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WARM CUMULUS CLOUD SEEDIRG POTLNTIAL

A one~dimensional steady-state cumulus nodel is described. The
model considers the processes of lateral entrainment, droplet growth
by condensation and coalescence, droplet freezing and the developuent
and fallout of precipitation,.as well as the standard thermodynanic
and dynamic processes in isolated cumuli. The numerical model ié
reviewed and comparisons arc made between model predicted cloud char-
acteristics and observations made during a cumulus modification progranm
conducted near Rapid City, South Dakota in tha»summer nonths of 1969-
1971. The model is used to evaluate the importance of the warm
coalescence process and the climatological potential for rainfall
augmentation through sodium chloride seeding of isolated curulus clouds
on the Great Plains. The model shows that coalescence plays an im-
portant role in the natural formation of rain in &he south-ecastern
portions of the Great Plains, but is of minor importance in the more
continental areas. Rainfall could be initiated.by sodium chloride
seeding in all areas of the Great Plains. In the southern portions
of the Great Plains significant amounts of rain could be produced in

clouds that are unsuitable for other forms of seeding.
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INTRODUCT ION

Since the first dramatic results of cloud modification by dry ice
seeding in 1947, the possibility of economically increasing precipi-
tation in cold clouds has been viewed with optimism. The discovery
that silver iodide could be used as a simple and economic cloud-seeding
agent hastened the progress in this area, Now that the seeding of some
cold orographic clouds is considered to be in an operational stage,
greater research emphasis is now being placed on the potential benefits
of warm cloud modification.

The seeding techniques applied to warm clouds are less developed
than those applied to cold clouds. Numerical modeling of the warm
precipitation mechanism can lead to an increased understanding of the
interrelationship between cloud physics processes and the precipitation
mechanism. A numerical model can predict the effect of the modifi-
cation upon more than one measurable quantity, thus increasing our
power to test the validity of the modification hypothesis.

The purpose of this paper is to describe a numerical model for
droplet growth in a cumulus cloud and utilize this model to study the
warm rain process and the potential for precipitation augmentation by
hygroscopic seeding in various areas of the Great Plains. Cloud
physics processes are realistically simulated by simple mathematics.
Input data required for the model includes a vertical profile of
pressure, temperature, relative humidity, and horizontal wind speed.
Initial conditions at cloud base of updraft velocity, updraft radius,
cloud radius, and droplet spectrum are also required. During a field
research program, the initial conditions at cloud base can be

determined by aircraft observation.



The numerical model presented here utilizes the laws of thermo-
dynamics, the third equation of motion and several qualitative and
empirical expressions that describe the warm precipitation procesé.
The result is a numerical model that requires little computer storage
space and permits rapid, economical calculations.

The model simulates the growth of raindrops in the updraft region
of a cumulus. The raindrop embryos* grow by condensation and by
coalescence with a dense population of uniform cloud droplets. The
initial droplet spectrum approximates actual observations found in
cumulus clouds in the general area of the radiosonde stations used.
Updraft radius, velocity and temperatures are calculated at each time
step as well as droplet concentration, liquid water content, super-
saturation and drop growth.

The raindrop is initially carried up by the updraft, but then
begins to fall relative to the air. Water loading decreases buoyancy
and eventually downdrafts form. Once the air begins to move downward
there is an additional decrease in buoyancy due to the air cooling at
near the moist adiabatic rate and consequent development of a tempera- '
ture deficit with respect to the environment.

The model will predict if rainfall can occur by natural warm
processes and if it can be produced through hygroscopic seeding. It
also predicts rainfall amounts and estimates the efficiency of the

warm precipitation mechanism,

*The term raindrop embryos is used here to designate those drops that
grow much more rapidly than the average drop, and have the best chance
to develop into precipitation before being ejected from cloud top.



THE MODEL

The model treated here and in the succeeding section can be

thought of as two different physical models in one. The first model
is the steady-state jet model that can be traced to the work of
Weinstein and Davis (1968) Squires and Turner (1962),and originating
with the work of Stommel (1947). The second model simulates the growth
of raindrops within the cloud. The basis for this portion of the model
was established by Bowen (1950).
1. Entrainment

Namias (1939) attributed the dissipation of tall cumulus clouds to
the mixing of dry environmental air into the cloud. This mixing, or
entrainment as it is usually referred to, is now recognized as the
single most destructive process for isolated cumulus clouds.

The entrainment rate has been shown to be inversely related to the

updraft radius (Squires and Turner, 1962),

U= o= ()=*

where o is the proportionality constant relating the inflow velocity
at the edge of the plume to the vertical velocity within it. The
difference in density between the environment and the cloud is
neglected.

The entrainment rate for momentum and temperature is determined by
the updraft radius since the greatest gradients for these parameters
occur at the edge of the updraft core (Fig. 1). By similar reasoning
the entrainment rate for moisture is determined by the physical cloud

radius.

*Symbols for this and all following equations can be found in Appendix
A.
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Fig. 1 Schematic diagram of an isolated cumulus cloud (after Weinstein

1968) .

2. Updraft Radius

Mass continuity within the updraft requires that the updraft radius

vary with height.
The mass flux through the core is,
M= ﬂAsz
and the change with height is

daM
i ZHAaWpe

where Pe is the density of the environment.

By taking the total derivative of z as a function of A, W and

dz = (3z/3A)dA + (3z/3W)dAW + (dz/3p)dp

(2)

(3

Ps

(4)



and then dividing through by dz and solving for the change in updraft

radius with height it is found that,

- A L1dW  1do

or

1dW, 1do
=,

z p dz° ° (6)

Since

it is apparent from (6) that if the updraft velocity increases with
height faster than the density decreases, and if entrainment does not
provide sufficient mass to make up the difference, then the updraft
radius must decrease. When the updraft velocity decreases the updraft
radius must increase. This results in the typical updraft profile
depicted in Fig. 1.

3. Thermodynamics

The first law of thermodynamics is used to calculate the change in

temperature with height,

q L (ap)
s _ BL, Lé_ f
i g/Cpll + —-—RdT] +u[T-T_] + CI?(qs q,) + Cp 4
"3z %4 @
1+ -—-———"—"—2-
chdT

The terms on the right side of (7) represent (from left to right)
the moist adiabatic temperature decrease, the temperature change caused
by the heat lost to warm the entrained air and the heat gained from the
latent heat of fusion.

In cloud measurements of solid and liquid-water content are rare in

cumulus clouds above the -10C level. The scanty information that is



available indicates that in the updraft region ice constitutes a very
small amount of the total water mass at temperatures warmer than -20C.
Foreign ice nuclei are required to freeze the cloud droplets at tem-
peratures warmer than -40C. At -20C these nuclei are available in
concentrations of about one per liter. The concentration of ice nuclei
increases by a factor of ten for approximately every 4C decrease in
temperature. This would indicate an exponential relationship between
temperature and percent of cloud water frozen. The cloud water would
be completely frozen through homogeneous nucleation at ~40C. The
relationship of percent of water in the solid state to temperature used
by the numerical model is illustrated by Fig. 2.

4. Moisture Balance

The saturation vapor pressure was calculated from the empirical

equation (Betts and Dugan, 1973),

7.5T

(m55—)
E, = 6.11 x 10 T+237.3" 1% (8)

This equation is accurate within 17 over the range from +20C to -25C.

The mixing ratio was calculated from
q = (0.622E) / (P-E) . (9)

No cocrrection is made for the departure of the mixture of air and
water vapor from the ideal gas laws.
The liquid water content of the cloud is comprised of cloud drop-

lets and hydrometeor sized drops.
w=w +w (10)

The contribution of the cloud droplets is calculated from the equation
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Fig. 2 The percent of water in the solid state in relation to tem-
perature in the updraft portion of an isolated cumulus cloud.

w, = [wé + (qs';-qs)][l/(lﬂdZ)] - pdz (qs-qe) (11)

where wé and q} are the liquid water content and mixing ratio cal-
culated by the model during the previous time step.

The first term on the right side of (11) represents the addition
of liquid water due to condensation. This is multiplied by a factor
to compensate for the increased volume in the updraft due to entrain-
ment, The second term represents the amount of liquid water required

to saturate the entrained environmental air.



The liquid-water content contributed by the large drops per gram
of air was simply the volume of the drops times the number of drops
per gram of air. The density of water was taken to be 1.

5. Dynamics

The third equation of motion can be written as,

daw _ 1 dp
Fraliaiee il drag . (12)

Assuming that the drag force is due to the weight of liquid water
and the transfer to momentum from the updraft to entrainment air of

the dormant cloud, (12) can be rewritten as

w _ 1 -
dt - "5 T 8 T wg - W . (13)

If it is assumed that there is no horizontal pressure gradient and

the environment is in hydrostatic equilibrium then (13) becomes

p_—pP
W
= g-uwg- W, (14)

By substituting the ideal gas law into (14), using the virtual
temperature, the final form of the vertical motion equation is arrived

at,

- g -wg - W (15)

The terms on the right of (15) represent buoyant acceleration,
deceleration due to water loading and deceleration due to the entrain-
ment of stationary cloud or envirommental air,

A correction is made to the buoyancy equation based on laboratory
results of Turner (1963). Turner describes a virtual mass effect in

which the rising plume loses momentum to the environment as a result



of the "pushing' of the envirommental air on the plume. For use in
the numerical model the value of o, the virtual mass coefficient,
is taken to be 0.5, similar to Simpson and Wiggert (1969). Equation

(15) is now

T ~-T
aw _ v vE g 2
Tl s Bl ralh (16)
v
The vertical velocity can then be calculated from
_ dw
Wé = Wl + it dt 17)

where W1 is the vertical velocity calculated at the previous time
step.

A second correction made to the updraft velocity due to horizontal
wind shear, is based on the relationship given by Malkus (1952). The
adjusted vertical velocity is the vertical component of the updraft

given by (17). The true vertical velocity can be calculated from

0.5
W= [wg - (U—UO)Z] . (18)

U can be calculated by considering the horizontal momentum in the
updraft before and after entrainment of environmental air.

U, + udzU
_ 1 E
U= T ¥ pdz . (19)

Substituting the above into (18) yields

6. Precipitation

The most difficult part of simulating raindrop growth is that of

precipitation fallout. Simpson and Wiggert (1969) proposed a simple
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method for determining that portion of water that is to fall out as
rain., Simpson and Wiggert took the fractional fallout of precipitation
in each vertical integration as the ratio of the time for the tower to
rise through a vertical depth, Az, to the time for the median-volume
diameter drop to fall the distance of one radius of the rising spheri-
cal cloud bubble. This fallout scheme is conceptually inconsistent
with the steady state jet model presented here.

Weinstein and Davis (1968) proposed that all precipitation should
be released from a steady-state jet when the terminal velocity of the
median-volume diameter drop exceeded the updraft velocity. This
caused the precipitation to be carried upward until the updraft was
nearly destroyed. This resulted in liquid-water contents that were
too high in the upper portions of the cloud. In the PSU (Pennsylvania
State University) model precipitation released at any level has no
effect on the cloud below. One consequence of this is that the PSU
model describes only upward-directed vertical motions with no con-
sideration given to downdrafts. In the model presented here the major
drawback is that the droplet spectrum is comprised of only two size
drops; rain embryos that grow by both condensation and coalescence and
a constant number of uniform cloud droplets. The advantage is that the
growth of the raindrops can be followed throughout the cumulus and
mature stage of the cloud.

The waterloading factor in (15) is due to the liquid water con-
densed in the parcel and to raindrops that have fallemn into the parcel
from above. Precipitation transfers water from the upper portions of
the cloud downward. If the water loading factor exceeds the buoyancy,

due to the temperature excess of the updraft, a downdraft is formed.
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7. Cloud Base Determination

Cloud base height is calculated as the convective condensation
level using the observed mixing ratio 200m above the surface.

The vapor pressure of water in the parcel is calculated from

= (E% t Bt Wt dz) / (1.0 + u - dz) . (20)

E
W
The temperature at which EW is equal to the saturation vapor

pressure can be found by solving the integrated form of the Clausius-

Clapeyron equation for T.
T = (-R/m; - L) 1n (E /6.11) + 1.0/273.0 . (21)

When the vapor pressure of water in the parcel exceeds the satura-
tion vapor pressure of water in the environmment condensation is assumed

to occur and cloud base is determined.



DROPLET GROWTH

The approximate equation of growth by diffusion is:

g &2

- _a _bL Y
Fre G(s R + 3)f(Re,Pr) (22)

R

where S 1is the natural supersaturation and a and b are constants
related to the effect of curvature and solution on the vapor pressure.
The function fﬂiayé) is due to the ventilation of the drops as they

fall relative to their environment and G 1is a thermodynamic function

of temperature and pressure (Fletcher, 1966).

2 1 -1
Doy, DLZPym. £ (Re,Pr)
G = Er——_ 1+ (23)
L RT2cf (R ,P )
e’ r
Equation (22) can be rewritten as
R%%-= G(S+S'(R)) . (24)

The increase in saturation over the drop due to the solution effect is
now represented by S'. The ventilation factor, which tends to increase
the rate of growth has been neglected. This has been shown to be a
good approximation for droplets less than 30u in radius (Squires,
1952). For larger droplets, growth is dominated by processes other
than condensation. The effect of curvature is also considered
negligible,

In a large population of droplets growing in an updraft by con-
densation, there is very little interaction among the individual
droplets. Every growing droplet experiences essentially the same
environment, and they influence each other only through their combined

effect on their common environment.



The number and size of the droplets is determined at cloud base by
the condensation nuclei available. The supersaturation increases
rapidly and reaches a peak within a hundred meters of cloud base. This
peak supersaturation is reduced by condensation on the rapidly growing
liquid surfaces. After this phase of droplet growth the rate of con-
densation approaches the rate at which water vapor becomes available.
It is at this point, when the droplets are well passed the activation
stage, that the natural supersaturation can be calculated by the rela-

tion given by Squires (1952).

S = (0.0239W + 1.72 x 10 °n)/2r (25)
where:
S = Supersaturation expressed as an elevation of the dew point
. O
in C
W = TUpdraft velocity in ems
n = Number of droplets per gram of air
tr = Sum of the radii of droplets per gram of air.

Raoult's law can be used to estimate the supersaturation due to
the solution effect. The vapor pressure of water over a solution can

be related to the concentration of solute through the equation
P' = PX , (26)

where P' is the vapor pressure of water over the plane surface of a
solution containing a mole fraction, X, of water. P 1is the vapor
pressure over pure water. Raoult's law works well for sodium chloride
solutions of mole fractions of water greater than .91, but at greater
concentrations of salt the percentage decrease in vapor pressure pre-

dicted by Raoult's law is too small. For calculating supersaturations
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to be used in computing droplet growth, a correction factor must be

added at these higher concentrations (Fig. 3).
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Fig. 3 Correction to Raoult's law used by the model.

After a droplet reaches a radius of 50u it grows rapidly by
colliding with and cohering to cloud droplets. The rate of growth is
dependent upon the size and number of cloud droplets that are struck
during a period of time and the efficiency with which they coalesce.
In a cloud, the larger drops are falling relative to the smaller drop-

lets. The number of droplets swept out per unit time is dependent upon



15

the difference in terminal velocities between the large and small drops
and the radius of the large drop.

The terminal velocities of raindrops were determined by Gunn and
Kinzer (1949). The computer model used a polynomial equation developed
by Dingle and Lee (1972) to calculate terminal velocities. This
numerical expression fits the velocities determined by Gunn and Kinzer
within a maximum error of 0.7%. The terminal velocities of cloud drop-
lets, radii less than 50u, were calculated from Stokes law. A correc-
tion has been applied for the effect of air density on terminal fall
speed.

For awater drop falling at its terminal velocity in air, the

balance of forces can be represented by

-1 2
mg = 5 v CD R 27

where the left side of the equation represents the gravitational force
on the drop and the right side is the upward directed aerodynamic drag.

For a drop of a given size a correction for air density is given
by (28).

£6.0.4

V=V, [p—] (28)

where VO is the terminal velocity at air density p0 and V is that
at p. If a given drop had the same drag coefficient at different air
densities, (27) indicates that the exponent in (28) should be 0.5.
However, Foote and DuToit (1969) showed that the exponent of 0.4 is
more accurate because of higher drag coefficients at lower air
densities.

There are two coalescence growth models in use today. These

models are distinguished from each other by the relative amount of
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water gathered from the various sizes of smaller droplets by the
larger drops. The continuous model calculates only the averaged an
smoothed rate of growth of all drops of a given radius. The continu-
ous model assumes that small droplets are swept out as if their mass
were distributed uniformly in space. All large drops would grow at
the same rate. In the stochastic model water is gathered from drops
of all sizes, This is important because a chance capture of a large
drop can increase mass greater than the capture of one hundred small
droplets. The stochastic model allows the large drops to grow at

different rates causing the drop size distribution to spread (Fig. 4).

100
e (0
B. STOCHASTIC
MODEL

A. CONTINUOUS |,
MODEL

\V

SIZE > >

Fig. 4 A schematic diagram illustrating the differences between the
continuous and stochastic growth concepts (adapted from Berry
1967).
In nature the precipitation mechanism is a discrete and stochastic

process. Here, however, realism must yield to economics. The sto-

chastic process requires too much computer time to be used in a model
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that is to be run for numerous cases. Since the continuous model re-
quires very little computer time and because it is well suited to
simulate the behavior of a few relatively large drops growing within a
dense population of smaller droplets, it was deemed appropriate for
this model.

The growth of the droplets following the continuous model can be

calculated from

dR

R - Fa@re ®nIVE - v ldr (29)

where n(r) is the number of droplets per unit volume of air with
radii between ¥ and r + dr, V(R) and V(r) are the terminal
velocities of the larger drops and small droplets of radii R and r
respectively., The collection cross—section for the two different
droplets is E'(R,r). E' 4is related to the collection efficiency E,

by the equation
E' = E(R+r)?/R? (30)

The collection efficiency is the product of the collision effi-
ciency and the coalescence efficiency. The coalescence efficiency is
assumed to be unity. Collision efficiencies are taken from Davis and
Klett (1973) for R < 45u, from Shafrir and Neiburger (1963) for
450 < R < 100u and from Fonda and Herne (1957) for R > 100u.

In thé simple case where all of the small droplets are of uniform
size and constitute a liquid water content of w grams per cubic

centimeter, then (29) reduces to,
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e EI%LQ wW®) - V() (31)

where °L is the density of liquid water.

A correction has been added to the continuous growth equation for
unseeded cases to simulate the faster growth of raindrops in the sto-
chastic model. As indicated by the stochastic model, some drops grow
at a rate much more rapid than average. It is these faster growing
drops that eventually produce precipitation. Telford (1955) used a
discrete size distribution to demonstrate mathematically that the
stochastic model produced relatively large drops approximately six
times as fast as the continuous equation.

Berry (1967) confirmed the calculations made by Telford. Berry
considered only the larger drops that had a concentration of 10m—3

at t = 0. Berry's calculations showed that these drops doubled in

mass every 100 seconds. That is

dm Ly oI
T3 (stochastic) = =5 - (32)
Continuous growth takes place at the rate,
QB'(continuoﬁs) = mbw 3 —e (33)
dt ~ 300
where b, a constant in the collection kernel, has a value of
z3x 1073 (m3gm_lsec_l). It follows that
dm (stochastic)/QE (continuous) = 6 (34)
dt dt

demonstrating that Berry's calculations agree with Telford's for the

few larger drops at the beginning of collection growth for R < 45u.
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To simulate the faster growth of a few favored drops, the raindrop
embryos were allowed to grow at six times the continuous rate until a
radius of 45y was reached.

1. Adjustment to Liquid Water Content

The first drop to fall through a layer of cloud will encounter a
liquid water content equal to the amount of water vapor condensed in
that layer since rising from cloud base. For all drops thereafter the
liquid water content will be decreased by that amount which has
coalesced with and has been transported out of the layer by previous
raindrops.

A short numerical model (Appendix B) was developed to study the
effect that this process had on the liquid water content encountered
by the average drop. (The average drop is that drop increasing in
mass at a rate that is the average for all drops.)

It was determined that the percent of liquid water made available
to the average drop was mainly a function of drop radius and number.
An expression was included in the numerical cloud model to account for
this phenomenon.

2. Drop Breakup

Since drops of radius greater than 2.5mm are rarely observed in
natural rain, it may be assumed that drops larger than this usually be-
come unstable and break up prior to reaching the ground. It has been
shown that falling drops greater than lmm in radius become distorted.
The drop flattens and becomes lenticular in shape, then the base de-
develops a concave depression and soon after develops a bubble sup-

ported by an annular ring containing the bulk of the water. The bubble
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then bursts producing a fine spray of droplets, while the annular ring

breaks up into several large fragments (Fig. 5).
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Fig. 5 A schematic representation of the stages in the disruption of a
large falling drop. Adapted from Matthews and Mason, 1964,
The critical conditions for breakup were calculated by Matthews
and Mason (1964). It was demonstrated that for drops of equivalent
spherical radius r < 4mm, that the critical velocity, Vc for breakup

is given by

2p — 1
VCR = 4v/np CD (35)

where vy 1is the surface temsion of the liquid, p' the air density,
CD the drag coefficient of the drop, and n a numerical factor
(r <n 5_2) relating the ratio of the curvature of the drop at the

upper pole to its equivalent spherical radius.
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A relationship of the form
V2R = constant, (26

would be expected if it were assumed that the drop would break up when
the force due to the aerodynamic pressure over the drop exceeded that
due to surface tension. This compares well with the experimental

expression developed by Lane (1951).

ng = 3.06 x 10° (cgs units) (37)
oY

3.06 x 105/V2 . (38)

Rc
The exact manner in which raindrops break up in a cloud may be

different than that indicated by laboratory experiments; however, there
ig littie reason to doubt that raindrops tend to break up after attin-
ing a radius of about 2.5mm. The model utilizes (38) to determine the
critical break-up radius. It is then assumed that the drops break up
into four drops containing a combined volume of one half the original
rop and a great number of smaller droplets. The subsequent growth of
one of the larger drops is then followed.

Spengler and Gokhale (1973) investigated the role that drop impac~
tions might have on the development of intense precipitation. They
concluded that this phenomenon becomes important after a sufficient
number of drops > 2mm have been produced. They further concluded
that breakup by impaction would be important only after rainfall
intensities of 50mm hr_l had been obtained and a major result of this
breakup mechanism would be the reduction in raindrops large enough to
bregk up due to instability. Because of the difficulty in parameteriz-

ing this process and because it contains a feedback mechanism that



reduces the effect of a droplet multiplication process already in the
program, drop multiplication by impaction was neglected.

3. Loss at Cloud Top

Many of the raindrops that rise up through the cloud never return
to cloud base. The top of a cumulus tower is eroded by the environ-
mental air. In nature, this entrained air causes the liquid water con-
tent to be much lower at the leading edge of the cloud than the cloud
model would indicate. Because of the low liquid water content, in-
creased wind shear, and uncertain changes in the divergence of the
rising air, the drop is assumed to be ejected from the cloud and
evaporated if it comes within 50m of cloud top.

4, Duration of Rainfall

The duration of rainfall was calculated using the method developed
by Weinstein and Davis (1968). 1In a steady state model the raindrops
created at the cloud top will be the last to fall out. The duration of

precipitation (D) can then be estimated as:
D = (Z/V)TOP (39)

where V is the raindrop terminal velocity at the top of the cloud.
Empirical evidence indicates that the duration calculated by this
method is off by a factor of two so (39) was corrected to make cal-

culated results agree better with observation.
D = 2.0(z/V)Top (40)

Because a one dimensional steady state model is not designed to
give information concerning time, this calculation should be considered

as an approximate order of magnitude calculation.
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5. Efficiency

The efficiency of the precipitation mechanism is taken to be the
ratio of precipitated water to condensed water available in the cloud.
The condensed water available was calculated by two methods. The first
calculated the amount in the cloud when precipitation began, the
second also included water made available while precipitation was
occurring. It was assumed that the condensed water was produced at
the same rate in the precipitating cloud, as in the non-precipitating
cloud. This results in an overestimation of water available, because
of the alterations made on the updraft by the precipitation process.
The true efficiency would £all in between the two calculated and, for

this paper, was considered to be their mean,



TESTING THE MODEL

‘The Institute of Atmospheric Sciences, South Dakota School of
Mines and Technology conducted Cloud Catcher, a cumulus cloud modifi-
cation program, during the summer months of 1969-71. The purpose of
Cloud Catcher was to determine the effect of salt and of silver iodide
seeding upon convective clouds. Their results have been well docu-
mented (Koscielski and Dennis 1971, and Kosielski, Dennis, Hirsch and
Biswas 1971) and provide a good data sample upon which to test the
model described in the previous chapters.

A data summary for the salt seed and no seed cases is given in
Tables I and II. Cloud base height and updraft radius were estimated
from aircraft observations. Cloud depth and rainfall amount were
determined by radar. On many days the radar determined rainfall was
adjusted to take account of such items as missing data due to outages,
occasional spurious signals due to noise in the radar set, and test
cases moving beyond the test grid. These adjustments were subjective
in nature. Experimental days of 13 July 1970, 28 July 1970, 13 August
1970, and 13 August 1971 were omitted from this study because a frontal
passage occurred during the day making the OOGMT sounding unrepresenta-
tive of the air mass in which the seeding actually took place.

The mass of effective salt nuclei was actually much less than that
indicated by Table II. During Project Cloud Catcher a sample of the
salt used for seeding was examined to determine the parficle size dis~
tribution. The results are shown in Table III. Only 9.5% of the total
mass was in the range of 50u radius or less. The larger particles are

too large to be effective as seeding agents. They either do not reach
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TABLE I
SUMMARY OF SEED CASES

Cloud
Base Cloud Updraft Amount of
Height Depth Radius Rainfall Salt Used
Case Date (km) (km) (km) (acre ft) (1b)
i 6/06/69 3.05 6.10 1.3 50 225
2 6/06/69 3.05 6.71 1.3 200 125
3 6/25/69 2.19 5.49 1.5 50 125
4 6/30/69 3.05 1.83 0.7 2 125
5 6/30/69 3.05 1.83 0.7 0 125
6 7/07/69 Radiosonde Data Not Available
7 7/09/69 3.60 6.40 1.3 1000 100
8 7/15/69 3.35 3.96 1.4 0 75
9 7/21/69 3.14 5.49 1.2 300 100
10 7/21/69 3.14 8.53 1.4 757 125
11 7/22/69 3.41 8.23 2.8 502 125
12 7/23/69 2.56 6.71 0.8 14 125
13 7/25/69 3.35 1.52 0.3 0 30
14 7/29/69 3.47 6.70 2.1 129 100
i5 8/05/69 2.93 5.49 1.5 200 100
15 8/15/69 4,05 4.27 0.8 43 100
i7 6/09/70 4,02 6.10 1.2 60 80
18 6/29/70 2.90 3.96 0.5 0 120
19 7/08/70 2,99 5.18 0.6 116 100
20 7/08/70 2.99 7.62 1.2 374 100
21 7/08/70 2.99 5.49 0.6 570 100
22 7/13/70 2.68 3.96 0.6 0 75
23 8/17/70 4,02 6.10 1.8 234 125
24 8/17/70 4,02 5.18 1.3 29 75
25 8/27/70 2.99 7.00 1.1 500 150
z% 8/04/70 3.05 9.45 2,6 1200 150
7 8/05/70 2.90 10.67 2,0 465 225
28 8/05/70 2.90 10.67 2.0 1982 200
25 2/13/70 3.44 3.05 0.4 5 125
3G 6/21/71 3.05 9.14 2.2 1935 125
31 6/22/71 4,08 2.43 0.5 16 350
32 7/06/71 3.84 6.71 2,5 1319 150
33 Fi09/71 3.23 6.40 0.8 24 100
24 7/09/71 3.23 8.84 2.8 1289 150
35 7/09/71 3.23 6.40 0.8 1288 250
36 8/12/71 4,08 3.66 1.0 183 160
37 8/12/71 4.08 3.35 1.0 14 100
38 8/13/71 3.35 6.40 0.4 499 150
39 8/13/71 3.35 6.40 0.4 1136 200
&0 8/13/71 3.35 6.40 0.4 3313 200
41 8/13/71 3.35 6.40 0.4 1057 150
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TABLE I1I

SUMMARY OF NO SEED CASES

Cloud
Base Cloud
Height Depth Rainfall
Case Date (km) (km) (acre ft)
1 6/06/69 3.05 3.96 0
2 6/25/69 2.20 7.01 104
3 6/07/69 2.38 3.05 0
4 7/08/69 3.35 1.52 0
5 7/08/69 3.35 4,27 3
6 7/15/69 3.35 5.79 206
7 7/17/69 2,42 7.62 160
8 7/18/69 2.41 3.96 2
9 7/22/69 3.41 4,27 115
10 7/23/69 2.56 9.75 1000
11 8/04/69 2.68 8.84 259
12 8/04/69 2,68 7.62 527
13 8/15/69 4.05 5.79 77
14 6/08/70 2.98 7.62 123
15 6/08/70 2.98 9.14 1061
16 6/08/70 2.98 9.14 1363
17 6/18/70 2.98 4.89 38
18 6/18/70 2.98 4.88 29
19 6/24/70 2.68 7.92 361
20 7/09/70 2.90 8.84 671
21 7/09/70 2,90 4,27 0
22 7/10/70 3.47 8.23 100
23 7/22/70 2.53 4,27 5
24 7/22/70 2.53 7.01 117
25 7/28/70 2.68 4,57 5
26 7/28/70 2.68 9.45 822
27 7/28/70 - 2.68 9.45 " 822
28 7/28/70 2.68 3.66 0
29 7/29/70 2,65 4,57 3
30 7/31/70 2.59 3.35 16
31 7/31/70 2.59 6.40 499
32 8/06/70 2.99 10.67 865
33 8/06/70 2.99 10.67 622
34 7/22/71 3.47 5.79 1316
35 7/22/71 3.47 4,87 271
36 7/22/71 3.47 6.40 524
37 8/03/71 3.84 2.74 1
38 8/04/71 3.38 5.79 1666
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TABLE III

DISTRIBUTION OF SALT PARTICLES BY SIZE

Radius (u) 7 of Total Particles % of Total Mass
0-5 68.0 0.01
5-10 16.7 0.4

10-15 2.8 0.3
15-20 2.1 0.5
20-25 0.8 0.4
25-30 1.3 0.7
30-35 0.5 0.7
35-40 1.1 2.3
40-45 0.3 0.8
45-50 0.8 3.4
50-55 1.9 10.6
55-60 1.3 2.8
60-65 0.3 2.5
65-70 0.3 3.2
70-75 1.1 15.5
75-80 0.5 9.6
80-85 0.5 11.6
85-90 0.0 0.0
90-95 0.5 16.2
95-100 0.0 0.0
100-105 0.3 10.8

cloud base or do not rise high enough above cloud base to be efficient
as collectors of cloud water.

1. Model Verification

The numerical model listed in Appendix C was run on each of the
test cases using the data in Table I and Table II for the model input
of updraft radius and amount of salt used., The mass of effective
nuclei was assumed to be 107 of the total mass of salt. It was further
assumed that the salt particles had a uniform equivalent volume radius
of 10u, that they were homogeneously dispersed, and that the clouds
were seeded at the proper time in their growth cycle. Cloud radius

was assumed to be twice the updraft radius and updraft velocity at
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cloud base was taken to be st_l. If observed values of these parame-
ters were available, correlation between model-predicted and observed
values would probably be higher.

Correlations were made between the predicted and observed cloud
bases, cloud depth, liquid~water content, updraft velocity, and rain-
fall. The correlation for seed and no seed cases combined was .62 for
cloud base and .71 for cloud depth. Superimposed data were not plotted
for clarity of the figures.

The mean predicted cloud base was 3.38 km and the mean observed
cloud base was 3.21 km. This difference is partially accounted for by
the location of Rapid City. On days with easterly winds the Black
Hills act as a barrier causing forced lifting of the air. On these
days formation of cloud bases follow more accurately a lifted rather
than a convective process. This results in lower cloud bases.

A small_data sample of liquid water content and updraft velocity
observed by instrumented aircraft was available. These were compared
with the values predicted by the model at the level of aircraft pene-
tration, which was generally about 3.0 km above cloud base., It was
assumed that the largest values obtained during a penetration were
representative of the updraft core. The mean observed liquid-water
content was 4.2 compared to 4.5 gm—3 predicted by the model, The
worst data fits for liquid-water content are values over predicted,
by as much as a factor of two. It is possible that on these occasions
the aircraft did not penetrate the core of the rising air mass and
missed the area of maximum liquid-water content.

The observed versus predicted rainfall for all seeded cases is

shown in Figure 12. When all cases in which ice was observed in the
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cloud prior to seeding were rémoved from the data sample, the correla-
tion improves from .49 to .8l. (Fig. 13) The cases in which ice was

not observed prior to precipitation were more likely to have the rain-
fall caused by a coalescence process induced by the salt seeding. While
salt seeding may have influenced the precipitation in the "ice" clouds,
it is likely that the dominate precipitation mechanism was an ice
process.

The model results indicated that the warm rain processes play a
minor role in the natural development of precipitation in the Rapid
City area. For the no-seed cases the model predicted that precipita-
tion could form through coalescence only for the two cases occurring on
6 August 1970. The results for the predicted versus observed rainfall

amounts for the no-ice days are shown in Table IV,

TABLE IV

SUMMARY OF MODEL PREDICTED AND OBSERVED RATINFALL FOR NO-SEED CASES IN
WHICH THE WARM PRECIPITATION MECHANISM APPEARED DOMINANT

Case # 1 3 4 8 21 29 30

Predicted Rain-
fall (acre-ft)

Observed Rain-
fall (acre-ft)

A summary of correlation coefficients found by previous investi-
gators using various numerical models is given in Table VII. There
are two explanations for the smaller correlations of the model under
investigation. The previous studies used observed rather than calcula-

ted cloud bases as input to the model. Any variation in cloud base
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TABLE V

SUMMARY OF PREDICTED VERSUS OBSERVED DATA FOR SEED CASES

Seed

Cloud Base (km) Cloud Depth Rainfall (acre-ft) Type*
Case Predicted Observed Predicted Observed Predicted Observed Day

1 3.06 3.05 8.99 6.10 123 50 1
2 3.06 3.05 8.99 6.71 107 200 2
3 2.56 2.19 3.92 5.49 43 50 1
4 2.84 3.05 1.43 1.83 0 2 1
5 2.84 3.05 1.43 1.83 0 0 1
6 Radiosonde Data Not Available 2
7 3.21 3.60 3.83 6.40 60 1000 2
8 2.79 3.35 3.67 3.96 68 0 1
9 3.39 3.14 7.53 5.49 140 300 1
10 3.39 3.14 7.88 8.53 205 757 2
11 2.83 3.41 9.69 8.23 1211 502 1
12 1.99 2,56 3.10 6.71 16 14 1
13 2,87 3.35 2,13 1.52 6 0 1
14 3.27 3.47 8.69 6.70 504 129 2
15 3.13 2.93 6.58 5.49 253 200 1
16 4,53 4,05 3.63 4,27 15 43 1
17 3.36 4,02 7.88 6.10 118 60 1
18 3.64 2.90 3.79 3.96 11 0 1
19 3.82 2.99 4,96 5.18 16 116 2
20 3.82 2.99 6.21 7.62 97 374 2
21 3.82 2.99 4,96 5.49 16 570 2
22 3.72 2.68 1.87 3.96 3 0 3
23 4,32 4,02 6.01 6.10 197 234 1
24 4,32 4,02 4.73 5.18 63 29 2
25 3.43 2.99 7.61 7.00 77 500 2
26 3.41 3.05 9.87 9.45 828 1200 2
27 2,72 2,90 10,67 10.67 379 465 1
28 2,72 2.90 10.67 10.67 378 1982 2
29 5.01 3.44 1.97 3.05 0 5 3
30 3.53 3.05 5.82 9.14 276 1935 k%
31 4.03 4,08 1.94 2,43 0 16
32 3.76 3.84 8.43 6.71 801 1319
33 4,13 3.23 5.56 6.40 36 24
34 4.13 3.23 8.01 8.84 796 1289
35 4,13 3.23 5.56 6.40 48 1288

36 4.56 4.08 3.65 3.66 15 183
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TABLE V (cont'd)

SUMMARY OF PREDICTED VERSUS OBSERVED DATA FOR SEED CASES

Seed
Cloud Base (km) Cloud Depth Rainfall (acre-ft) Type*
Case Predicted Observed Predicted Observed Predicted Observed Day
37 4,56 4,08 3.65 3.35 16 14
38 4,21 3.35 2.49 6.40 NA 499 3
39 4,21 3.35 2.49 6.40 NA 1136 3
40 4,21 3.35 2.49 6,40 NA 3313 3
41 4,21 3.35 2,49 6.40 NA 1057 3

*1. No ice in cloud visible prior to seeding

2., Ice in cloud visible prior to seeding or cloud observation not
possible (eg. due to obscurring lower clouds)

3. Frontal passage causes OOGMI sounding to be unrepresentative

*%Cloud observations were not available for 1971 cases
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causes a change in the total energy available to the cloud from con-
densation, resulting in errors in the prediction of cloud depth and

precipitation amounts.

TABLE VII

SUMMARY OF CORRELATION COEFFICIENTS BETWEEN MODEL-PREDICTED AND
OBSERVED PARAMETERS

Correlation  Location of Principal
Parameter Coefficient Inveéstigation Investigator
Cloud-Top Height 0.92 Caribbean Sea Sax (1967)
Cloud-Top Height 0.88 Pennsylvania Davis (1967)
Cloud-Top Height 0.88 Arizona MRI (1968)
Rainfall Amount 0.89 Arizona MRI (1968)
Cloud~Top Height 0.82 South Dakota Hirsch (1971)
Vertical Velocities 0.61 South Dakota Hirsch (1971)
Liquid-Water Content 0.30 South Dakota Hirsch (1971)
Cloud-Base 0.62 South Dakota Durham
Cloud~-Depth 0.71 South Dakota Durham
Rainfall Amount 0.81 South Dakota Durham
Liquid-Water Content 0.16 South Dakota Durham
Vertical-Velocities 0.68 South Dakota Durham

The second explanation is that the vertical profile provided by
the radiosonde was not representative of the air actually entrained into
the cloud. Soundings were taken at the Rapid City Regional Airport,
often several hours after the test case data was taken. The greatest
deviation between observed and predicted values were for clouds with
updraft radii smaller than 1 km. A small error in the updraft radius
could cause a significant change in the entrainment rate in these small

clouds.
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2. Sensitivity Analysis

A sensitivity analysis was made to indicate where possible errors
are most significant. The input parameters of updraft velocity, drop-
let concentration, and droplet size were varied by 50%,and the cloud
base height was varied by 500 m from the calculated value to test their
effect on the model predicted values of cloud depth, maximum updraft,
velocity, maximum liquid-water content and precipitation. The model
was run using the average Rapid City July sounding as input for the
vertical profile of the atmosphere. The comparisons were made against
the values predicted by the model using as input an updraft velocity
of 2ms_l, droplet concentration of 350cm—3, and average droplet radius
of 3.3u. The most sensitive parameters were the cloud base height and
the initial updraft velocity. Observed data can be used for these
terms during field operations. This could significantly increase the
accuracy of the models predictions.

3. Summary

A simple model of the warm phase precipitation process in a steady-
state cumulus cloud has been described and tested. It utilized
versions of the first law of thermodynamics and the third law of motion
along with modified continuous growth equations that describe precipita-
tion development.

The main limitations of the model are:

1. The model ignores the diffusion of the salt particles within
the cloud. '

2, The model neglects horizontal asymmetries.
3. Initial conditions at cloud base are required as input.

4, Continuous growth equations are used in lieu of the more
accurate stochastic equations.



43

TABLE VIII1

SUMMARY OF PREDICTED PARAMETERS UNDER VARIOUS CONDITIONS

Initial
Updraft
Velocity

(cms—l)

206
100
300

Droplet
Concentra-
. § * _'V -
1O (1‘£‘cm )

350
175
525

Average
Initial
Droplet
Size ()
(No Seed)

-

~N N W
O owm

Cloud
Base (km)
MSL)

*Denctes percentage change

Max
Max Liquid-
Vertical Water
Precipitation Velfilty Confgnt
(acre-ft) (ms ) (gm ™)
58.9 12.8 5.0
52.5(-11.0) 11.7(-9.0) 5.0(0)
62,7(+6.0) 13.6(+6.0) 5.0(0)

4.9 58.9 12.8 5.0

4.9 57.9(-2.0) 12.8¢0) 5.0(0)

4.9 58.8(+0.0) 12.8(0) 5.0(0)

4.9 0 12.8 5.0

4.9 0(0) 12.8(0) 5.0(0)

4,9 0(0) 12.8(0) 5.0(0)
58.9 12.8 5.0
73.6(+25.0) 15.2(+19.0) 6.2(++24.0)
42,0(-29.0) 10.7(-16.0) 4,1(-18.0)
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Testing of the model indicated a fair correlation between pre-
dicted and observed values of cloud base and cloud depth. The correla-
tion with observed rainfall was good for cases in which there was a
fair degree of certainty that the warm precipitation process was
dominant. The accuracy of the model decreased for clouds with small
updraft radii. The model was most sensitive to input values of cloud

base height and initial updraft velocity.



APPLICATION OF THE MODEL

The model has been shown to work reasonably well for clouds in the
Rapid City area. Extrapolation of the results of this test to other
areas of the Great Plains must be done with care. Predictions from
one-dimensional steady-state models are very sensitive to cloud base
height. This sensitivity is greatest in the south-eastern portions of
the Great Plains. In this area cloud bases are often low, and the
saturated mixing ratio decreases rapidly with height. An error of
500 m in cloud base height can cause significant errors in the total
energy available to the cloud from condensation, and a similar error in
the estimate of rainfall from the cloud. While there is no reason to
believe that the results of the model verification would have been
significantly different had the data come from another area of the
Great Plains, it is doubtful that they would have been duplicated.

The model was run on the average July soundings for Rapid City,
South Dakota; Denver, Colorado; Fort Worth, Texas and Columbia,
Missouri to determine the relative effectiveness of the natural
coalescence process, the optimum size of sodium chloridé for use in
seeding and the optimum seeding density for each station. These
results were then used to calculate the potential for hygroscopic
seeding in the various areas of the Great Plains.

1. Natural Coalescence Process

The numerical model showed that the warm precipitation mechanism
plays an important role in the development of rain in the southern
region of the Great Plains. Rainfall was predicted to develop in non-

seeded clouds of 3.0km radius, on more than 207 of the days in the
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Fort Worth and Columbia areas, and on less than 2% of the days in the

Denver and Rapid City areas (Table IX).

TABLE IX

SUMMARY OF NUMBER OF DAYS ON WHICH THE MODEL PREDICTED THE DEVELOPMENT
OF PRECIPITATION THROUGH A NATURAL COALESCENCE PROCESS

Cloud Radius (km) 1.0 2.0 3.0
Columbia 2(1.2)* 16(9.7) 33(21.3)
Denver 0 0 0

Fort Worth 0 1(0.6) 38(24.5)
Rapid City 0 0 3(2.0)

*Denotes percentage

The lack of importance of the warm coalescence process in the more
continental areas of the Great Plains is primarily due to the higher
droplet concentrations and lower liquid-water contents of the clouds
in these regions. Both of these conditions tend to suppress the
coalescence process.

2, Optimum Size and Seeding Density

The optimum size for sodium chloride seeding agents was found by
using various sizes as input to the numerical model to determine
which size swept out the most water. On the average sounding this
was always the particle that came closest to the top of the cloud with-
out being ejected (Fig. 14), The most rapid growth rate of the drop
takes place during their fall to cloud base. Solution drops formed
from the large salt particles grow too rapidly. They become large
enough to fall against the updraft at a relatively low level in the

cloud and sweep out very little water during their fall to cloud base.
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The small particles have a much longer trajectory through the cloud
and can reach the critical size for breakup.

When the optimum seeding size calculated using the averaged sound-
ings was run on a daily basis, a large number of clouds did not pre-
cipitate. Because of this the optimum seeding size was increased by
one size interval over that indicated by the average sounding. Al-
though the smaller salt particles produced more precipitation when it
did rain, this was more than compensated for by the increased number of
clouds that produced precipitation using the larger size particle.

The optimum seeding density was found in a similar manmer.

Various seeding densities (the number of salt particles per liter at
cloud base) were run in the numerical model using the optimum size

salt particles, The results are shown in Figure 15. The gaps in the
data are caused when one seeding density allows the drop to grow large
enough to reach critical size and breakup. At higher seeding densities
the added weight of the large drops decreases the buoyancy and the
drops do not rise as far in the cloud and no breakup occurs. When
seeding densities are increased above 100 per liter, competitition

for the liquid-water reduces the growth rate and inhibits the forma-
tion of precipitation. Massive seeding with small salt particles

(R < 2.51) will create a droplet spectrum consisting of many small
droplets. This will inhibit coalescence and suppress the warm precipi-
tation process.,

The optimum seeding size and density for the various cities is

giver. in Table X.
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TABLE X

SUMMARY OF OPTIMUM SEEDING SIZES AND DENSITIES

Columbia
Updraft Radius (m) 500 1000 1500
Size(u) 5.0 5.0 5.0
Density (#/liter) 1.0 3.0 4,0
Denver
Updraft Radius (m) 500 1000 1500
Size (W) 10.0 5.0 5.0
Density (#/liter) 3.0 0.5 1.0
Fort Worth
Updraft Radius (m) 500 1000 1500
Size (W) 5.0 2.5 2.5
Density (#/liter) 2.0 3.0 4.0
Rapid City
Updraft Radius (m) 500 1000 1500
Size (1) 10.0 5.0 5.0

Density (#/liter) 4.0 0.5 0.5
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3. Potential for Precipitation Augmentation

Using the optimum seeding sizes and densities shown in Table X
the numerical model was run on the daily OOGMT soundings of the various
stations. The July soundings of 1964 through 1969 were used, providing
a data sample of 155 days for each station. The practical application
of the results of the study, one must accept the existence of a popula-
tion of clouds with a set range of horizontal dimensions. For this
study the horizontal dimensions were 1000M, 2Z000M, and 3000M. The
updraft radius was assumed to be one half the cloud radius. It was
further assumed that at the time of seeding the salt particles were
homogeneously dispersed through the lower 600m of the cloud. This
could be accomplished by seeding for five minutes beneath a cloud with
an updraft of 2ms_l. The results are shown in Table XI.

Table XI indicates that precipitation can be induced in all areas
of the Great Plains through sodium chloride seeding. The greatest
rainfall amocunts are from the clouds in the Rapid City area., A study
of the cloud top temperatures indicates that the larger clouds in
the Rapid City and Denver area would have likely produced precipitation
through an ice process, and may be suitable for silver iodide seeding.
An area of obvious potential benefit from hygroscopic seeding is the
southern Great Plains, where the seeding agents have a long trajectory
through the cloud prior to reaching the freezing level. In this area
many clouds that yield rainfall amounts greater than 100 acre-ft
when seeded with hygroscopic particles, are unsuitable for other
forms of seeding. The model shows that rainfall can develop on many
days in the southern Great Plains region without seeding. On these

days salt seeding could still prove beneficial by increasing the
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TABLE XI

AVERAGE DAILY MODEL-PREDICTED SEEDING RESULTS

Average
Cloud Topo
Cloud Radius (km) Rainfall(acre-=ft)  Efficiency(%) Temperature( C)
Columbiz
1.0 7.5 1.00 +1
2.0 54,0 2,11 -8
3.0 150.0 2,76 -17
Denver
1.0 7.4 1.29 -13
2.0 49.0 2,03 =21
3.0 137.0 2.80 -38

Fort Worth

7.0 1.00 -4
2.0 54.6 1.61 ~16
3.0 147.0 2,12 ~24
Rapid City
1.0 8.0 1.23 -8
2.0 56.5 1.95 -21
3.0 156.0 2.68 -32

number of relatively large drops, which will increase the efficiency
of the precipitation process.

Because the model does not include an ice process or have the
ability to evaluate the potential of silver iodide seeding, no definite
statement can be made as to the relative value of hygroscopic seeding
in the various areas of the Great Plainms.

The Cloud Catcher program conducted in the Rapid City area showed

little change in the precipitation from large cumulus clouds due to
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salt seeding. This may be due in part to the amount of salt used.

The large clouds received no more salt than the small clouds. The
numerical model indicates that the Langmuir chain reaction is not
generally effective enough to compensate for the relatively smaller
amount of salt. If the seeding amount were increased with the updraft
radius it is likely that a significant increase in rainfall will be

found.



CONCLUSION

A one-dimensional steady-state cumulus cloud model was developed
to investigate the warm precipitation mechanism in cumulus clouds. The
numerical model was tested using data from an extensive field program
in cumulus research conducted near the Black Hills of South Dakota.
Testing of the model was done using model-predicted, rather than
observed cloud bases. Good correlation coefficients were found for
precipitation, cloud depth and updraft velocities when model-predicted
values were compared to the aircraft observed values.

The numerical model was used to find the optimum salt particle
size and seeding density in various areas of the Great Plains. It was
found that the optimum particle size decreased with an increase in
cloud size and increased with the continentality of the region. There
was no evidence that the natural coalescence process was of major im-—
portance in cumulus clouds in the northern Great Plains. In the south-
eastern areas, where the cloud bases are low and moisture is much more
abundant, the numerical model showed that precipitation can develop
through a natural warm process.

The optimum seeding density was generally greatest in the dryer
continental areas. In these areas the updrafts in clouds with the
same horizontal dimensions are higher because of the smaller loss of
acceleration caused by the weight of the cloud water., This allows a
greater mass of raindrops to be carried upward. The effect of over
seeding was highly parameterized in the model so that the results in
this area are highly qualitative, Over seeding did tend to inhibit
the production of rain because greater competition for the liquid-

water. This was most pronounced in the more continental areas.
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The final application of the model was to test the climatological
potential for rainfall augmentation through sodium chloride seeding.
The model showed that precipitation could be induced through salt seed-
ing in all areas of the Great Plains. Large amounts of rainfall can
be produced from clouds in south-eastern portions of the Great Plains
that do extend far enough above the freezing level to be suitable for
silver iodide seeding. Because the model does not allow for droplet
growth by an ice process, a determination of the relative potential

of salt versus silver iodide seeding could not be made.
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APPENDIX A
LIST OF SYMBOLS

updraft radius

seeding density

drag coefficient

specific heat at constant pressure
diffusion coefficient of water vapor
rainfall duration

collision efficiency

saturation vapor pressure

) = wventilation factor
thermodynamic function

gravity

latent heat of condensation

mass of flux

mass

molecular weight of water

pressure

mixing ratio

saturation mixing ratio

radius of droplets

radius of relatively large drops
critical radius

gas constant for dry air
supersaturation due to solution effect

natural supersaturation, a function of droplet concentration
and updraft velocity
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time

temperature

environmental temperature

terminal velocity of drop

critical terminal velocity

liquid water content

updraft velocity

mole fraction

height above cloud base

entrainment proportionality constant
the ratio of the molecular weight of water to dry air
surface tension

thermal conductivity of the air

air density

environmental air density

density of water

virtual mass coefficient

entrainment
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PANGRAM PURHAMI {1MPUT»AUTHBUT)
REAL LWCs NO
TNTFOER TOFLTA
READ 1000+ MNCASES
1000 FOIMATIS)
N 1 J=1-NCASES
PRINT 9092
Q902 FORMAT(1H)
: AVVRAD=ME AN VOLUME RaDIng
R=SFEDING DENSTTY (MOJLITFR)
F=COLLISINN EFFICTENCY
GL=GRAVITY (CM/SECHs?)
LWC=LTQUID WATER CONTENT {GM/MenT)
QAND=DROP RADIUS
=NROPLET RADIUS
PO=GAS CONSTANT
VR (VLRI=TERMINAL VELGCCITY OF NROP (NROPLET)
WL1=LIQUID WATER CONTENT (GM/GM)
WLA=VOLUME OF WATER EXTRACTED RY DRQP GROWTH
WLS=LIQUID WATER CONTENT OF A CLOUD i AYER
Az1,0
1L=980,616
K=59
.’:‘i(::\)oo
MNO=0,0
RU=?.,ATQ4LES
Wil =040
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PMATITFID 2 4)
ADYQ
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WLz {4 ,1RR3% ADERIY S (0HNAR] LDELS)
VIHR={2:08R 222506 /{10,571 ,0F4%)
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WLEWL TURHNARSTHY J0E4
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BAD=RADY
17 [RAD LLT. 7C5.0) GO 19 90
VRE24, 1650+ 089780727 AN 02,5080~/ aNH 32324, 12728 =000 AN% 5y
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FRORIME=(Ka2RADSRL) #22}Y /(RAD®RANY
DRADI=AC{TCRIME/ {4, 01 ) M WCH{YI-VLRYZTREL TA4] ,0F =?
RAD=RADB+DRAOL i
VOL=4,1RR{uRADRE]
TOTVOL=TOTVOL+VOL
DVOL=VOL=VOL1
WL2=(4,188R%#B#RAD%%#3)/(RHOA®],nE15)
WLa=wl2-ul3 C
N0=NO‘100
I=MND{K+50)
K=K+1
IF (1) 243,27

3 PRINT 40600 NOs $Ds RAD, VOLs DPADIS Wi4s WL1s DVOL

G000 FORMAT{OX 42F 60l 98&F 20,57

2 CONTINUE
CIF {DRADY JLTs 061} GO 7O 20
IF (ND .LT, 300G0.0Y €O 10 10

20 CONTINUE
TOTYOL=TOTVOL+{3000.,0-NO)#VOL
AVVOL={TOTVOL/3000,0)
AVRAD=(AVVNL/5,1888)%%,333333
PRINT 4000+ NOs SDs AVVOL e AVRADs WL}

1 CONTINUE
£ND
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NUMERICAL MODEL

PROGRAM DUSHAMZ (IMO0T 0T« T, TAPEYY -
DIMENSTON ED20:5H) s 9801 (20)s ONGM{sy
DIMENSTON TDATAISC ) v
COMBON ZPRUTH0T s YEMRATS) s RILIT{TS0) s WATERLV(TSOY . WURLTHD)
COAMON WOATUP{T30) s FNMTX(TS0Y s GLOMTAITEM) s PRES(TS0)s TVAUP LTSN
PEAL Ko Ly Ny LuCo NOs [Fe ITIN
NDIMEMN=TSY
READ 8002« (RADL{I)s I=1,420)
8002 FORMAT({1AF5,0)
REAND 8002« (RDSH{T)y I=144)
READ BOGZ2e ((ED{IsJ)e JziethYs [=1e20)
READ 000+ NCASESHINTIMIGK
BOQ0 FORMAT(215)
CPHTOT=0,0
TOTEREC=0,0
TOTEFF=0,.0
€C=0.0 .
N0 =00 J=14NCASES
EAD 8001, WSTRTs ZNOSTRTs FRADSTRT. RADSs P25, $0. HeTOY
8001 FORMAT(10X47F10.4) ’
THRI=9Q
IXT=1
22 READ (1) (IDATA{IXT»IJ)s 1J=19R)
IF (EQF (1)) 265 24
24 IF {(IDATA{IKT+3) oNF, IHR) GO TO 22
IKT=1KT+1
IFUIKTLGTW50) STOP 24
G0 70 22
26 CONTINUE
IKT=IKT~1
thesasat  CHECKING FOR MISSING 2 VALUES INSTIOF THE SOUND NG, Wemde:
L.0=1
2226 DO 25 ICK =10, 1IKT
17 (IDATA(ICKST) oF2s 0) GG 10 2225
25 CONTINUE
6o 70 2230
2722% CONTINUE
NAN=TCK
27FH ICK=ICK+] .
IFLIDATA(ICK7) JWEL. O} GO TO 2228
IF ((ICK=HNMM) «GT. 35 G0 7O 2230
G0 Y0 2226
2228 IHI=ICK=1
IRH= (L (IDATA(NNMN=1 - T)+IDATA( IR 2 7YY ¢ ,5) /7,
DO 2229 IKC=hrM, THI
I0ATALIKCA7) = IRNW
#2293 CONTINUE
{.0=1CK % IF{ICK,,GEIKTY ©0 TO 22130
60 T 2224
2730 CONTINUE
TFINTIMESXK,E0Q.0) #TIvEgsny
PO SO0 NMTIMEZ=Len1IMpSH
TF (NTIMEZ o6Ts 1) #EAD @001 WSTRTe ZNOSTHRTe DADSTIVI G RALS, PO
1 S0y B3STRT
NO 13 I=1+750
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TYEUP{1)=0
7#R{1)=0
TEMP (1) =0
FLIT(IN=D
WATFRL(I}=0
WP (11=0
wDOTUPLI) =0
EMNMIX(1)=0
CLOMIXA(T) =0
PRES(I)=0
17 CONTINUE

PRINT 9002

Sn07 FORMAY(////77)

Baduas st el INITIALIZE DATA O3t ot ot b adlaadadasnrretaatontdarass
5 EBSTRY
HO=WSTRT
7NO=ZNOSTRT
RAD=RADSTRT
CP=1.00648E7
DH=10.0
F=0.0
FCON=2.71828
FPRIME=040
FE=0.0
F=1.0026
Fr=0,0
GL=980.616
H=IO0ATA(1,5)
70=0
Isug=1
TSTART=1
I1TIM=0
J7IM=60
LF=0e0
LTTM=0.0
LuC=0.0
*3=1840
R=3,31436E7
PaRl=0.0
D=2 .8T04E6
RHNAQ=1,204T7757E~3
FL=0.0
RefE=(40
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RH=TDATALYKT=197) ¥ 0. 03 o ((IDATA(IKT s Ty ~I0ATAIUK =147 %#0,01)4PCT
fdzHDH
IF {(H «GT, 6000,0Y 80 Tn 399
ﬁxFYP(ALOGfP‘~(ﬂL"ﬁN)/€3 ITHGELST))Y
DV=={GLACP+ 0 QY *EN*(T-T ;) 2100, 0204
T=T+DT
Fdmaal1R10,08 {7,095 {T=275) 7 (T=33,7))
Fafaf L1 10,0%8 (T ,5%(TE«273,0) 27 {TE=35,71) 8P4

FARY={EWE T EWESENSDM / (], 2+ 0ienY)
TH==ALOGIEWEL /B, 1078 " (210,02 33 +1,0/273,0
TH=1,0/THW

IF {TW JLE, TE}Y GO 7O 3j
399 CONTINUE
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NGINT 3%x My Te TEr Do Ty R45¢ FWF e Py 3948, JKTs INATA{IRT 7Y
TIDATALINT=127)
I“ {H nGTs é\'\.)OOoQ} GO 1) 499
CRaHaH
HOELTA=CRH-TDATA{ UK T~195)
HIOTFL=INATA(URT o S)Y = IDATA(JKT=115)
PCT=HDELTA/HTDIFL
TETIDATACUK Tl 903 2, 14 {IIDATA(IX T eH)=IDATALIHT ~1an) )20, 1) 520
F=(TESIDATA(JIKT+6)}3#0, 1) /72,0
CREECONER AL OGUIDATA{ SR T~ o231 ,0) = {Gl HNELTAY /P, A704F4%TY)
RS IDATAL IR Tel o )20, 01+ {{TDATA(UR T 7Y = IDATA{ UM T=1573Y20,01)=*2CT
19 (IDATA{UKTB)Y L7, 01 INATA{JKT.3)=0
Y=L IDATALUKT =123+ {TDATA{ UK Y s A) ~ JDATA{IKT =11} JEPCTI#100,.0
IF(UG!LT.O:). UG_:}@
H1=09
CR=2#*PRO
CRO=CR
ET,)
T=T&
PR=PRO
W1=0.0
PHOA= (P81 ,0E3) / (RD#T)
IF (RADS oFQ. 0.0) GO To 10
RAD=1,911%#RADS
G0 70 10
9 COMTINUE
TRDELTA=2.0
1G=12+1 )
10 KX=MODILTIMeJTIM)
MRL=0
MRS=0
i5UR=1
N=1,83250=42(61016/7{T+720,01)%{T/298,16)2%1,5
IF (KK NE, 0) GO TO 15
TIME=ITIM/ /60,10
PRINT 9000¢ TIMEs RAND9 Wls Zs To Py We LWCy PP
PRINT 9000 TIMEs PEIRFe RWFe TVs TVEe TEMPDe wDUOTs RWy RYE
GOGO FTORMATI(S5Xs F6,2:8(F15.4Y)
15 1F (RL LT, 700.8) GO Tn 20
VER=24,168040,8970672% PL=302:.50AE«04RL#82+34 ,1272F=0%0] #8]3
60 TO 40
st we 2t CALCULATE DRCPLET TERMINAL VELOCITY #asudntdit4assgaesn
20 1F (RL JLE, 50,0) CO 10 30
VIR==1T7.A951+ 0, 837893690 465 ,4RTAHT=A#RL #2367 ,50RF Qa3
SDTO 40
I VLA (202K R2EGL) /{5 A 81,05 4)
b TF (RED LT, 720,0) GO 170 50
UNZPG 4 1880+ 0. T TOBT2HRAN=302 4 SOAFEA®OANSR2+34,1272 92240 %4573
ST RO |
RS T ALCHLATE DROP TEONL AL VELNC T TY & 53853 55 2 530 % 5% 430 2% 54055
SO (8 {RAD L. B0.3) 60 I 199
YR=mw 1703 i85 +0 5 078308 "W AN+ 6T 4R TR wASNANRS 2387 6087 -G aA0* 83
aOTO 41 )
160 V= (2,02RAN#423GL) /(15,581 ,0E6)
41 MRL=NRLs#)



69

IF (RAD L65, RADLINRLYY GO 10 41
Gl NIGT=NHELe]
17 (RL .6FE, ROSHM{NRS)) a0 TH 951
F PN {NFL «NRSY
RHOAT=RHOA
RHDA=(PY . NET3) /{RD4T)
VLR=VLR#* {(BHDAD/RHNAY 230 4
VRIVR#HIRNOAG/RHEQAT PR &4
T (W 0T, VR TOELTA=2,0
TVF_:(Iae'#OgélQre"'E)aTE '
L={2800,8337={2,369#(T=273.156Y)Y Y21 ,0F7
WL 22(0, ) ARKRSRRRAD##3) /(RHOA®L L 0F1S)
ZOFLTA={W-yR)Y*TOELTA#] o NF 2
LT IR=LT(MsD
IF (ZLT +6F. 1e0) GO TO 700
DUR=200, 0% (Z/YR) *360
TTOP=ITIM
TMAX=10
700 IF {(ZDZLTA LLEs 0.0) 60 7O 809
2=72+7DELTA
JKT=0
H=(CRBH+Z
S7 JUKT=JxKT=21
rusaprns EXIT FROM CALCULATINNS IF TOR SOUNDING 1S PASSED, a#ssprsds:
IF(IKTLOTLIKTY 58 7O 500
repdeasas CLOUD PHYSICS CALCHLATIONS MADE DM ASCENT sruasapapits
T OUIDATALURT S *1,0) LT, i 60 TO 57
HOFLTA=H~INATA{URKT~145)
P=ECON#* s {ALDGIP) = {(GL2ZDFLTNY /7 (2, R10AFLETY)
HMTDIFL=INATA{JKT o5 ~IDATA(IKT=15)
DOT=HDRELTA/HTOIFL :
TE=IDATA(UKT=1s81 2, 1+ L(IDATA(UK T o« B)=TDATA{ K T=1403)40,1)2PCT
RH=IDATA{UK T« o 7)) 0, 012 (LIDATALUK T o 7Y =IDATA LT =1e7)1)50,Q Y5207
IF (INATALJKT93) 1.V, 0) TDATATINTR)=0
Us{TIDATALUR T« a8+ {TDATRAIUKT o AY~IDATA(JIKT 1483122 CT)*100,0
FLULLT.06) U=0,
IF(IDOT JNDIMEN) STOoP 225
In=10+1
7PR{I0)=2Z .
EN=0,15/CR
EMNP=0,15/PR
F=8,11#10,0#8(7.5%{T~273)/{T=35,7))
Rz { (Dot 21O0THEWRF) /{P=Ewsf))
CLOMEX (T =R
FWE=6,1i810,0%0 (7,55 TEL2TI/{TE~35,7})
RUE= ({0, e2109T70HE~F ) /(P-EyE=2F )
RyE=RHERE .
EMMIX{TIDY =RWE
TVF= (100, 61%RYE)*TE
TYEUR LIy =TVE :
sRgeSsas e RETFING OF CLOUD WATER #5plaad3astadirsstpadnstansts
IF (7=25%1,0) 29 29 3
¢ PERF=EXP{~(T=233.0}/7)
IF (PERF .5t , 1.0) PERF=1,0
RAF =PFRF 2 y-RWH
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IF {RYF LT, 0.0) Rwr=0,0
1F (PERF L,0Fe 1.0) Qwr=n,D0
LF={28R,R0u2,R4T2 (2?5 1.0-T) Y] ,0FE7
3 CONTINUE

TEMPD=={((GL/CPY2 {1+ (LFRWIZ(EDITI I+, 010 {EN2# {T=TE )~ {1 F/CB) 2
JURWEZLZDTLTAR L0001 ) +EN (/0P 2 {2 =CuEy ) 3 #1100, 0%V L TA/
PUl 0 {0, a2 @¥28RY) /{CoRRDAT R 1Y)

T=TsTEMPD

TEMR(IQ)Y=T

TV=(1.0*Q;?’~§*QN)*T

Ku=2,4321. 0032 (393,1A/(T+120,001#{T/273,16)#71,5

BRES(IN) =P :

N=0,226%{T/2T73.18¥#u1,812(1000,0/)

g#:ﬁcl‘i{}IOnij‘)n(7."3‘:’(T"Z?:})/’(T"»I'So?))

RW2={ {0 h2LOTHEWRF ) /(P=FYIFY)

RHOV=(RW24p/TY40,0003482043

G {{D*RHNYIIF {10+ (DL #rR22RNOVHAM]) /(DR THH28K) JRE{=])

FESFE+ {RY«QUZ)HRAQA#I LG (199 Z0FLTATPOrRD

W 1=yl 7

WLIZ(WLIS (PW=RE2) I 1D/ (1o 04EMS2IFLTA) ) =ENRZDELTAR (RY~RWE)

IF (WLl LLT, 0.00017 wWli1=0.0001

WATERI (IO =i 1

WL=WL 1492

WL T=Will

IF (B oiLTe 10.0) GO 7O 398

ZNQ=INDSTRT+3%] ,00=-2

RADP2 ={RaN~2ADVI# (25.,0%%5N) /¥YR+PAD1

WL T=Wl 1= 1RARE-T S~ (RAD2H#IRANIRAT) /RHOA

IF (Wil L7, 0,00 WL1I=0,0001

3GA CONTINUE

MO=ZNQ/RHDA

LWL/ {4 ,18888N0) ) ##,33333%) ,0F6

{LHC= (A0TSR /TI#34683,2063

Wl=w

raannapns CALCULATE UPURAST ACCELERATION AND VELOCITY “é4ntssnne
WDOT={{TY=TYE T /{YVE) «WLY#AS3 4 T¢h - NPryra2 ]  GE~2
WDOTUP {10} =4DOT
WEWADOTHTRELTA
Ui={UleEnatmZDELTAY /{1 an+EN#ZDELTA
Wal s {We 220 (11~0)#22)

TF{wWW.l.Ea0e0) GO TO 327
W=SORT (W)
A7 CONTINUE
WUP{10)=u
Nil=W=u1
TEO{ZLY o6, 1403 GO TO 701
IF (o (DU CIRTRELTAIY T UB000.C/{HTDELTAYI) LFe 0.0) GO TO 234
TF (W WLE. 0.0) GO 70 204

swasnpsps CALULATE CHANGE [N UPDQAFT RADIUS sisrssbsiddisbasrans
NRHNA=RMNA =AY
NRR=Q  VBZDFLTA~{PR/2,07 % (DU/ o +DAHOAS/IHGA)

PR=PR+OPR

IF (PR 6T, CR LCR, CR 0T, CRAY CR=DR
TRl TOMTINUE

RLITLIO)=RL
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SIGHAT=NO#RL#] ,0E=~4
SYD= (0 ,02730% W o NORT ,72E~R) /STOGMAR
THP=T=5TD
Ful=h. 11710, 04% (7,52 {TDP=2T3)/(TN2=35,7))
SPRIME=(FY2/EWY~1,0
IF (FF L6067, 0.999) 60 Tn 310
(=0 2327 1#PADWH]3
¥Y=0,310307#RANDSEH]
FFR=X/7{X+Y)
IF (FF .G6T, 0.91) 60 TO 317
FRoFF e, 7152 (0.91~FF)
317 S=SORIMEST1,0/FF~1,0
60 T0 77
310 CONTINUE
S=SPRIME
T77 CONTINUE
G0 TO 802
B00 Dd=wl-
GaeeneertNALCULATIONS MADE WHEN DOOP IS FALLIMG RELATIVE TO CLOUDRASE#4
L=(2000,537=(2,365%{TE~2T3,1H0)31)#1,.0F7
JTIM=500
7LT=7LT+1,0
TOELTA=(50,0%#SD)/VR
IF {TDFLTA «GTs 30:n) TDELTA=30,0
JOELTA={W-YR)RTDELTA®] 4 NE=2
IF{7DELTALGE.S,0) GO 1Tn 9
7=7+70FLTA
rrarensad INTERPELATES DATA FED INTO ARRAYS (N ASCENT “wasstsxussn
NO 1?2 TZ=1START»IMAX
T2=IMAXs1=12 -
TF (Z-7PR(12)) 12:11411
12 CONTINUE
11 COMTINUE
IF {172 GF, IMAX) J2=1MaX-1
1F {12 «0) 12=1
wWll= NXTFNI(I?)*(("ATCRI(12)~HATFQ1(I?+1))/(799(1?;-7DP(12*11))*
Y{(Z~7PR{U12))
IF (Whl ,LTe 0,0001) wiLi=0,0001 _
TVE=TYEUR (T12)+ ({TVRUP(ID)=TVEUD(TI2+1)) /{7PR(I2)~ZPR{I2+1)) )1 #
WZ=7PR{172 M . ’
RYE=FMUIXA(T2) s ((ENMIX{IDI=ENMIX{TI2+ 1Y}/ {7PR{I2)=ZERI{T2+1)) )%
1(7-7PR{1I2))
WO=WUR(I2)+ ((WURP{TIP)=WUP(TZ241) ) /{ZPR(IP2)=7PR{12+1)} )%
L (Z=7PR{IZY)
WOOT=W0OTURP(I2Y + {{HOOTURP(I2)~dNOTUR(I2+1 )} /{7PR{I2)«7PR{I2+])))®
1270172
D=CLOMIYLI2) # {{CLOHIX(I2)=CLOMIX {24131/ {7PR(I2V~7PR{]2+1)}) %
1(7=7ZPR{(12))
P=Rpy r(I"»((PQFQ(I?)'pPFQ(IP¢l))/(ZbD(I9)«/DJ(I?*{‘))#
L(7Z=7PR112))
ND=ZNOSTET/RKOA
PLE{RL Y /{4, 1803R*N0) ) *#,33333%]1 ,0F4
IF (W -GTe 0e0) GO TO 17
TEMPOs={{GLACRPI {1+ (LERUWI/Z{RDUTIN 40, A1 2 {ENPH (T=TE ) 4535 (L /C5)
TIRW=RAE)I)I 2100 0%I0ELTA/ (1004 (0,022¢ S22 ) /{CP#RNETERDY)
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T=T+TENMNPD
TV=1 1,000,611 %410
6D T 14
17 CONTINUE
TeTeapP (12 o {{TEMPLI2)=TENP (12 1) 3 /7 HZRR{I2)Y=7PR( 121 )} ¢
1{7-72R{I2))
VElla020A12RWGRT
14 TSTART=IMAX~T12-10
IF (ISTART JLTa 1) ISTART =]
LWC=(Hl120 /T #348,2063
RADI=RAN
IF (RAN LGT, 3000.,0) RAD=39191,0
WFE 2 {300, 0/ ({CONESDY) SR AP (=2, 0% (RAND/2000,0)7%2)
eAN=RAN
IF (WF=1.0) 49 49 S
4 LWC=wE#L Wl
S CONT I[MNUE
IF (W WLTa 040 60 TO 111
IF ({DOT oLTe 0.0) GO TO S55
WONT=WDOT -2 22653,744 -
1F (WULT 2L.Ts 0:0) GO Tn 999
GO TO 646
585 CONTINUE
WOOT=WOOT»4L2%*E536 744
AhA COATINUE
YWeEn-ENOTHTRELTA
GO 70 802
111 WOOT={{TV-TVE) Z (TVE)~Wl1=-WL2) #5853, 74%4
Q99 CONTINUE
‘4 HoeHDOT#TOELTA
B2 CONTINUE
:ﬂ”'\;-’C}(HHD*QL)ﬁﬁz)/(RAD%QAD)
IF {(RADS)Y 202 201. 202

FO(RAD L,6T. 4%5.0) G0 To 202
=1,82
GO T0 203
2492 A=1.0
20 T

e tCALCULATE DRUOP GROWTH #ou#naaad i nt it etauaastedsasstis
FAD1=RAD
PRANI =A% (EPRIME/ (4.0) ) #LWCH (VR=VLR) #TDELTA%] L0E-2
NRANP=NAD
DRADI={P,%G#SRTDELTAR L NEA*RAD D)
IFIORANZBE0) DRAD2=SART{DPANI)
RAD=NRADL$DRALS
IF (T >LF, 243.0) GO 7O 207
IF (T LY. 273.0 LAND, aDC ,67, 1,0) /0 TD 207
TF {T=243,0) 2085 208y 709
208 §00=2,0
209 IF (RAD oLTe F.0RT9/YR*42) 6O 10 207
RANRAD®0,5
ISt =]
R:/AQ(}’-‘R
COMN=3.S4N0N
207 ITIH=1TIMeTDELTA
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IF (7 JGT. 0.0) GO TO 1o

206 TIMF=1Y1H/40,0
PRECIPERAINADISIIPROBE2FSDI], DBF 1T
FEParF/1,27383

25 (DUR/TTDPYHFEZ

FE2Ls

ey
Fre{=PRECID/EE2]
FFFP=({iFF+FFF1) /2,00
NUR=PUR/A0,0
PRINT 9000 TIMEs QAN 74 T Wae DUDG EFF2e PRECIP
PRINT 9400. TIME, Rufs DERF; LFe TEMOD. wDNT, CON, W2
THTORECaTNTRRECHPRFECIP
CRATOT=CRHATOT +CRH
TOTEFF=TINTEFF+EFF2
LC=CC*+1,.0
AVCBH=CRHTOT/J
1 FORMAT(SX+5F25,.3)
PRINT 1y TOTPRECs TOTEFF, CCs AVCBH, CRHTOT
499 CONTINUE
500 CONTINUE
END
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APPENDIX D

AVERAGED SOUNDINGS FOR VARIOUS STATIONS

AVERAGE SOUNDING FOR COLUMBIA

Pressure Height Temperature Relative Wind Speed
(mb) (m) (°K) Humidity (ms~1)
986 237 302.7 51 4
950 570 298.5 53 5
900 1047 294.6 58 5
850 1540 291.1 56 6
800 2057 288.1 48 6
750 2598 285.0 43 7
700 3177 281.6 42 8
650 3782 277.9 39 8
600 4434 274.4 35 9
550 5121 270.0 33 9
500 5877 265.5 31 10
450 6086 260.4 28 11
400 7580 254.3 26 12
350 8562 247.5 26 15
300 9662 239.2 25 16
250 10916 229.7 1 18
200 12385 219.6 0 19
175 13235 2147 0 19
150 14195 210.2 0 17
125 15308 206.7 0 13
100 16660 207.5 0 8

75 17977 211.3 0 5
50 18860 213.2 0 4
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AVERAGE SOUNDING FOR FORTH WORTH

Pressure Height Temperature Relative Wind Speed
(mb) (m) (°x) Humidity (ms=1)
993 164 306.4 41 4
950 581 302.3 42 6
900 1057 298.0 47 6
850 1555 293.7 53 5
800 2076 289.5 55 5
750 2620 286.1 48 5
700 3201 282,7 43 4
650 3810 279.1 41 5
600 4465 275.2 40 5
550 5160 271.3 35 6
500 5916 267.1 30 6
450 6733 262.0 28 6
400 7631 256.0 28 7
350 8619 248.9 25 8
300 9726 240.6 24 9
250 10986 230.7 2 11
200 12459 219.3 0 12
175 13305 213.3 0 12
150 14256 207.4 0 11
125 15351 202.9 0 8
100 1667 203.5 0 7

75 18020 207.6 0 6
50 18838 210.4 0 7
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AVERAGE SOUNDING FOR DENVER

Pressure Height Temperature Relative Wind Speed
(mb) (m) (°K) Humidity (ms—1)
839 1016 3065 36 5
800 2036 296.5 32 6
750 2592 291.9 35 4
700 3182 286 .8 40 4
650 3799 281.7 45 4
600 4458 276 .4 50 6
550 5148 271.0 55 7
500 5908 265.9 56 9
450 6718 261.0 49 10
400 7615 255,2 41 11
350 8601 248.5 35 13
300 9706 240,3 32 16
250 10964 230.6 4 19
200 12420 220.0 0 20
175 13263 214.5 0 19
150 14240 208.9 0 17
125 15344 205.1 0 13
100 16683 206.1 0 7

75 18049 210.7 0 4
50 18881 213.0 0 4
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AVERAGE SOUNDING FOR RAPID CITY

Pressure Height Temperature Relative Wind Speed
(mb) (m) (°K) Humidity (ms=1)
904 964 301.0 42 5
900 1017 299.6 42 5
850 1511 295,6 42 6
800 2036 291.4 45 5
750 2582 287 .4 46 6
700 3165 283.2 46 7
650 3772 278.7 44 9
600 4426 273.9 40 11
550 5110 269.1 38 12
500 5867 264.3 35 14
450 6671 258.9 32 16
400 7560 252.7 29 18
350 8535 245.5 29 20
300 9627 237 .6 27 24
250 10873 228.8 0 28
200 12306 220.2 0 30
175 13146 216 .4 0 28
150 14154 212.3 0 25
125 15281 209.8 0 18
100 16652 210.6 0 11

75 17985 213.8 0 5
50 18878 215.2 0 3
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