace " "

Jun-Aug Nov-Mer Jun-Aug Nov-Mar Jun-Avg Nov-Mar
Jacksonville 5 5 2100 = 1300 .60 .05
Orlando 6 L 2100 2100 .55 " .20
West Palm Beach 5 5 1800 2000 .50 .15
Miami 5 L 1900 1800 .35 .20



TABLE VII-II (Wallace - 1975)

Diurnal Cycle in the Thunderstorm Frequency by Season

Percentage of Hours of Phage of Diurnal
Station Audible Thunder Cycle (Time of Max~GMT) Normalized Awmplitude
Jun-Aug  Nov-Mar Jun-Aug  Nov-Mar g un-Aug  Nov-Mar

Eglin AFB k.5 5.5 2000 0300 .65 .20
Panama City 3.2 4,8 2000 1000 .70 45
Tallshassee k.8 7.6 2100 1600 _ 1.30 .30
Jacksonville 2.8 1.7 2100 2300 1.ko b0
Daytona Beach - kb9 % 2100 \j 1.50 )

3.2 2300 } .65
Orlando 3.8 2200 1.60
Tampa hoL 2200 1.55
Vero Beach 5.6 2,2 2100 0000 - 1.h0 .35
Fort Myers hoL 2200 ©1.60

West Palm Beach 3.2 2100 1.10
} 2.0 0000 } .30

Miami 3.7 2100 1.10



Station

Liglin AFB
Jacksonville
Cape Canaveral
Tampa

Miami

Key West

Units (°C)

Mandsatory Level Temperatures Across Florida

TABLE VII-III

After Newell, et al. (1972)

850 mb
Dec-Feb  Jun-Aug
T.6 17.5
8.0 17.5
10.0 7.7
9.6 . 17.8
11.3 17.4
2.2 17.8

700 mb
Dec-Feb  Jun-Aug
1.5 8.1
1.8 8.4
3.8 8.1
3.6 T.9
5.1 8.2
5.7 8.4

500 mb
Dec-Feb  Jun-Aug
-1k,2. ~T.1
-13.9 ~7.2
-12.3 =7.b
-12.0 ~T.3
~10.k ~T.h
- 8.7 ~T.1
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(1972)
700 mb 500 nib

TABLE VII-IV
December-February

Mandatory Level Winds Across Florida After Newell et al.
850 mb

Surface

Station
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TABLE VII-V

Cape Canaveral: Selected Upper Air Data by Pressure

Jan Apr Jul Oct
1000 mb T{°C) 15.7 20.5 25,6 23.2
(m) 4.8 2,9 1.7 2.7

%RH T3 TO 80 5
850 mb T(°C) 9.3 12.5 17.3 14,3
(T) 3.7 3,1 1.2 2.5

%RH 56 56 71 69
700 mb T(°C) 3.1 5.0 7.9 6.7
(T) 3.1 2.k 1.2 2.1

%RH 33 3k 59 46

Data Source: Patrick AFB 1950-1956
Cape Canaveral 1956-1970 0000 GMT Only
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Cape Canaveral:

Surface
500 m
10600 m
1500 n
2000 n
3000 n
L000 m

5000 m

Data Source:

March
T(°C) %RH
20.7 81
'AT.5  Th
W 75
2.k 75
10,1 63
5.0 k)

- 0.6 33
- 6.9 33

TABLE VII-VI

Selected Upper Alr Date by Height

June

T(°C)
27.5
23.2
20.0
17.2
13.9
8.5
2.9

- 2.8

%RH
79
80
12
3
€69
65
42
42

September
T(°C)  %RH
27.9 80
23.7 83
9.7 719
17.2 T8
7Tk
9.% 70
3.9 64
- 1.8 57

NASA ~ Cape Canaveral (1950-1960)
0000 GMT Data Only

December
T(°C) #RH
18.5 85
6.1 78
13.2 178
- 10,8 75
9.4 5T
5.1 25
- 0.3 -
- 6.3 -

oy,



Surface

1000
2000
3000
L4000
5000

Surface

1000
2000
3000
4000
5000
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Cape Canaveral:

TABLE VIL-VLI

March
v 8 Vr
-0.4% 045 0.6
0.8 253 2.7
0.6 264 6.0
0.4 268 9.4
-0.3 271 13.5
-0.3 271 17.2
September
v 6 Vi
~0.6 078 2.9
-0.4 081 2.6
0.2 084 1.8
-0.4% 060 0.8

regultent wind directicn
resultant wind speed
scalar mean wind speed

50% Cumulstive Frequency Winds by Height

June
|§| u v 8

0 090
T 156
0 270
.2 281
4y 288
h 287

HHEFOOO
L[] - - - .
w o O Ww\o

December

8

=
<

0 1.h 360
6 0.7 Ok1
T  =0.2 083
0 0.0

1 0.2

8 0

-

W oohwu o

270
269
A 268

L ]

EEvIT W I
L] »

Data Scurce: 1950-1960 - NASA

0000 GMT Only
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TABLE VII-VIIT

Cape Canaveral: Diurnal Varigbion of Height
Temperature and Relabive Humidity

Time
GMT Surface 950 mb 900 mb 850 mb
PRES{mb) T(°C) %RH HT(m) T(°C) Z%RH qT{m) T(°C) Y%RH HT(n) T(°C) Y%RH
March
0000 1017.0 18.4% 73 587 16,1 65 1045  13.1 66 152 10,3 63
1200 1017.7 14,8 85 588 14,6 T1 1045 12,1 6T 1522 10.0 60
June
0000 10th.6 25,9 78 583 22.3 Th 1052 19,6 71 1542 16.6 7O
1200 1015.2 23.3 89 585 21,4 79 1058 18,9 T2 15k42 16._%t 70
September '
0000 1013,7 26.1 80 577 22,5 79 wohé  19.7  TT 1536 16,8 176
1200 1024,0 23.7 89 577 22.0 83 1o0hke  19.2 79 1536 16.5 76
December -
0000 1018.6 15.9 79 506 1hk.5 67 1052 12,0 64 1529 9.7 59
1200 1019.1 12.9 85 595 13,6 T2 10k9 11.6 ‘ 66 1528 9.7 58

DATA SOURCE: WBAN 33 Forms 1960-1969
National Climatic Center



Time (GMT)

0000
June
1200

0000
Dec,
1200

DATE SOURCE:

Cape Canaveral:

TABLE VII-IX

850 mb Diurnal Wind Frequencies (%)

Direction Frequency (%)

001~-090 091-180 181-270 271-360

23
19

14

12

21 29 21
26 Ly 11
15 35 36
17 Lo 31

WBAN 33 Forms 1960-1969

Nagtional Climatic Center

Onshore
Offshore
Northerly
Southerly

L
|

W7 53 53 U7
45 55 30 T0

29 71 50 50
20 71 43 57



TABLE VII-X
Florida Mean Seasonal and Annual Morning and Afterncon

Mixing Heights (H) and Wind Speeds {u) for NOP! and ALL® Cases After Holzworth {1972)

B e T [ ———

Winter Spring Summaer Autumn - Annual

o H,m U, msec™! H,m U, mosee™! H.m U, msec™ H.m U, msec ! H,m U,msoc—?

E .
Station + INOP Al XK NOP| NOP AN | NMOP AN % NOP | NOP Al NOP Al % NOP | NOP Al NOP All [% NOP | NOP Al NOP Al A NOP| NOP AH
Jacksonuills, M| 345 403|794 | 52 69 | 447 417|904 | 53 55 | 567 583914 43 a4 | a8 458|858 | 47 650 | 444 a4so|sey | 48 s2
Flonda A {1058 1104 80,1 67 7.0 | 1630 1687| 85.1 71 7.2 | 1681 1712{680 | 56 58 | 1321  1342/804 | 65 65 |1424 1456/ 786 | 65 6.7
___Tampa, M|[.394__436{858)..58 —6:1 | 503-- 526|91.7--|— 5.6—5.8~]—656—674| 91-1—[—-4.2—4:3~[—a19— 430 80.2 | T84 55| “eos Hig|gvd 53 54
Flonida A|1052 1079|814 | 64 6.6 | 1523 1544|878 | 67 6.8 | 1460 1528|689 | 50 53| 1401 1470|844 64 68| 1359 1394806 | 62 64
Muomi, M| 654 707|872 | 54 6.7 | 847 9809t 57 655 |104t 1071j88.3 | 43 45 | 872 933|824 | S50 53| 878 923|872 | 51 63
Florida A 1208 1221|893.2 G4 6.5 | 1440 1459|874 88 635 1360 1383f 737 83 58 1315 1341} 78.7 66 69 1330 1351| 82.2 63 65

DATA SOURCE: 1960-1964

lwop: Omitting Cold Advection and Precipitation Cases

2pYL:  Tneludes all Available Data



TABLE VIT-XT
Episcde-Days of High Meteorological Air Pollubtion Potential

(After Holzworth [1972])

Wind Speed Mixing Heights (M}

Station {ms—1) 500 10000 1500 . 2000

2 0(0) 0 (0) o (0) 0 (0)
Jacksonville h o{0) 2 (5) Win., 12 (28) Win, 23 (50) Win.
6 1(3) Win. 12(29) Win. 13(116) Win. 105(31k) Aut.

2 0(0) 0 (o) 0 (0) 0 (0)
Tampa. L o(o) -1 (2) spr. 9 (23) Win. 15 (38) Sum.
6 1(2) Win., 14(29) Win. 79(234) Win. 127(406) Sum.

2 0(0)} 0 {0) 0 (o) o (0)
Miami N 0{0) o (o) - 17 (38) Sum-Aut., 25 (60) Sum.
6 0(0) 3(11) Win.  T79(207) Sum. 128(L06) Sum.

DATE SOURCE: 1960-196.4

First figure is the number of episodes; the number of episode-days is given in parentheses.
Seasonal Peaks as Indicated.



Chapter VIII

SYNTHESIS

The following risk situations for inadvertent weather modification

due to the space shuttle exhaust are now summarized

1. Exhavust cloud encountering active convective precipitation cells
with consequent vertical transport to the upper troposphere and potential
for acid rain

(a) sea breeme convergence during the warm season with attendent
afternoon thunderstorms. Effects include possible localized
hail and brief wind gusts in excess of 20 ms—-1. Affected area
is less than 100 km? with a time scale of less than T + 1 day.

(b) frontal and prefrontal activity including squall lines with
attendent thunderstorms. Effects include possible localized
hail, wind gusts in excess of 30 ms~! and tornadoes., Affected
ares is 100-500 km? with a time scale of less than T + 2 days.

(c) general air mass thunderstorms not associated with (&) and (b)
above but responding to different summer synoptic flow patterns.
Effects include possible localized hail and brief wind gusts
in excess of 20 ms—l., Affected area is less than 100 km? with
8 time scale of less than T + 1 day.

(d) tropical storms in the vicinity of the Florida peninsula
within 24 hours of launch time. Pobential effect of shubtle
exhaust cloud caught up in the circulation of a tropical storm
is unknown in terms of inadvertent weather modification. A sub-
sequent change of direction of such a storm might be interpreted
as not an "act of God" by some people with possible social and
legal problem from communities in the landfall region.

NOTE: Approximately 10-12% of the summer hours are associated with
precipitation versus 7-10% in winter across Florida. Trace
amounts occur 4-6% of the hours whereas heavier amounts
(> 2.5 mmh~!) occur 2% and 1% of the time respectively in Florida.
The time of maximum occurrence is generzlly midafternoon with
the exception of northern Florida in winter. The percentage
of summer hours with audible thunder ranges from 3 to 6% with
& maximum across central ¥Florida. A very strong late aiternoon
peak is noted for =211 stations. Winter frequencies are considerably
reduced with a much weaker early evening maximum, Overall, these
numbers should provide an overall upper bound of the percentage
chance of encountering an active cumwlonimbus cloud at any
random time.

2. In the months November-April, when advective and radiative fogs
maximize, very significant worsening of visibility conditions in foggy
situations could occur within the area affected by the dissipating S.G.C. up
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to T + 1 day (area affected up to 10% km?) and particularly under wind
flow conditions from the S-E guadrant.

3. DMinor risk associated with easterly flow in lower troposphere
(unless tropical disturbances are present) particularly in those situations
where atmosphere is stable under those conditions, clouds do not reach
the level where ice phase processes are operative. However, overseeding
of warm clouds with CCN could result in a very significant reduction of
precipitation over the entire area affected by the dispersing cloud.

Effect diminishes after T + 1 day. (Criteria: shallow warm cloud
system and no ice phase.)

4, Stagnating anticyclonic conditions with reduced dispersion of
5.G.C. Little cloudiness is normally associated with conditions of this
type. The impact is therefore restricted only in the area of visibility
detoriation and solar energy reduction, This constitutes therefore a
nuisance and conceivably might vioclate EPA standards., On rare cccasions
air mass thunderstorms may develop, parbticularly along the ses breeze
convergence zone, under stagnant anticyclonic conditions during the
warm season. The risk would then be equivalent to 1(e) above.

5. Possible modification of a major hurricane located east of
Florida peninsula at time of launch, Air from launch site would participate
in the storm circulation and might indeed cause some modification effects
producing unknown results. Any subsequent veering of such a storm would
undoubtedly cause serious social and legal problems.

6. Cumulative effects: for the projected 40 launches per year
assuming several days spacing bebtween lzunches is considered negligible.

T. Minimal risk and impact: strong westerly winds gystem extending
through the lower troposphere. ‘
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REASSESSMENT CRITERTA
A reassessment is reguired if':

(a) +the volume of the stsbilized ground cloud differs by
more than 50% of the value assumed here

(b) the number of giant particles in the stabilized ground
cloud with radius larger than 20 y exceeds 1 particle
per 1000 em3

(c) ~the number density of ice nuclei in the stabilized
ground cloud exceeds 5% ‘of the total number of particles
present in the 8.G.C. (irrespective.of particle size)

(d) +the launch area is moved out of the Florida area
(our assessments relies heavily upon the climatology
of the lawmch area).
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