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ABSTRACT

Delivery of nucleafing materials to cloud 'systems from
_individuél ground generators can play an important role in the .bene~
ficial modification of orographic cloud sy.st.ems. Substantial evidence
from the Colorado State University mountain study at Climax is
presentec to show that ground-released seeding materials do under
~some weather situations in fact enter the mountain cloud systems and
produce changes in the precipitation. Eviaellce is also presented to
show that under other weather situations seeding materials are not
carried to the proper clouds at a place and time to be of value.

A discussion of atmospheric transpori.mechanisms is presented
to serve as a basis for understanding the motions of seeding materials
oﬁce réleased from a ground source. The approaches, or directions,
for further research are discussed. This includes consideration of
the coagula'tic_)n problem in the vicinily of the generator site. The usé
pf wind tunnel modeling, whi@h can provide basic information and

specific results for specific areas, is emphasized.



DELIVERY OF NUCLEATING MATERIALS TO CLOUD
SYSTEMS FROM INDIVIDUAL GROUND GENERATORS

I. Introduction )

The production of effective seedi.ng materials in quantities
required for cloud modification is clearly feasible. The efficienéy
and concentrations of materials produced can be tested in the labora-

tory under conditions that reas.onably sirﬁulatc those occurring within
- cloud systems. Research in progress should provide even more
.efﬁcient nucleating material and systems for their production.

- The delivery of seeding materials to the desired location in
clouds, at the right time, and in the proper concentraticn is more
complex than the production of the seeding material itself. Many
methods of delivering seeding materials have b.een empl-oyed. These
include the use of aircraft, balloons, rockets and rising air currents.
The topic we have been asked to discuss concerns the delivery of the

‘materials from a ground source. This infers the delivery of the seed-

ing materials by rising air currents in which the cloud is forming.
This frequently requires the‘re],case of the materials at

considerable distances from the desired location in the cloud. Com-

plexities of both large and local scale horizontal airflow seriously

complicate the problem. The vertical component of airflow available



for transporting the material aloft preécnts the gre’atest' pfoblem since
it is not readily observable. Changes in the nucleating characteristics
of the secding materials during transit serves as a further complication.
On the other hand certain technical adva.nfcages can aécrue with
ground seceding. For one, the distaﬁce between the source and cloud
“can allow for desired dilutions of the seeding materials from some
12, 14 : o ,

10 to 10 /sec at the release site to desired in-cloud concentrations
of some 104 to 105/m3. Ground seeding under some circumstances
can also permit the accumul\ation and storage of seec&ing materials in
the lower layer of the atmosphere over an extensive area. This
storage of materials can then be available to an extensive volume of
the aimosphere when proper cloud concﬁtions develop and the associated
vertical flow is available for their upward transport; |

Section II below presents evidence that effective delivery of
seed]’ng materials from ground generalors has been successfully
accomplished under some weather conditions in the Ciimax orographic
seeding experiment. Evidence in Section JII shows that seeding
materials are not being adequately transported in desired concentrations
to proper locations in the cloud system under other weather situations.
Géneral comments on the problem are presénted. This inclﬁdes a
discussion of transport mechanisms in the atmosphere and comments

~on approaches leading to a better understanding of the delivery of

ground-released seeding materials.



Réquirements, or needs, for ground seeding were diséussed
(Grant, 1967) at the Second Skywater Con-fe'rence and will not be
presented here.

Space does not perih.it detailed descriptions of the ¢quipment and
procedures used in obtaining data presented below. Most of this is
_ availablé in the literature (Grant and Schleusener, 1961; Grant and
| Mielke, 7/1965,'. Gfant, Chappell anci Mielk.e,-1968; Reinking and Grant,
| 1967; Reinking and Grént, 1968; F‘uflnaxl, 1967; Hindman and Rinker,

1967; Hindman, 1957; Grant, 1963).

II. Evidence that seeding materials are transported to cloud systems
under some weather conditions

It is clear that materials are advected into the Climax target
arca under some weather situations.
A. Evidence for low level transport of seeding materials

1. Increase in ice nuclei concentrations at target area
ice nuclei counters '

Seeding materials are consistently observed at
ground stations in the Climax target area whken released
many miles upwind. Increases in ice nuclei concentrations
(relzted to seéd'mg activities) have been observed in 67% of
the seeded’cases at an is:e nuclei o5serving station at the
High Altitude Observatory (Grant and Mielke, 1965). The
mean concentration on randomly seeded days has been 12/
while the mean on randomly selected unseede-d days has
been 2.7/t . The difference is statistically significant at

the 1% confidence level. Reinking and Grant (1967) have



carried out a selective study of ice nuclei concentraéions
on seeded and non-seeded days for cases when no other
known seeding had occurred during the five da’ys preceding
seeding decisioné at Climax. For the 51 cases ava.ilable‘
‘they also find that seeding effects coﬁld be observed at the
HAOQ site on 67% of the days. Detection was uﬁcerta111 on
17% of the days while only 16% of the days had clea.rly not
been affected. The number of cases falling into the
respective categories are shown in Figure 1 for a range

of concentrations observed.
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Figere 1, Frequency of concentration levels attained by ice nuclei
activated at -20° C on seeded days at Ciimax, Cclorado. Detection of
seeding material is indicated for individual cases.

2. Seeding materials in transit are not critically affected
by ultra-violet deactivation.

The low level transport of the seeding materials

has not been critically affected by in-transit losses,



‘through coagu].atioﬁ, U.V. decay, or collectioﬁ by precipi-
tation. Figure 2 shows the con.cg)ntrations of ice nuclei
preceding, following and during a seeding eyent on May 12,
1967. Seeding generators operated were 8 to 20 m.ile.s
upwind. It can be readily noted that background concentra-
tion effective at -20° C were éround 1/liter both preceding
and following the sceded event during which concen.trations‘
increased fo values ranging from 20 to 200/liter. While no
observations were taken during midday, U.V. exposure at
the 0900 observatic;n time is substantial during May at the
latitude of Colorado. Many daylime observations of ice
nuclei concentrations of th'c sar‘ne general rnaghitude as

- nighttime observations are available fl‘ém Climax during
the winter months.

Few observations have been taken during daylime
hours during the summer. These do shéw lower concentira-
tions. tﬁan would be expected, but as shown by the May 12
case still frequently sho*.v4high concentrations of ice nuclei
- associated with seeding. Both U. V. deactivation and
increased convection in the lower levels of the"atmosphere
~ could reduce ice nuclei concentrations observed at Climax

during the daytime suinmer hours.



1
\

0./LITER)

CTIVE AT-20°C, (i

Py

FE

-
i

t

WCL.EI

M

[

|

IC

n
L

o
L

Lttt

1§

| I I |

2\

) SEEDING ] R
lz = | |

20 bR | D

2010V

MAY 11, 1267

Y T

1700 1S00 ¥ 900 1000 —— 1200 1500

MAY i2, 1267 MAY 13, iS67

Figure 2. Change in ice nuclei concentrations at Climax after seeding at

it A rrrvAaTin Al c;-:fn Twnrlnvy Alaav aitnnyr clrina

900 1100



3. Seeding materials in transit are not critically affected
by collection by falling precipitation.

Figure 3 is one of a number of cases available that
indicate the losses of seeding material to collection by
.snowfall are not critical during the trémsit time experienced
in the Climax experimcnt;

As in other examples presented above it can be noted
that concentra‘tions of ice nuclei active at —.20° C prior to
and following the seeding period of 29 and 30 December 1961
were a'few per liter. Moderate snowfall had been falling
for several hours before the randomly selected seeding
interval started on the mor.ning of 29 December. Despite
the continuous and general énowfall during the éee_ding
period ice nuclei concentrations increased from 10 to nearly
400/liter during the seeding period--concenirations of the
same order of magnitlude as observed on other sceded days
and intervals not experiencing such extensive snowfall.
Figure 4 demonstrates the same e:"feét i-'or the 25-27 February
1961 period. Hourly pfecipitation is shown for the peridd
when ice nuclei concentrations increased during the seeded
intcrvai. While this4shows clearly that scediné‘ material does
survive transit through such s(r-mwfa].l, analyses of data are in
progress to see if the. magnitude of the losses which do occur

can be established.
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10
Evidence for the vertical movement for seeding materials
from the surface layers.

A substantial body of evidence is available to show
that artificial ice nuclei advected to the target area under
some circumstances are ~also transported vértically into
the overlying cloud systeﬁs. Visible smokes and no-lift

balloons can frequently be used to demonstrate this.

1. Movement of sceding materials into overlying clor.ds
Changes in concentrationé of ice nuclei observed at
the surface can frequenily be used to infer this vertical
movement. Figure 5 shows a case observed by myself and
Vincent Schaefer on 7 February 1962. Background concen-
trations of natural ice nuclei were around 1/liter before
and after the randomly selected seeded day of ‘7 February.
Concentrations of ice nuclei increased in association with
the seeding with high. (40 to 140/liter) sur‘face concentrations
' centered around 0930, 1830, 1516, and 2015, On this day
small convecti've cells weré passing the observing station.
The main passage of such cells is representzd by a sketch
of a cumulus cloud at the approprizate .time. It cen be noted.
that with the approach and passage of each of thése convectiye
areas that the surface concentration of ice nuclei decreased.
It is assumed that high concentrations of artificial nuclei in

the surface layers were carried aloft into these cloud systems.
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12
2. Movement of seeding materials from lower to higher.
clevation ice nuclei observing sites

This same effect can be noted with reference to
Figufe 6._ The sfxarp increase in ice nucleil concexitrations
observed at HAO on 21 December 1967 were not in general
réflected at the higher elevation station at Chalk Mountain
indicating that during most of the interval seeding matérials
were not being transported vertically from the surface
layers. However, during short burstis around noon sub-
staniial i.ncréasps in concéntration were observed for short
intervals at the Chalk Mountain site indicating that vertical
transport was taking place during these intervals. It is
also interesling to note that, as in the 7 February case
sited abéve, subAstantial léxxferixlg of concentrations at the
lower elevation site at HAO occurring almost silel,ténGOLtsly.
3. Detection of sceding material above the mountain site

from a kite system

Efforté.are being extended to the detection of the
iﬁcrease in ice nuclei concentrations within the cloud s&stem
above the mountain peak using a large kite systém. Presenlly,
s.ainples are being taken on sceded and non-seeded days at
varyirlg‘olc{/ations. The prescﬁt system recquires the
analysAis in the_ground station of a sample of air captured

from this within the cloud. This is a slow process and a
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éontinuous system of sampling is being developed. Even
though the present sample of data is limited, increases in
bVt nx;clei concentration to 10 to 100/liter have been
observed during seeding episodes at elevations several
thousand feet above the mountain peak and at an elevatlion
where the orographic precipitation commonly forms.
Indirect evidence of presence of seeding by their action in
cloud systems

Evidence for the presence of the seeding materials
~in the cloud system.s can frequently be found by noting
' changes'iﬁ the visually observed clqud features, in the
concentration of snow crystais falling from the clouds, in
changes in the precipitation associated with seeding, and in

the silver content of falling snow.

1. Visually observed changes in seeded cloudé

Vigual observations of clouds in the seeded‘aréa
that are "esd vut” in relation to out-of-plume clouds are
nol commonly observed a.t Climax due id the exfensive
or’og'raphic cloudiness dﬁring good sceding events. They
are, however, fr'equentl); observed on days with more
scattered clouds. Sucb observatiﬁons have been observed
in many sceded cases but do not provide a very quantitative
measure of the prosenéc of the seeding materials in the

cloud system.



2. Differences in concentrations of ice Cl“).)i'llc fallmg
from seeded and non-seeded clouds

Observations of concentrations, sizes, and shapes

© of ice (;rystals falling from the mountain clouds on both
seeded and non-secded dans provide a more quantitative
iﬁdex of the effect of the seéding materials in thé cloud
system. A substantial number of case's are now available
that show increases in cloud ice crystal concentrations

that correspond to increases in ground—measuvred ice nuclei
“concentrations. The reduct ion‘of ice crystal data for a
portioh of the available observations is now nearing com-
pletion. In épproximatcly half of the cases thus far x.*.educed,
ice crystal concentirations are much lower than surface-
observed ice nuclei conccntratioﬁs (Grant, 1968). Even in
these cases, however, ice crystal concentrations are an
atverage factor of 3 greater than a sample of the average
ice.crystal concentrations for the unseeded cases. In the
other half of the cases ice crystal concentrations are of the
~same order of magnitude. as the increased ground-measured
ice nuclei concentrations réSLllfing from seeding. The ice
nuclei concentrations in these cases are 1 to 2 orders of
magnitude greater than those on non-seeded days.

3. Differences in precipitation between seeded and non-
sceded days



Differences in pre'c:ipita{iovn belween seeded and
non-seeded days also provide ‘cvidence that the seeding.
-material feleased from the grou‘nd has in fact entered
appropr:iatc lo'cations in the cloud system. Analyses
(Grant'and Mielke, 1965; Crant, Chappell, and Mielke, 1968)
indicate that, under certain me.tcorological conditions,
precipitation has been changed on the randomly seeded days
in comparison to that on non-seeded days. Table I, after
Chappell (1967), show‘s the indicated change in precipitation
for‘ a variely of meteorological stratificatiors. It also shows
the probability that these changes could have occurred by
chance. It can be noted that the probability of precipitation
difference belween seed and non-seeded eveats occw;:.rring
by chance is very low for certain meteorological siretifica-
tions. Particular.ly striking are the differences in precipi-
tation associated with the warmer 500 mb'temperétures,

500 mb wind speeds in the range 22-28 mps, and somewhat
surprisingiy moderate values of 700 mb relative humid.ity
and relatively stable 500 to 7-00_ mb lapse rates. The
essential point for the present considerations is that there
is a high probability tha{precipitation ~is' being altered
under some' weather situations as a result of the ground

seeding. This serves as further evidence that ground-
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TABLE J. --Estimate of precipitation changes at HAO during seed-
ed period with respect to non-seeded periods. Synoptic parameters
are classified according to their relationship to seeding results.
Events having wind speeds above 28 mps are eliminated. NP refers
to the first nonparametric method, and P the parametric method
~described by Grant and Mielke (1967). F refers to Equaticn 1.

Number Precip.
, of . _ Change Prob.
Stratification Events Method (Percentage) Exceeding

VERY FAVORABLE CONDITIONS

500 mb Temperature . : ,
(-13C thru -20C) 29 S NP over 100 . 0485

. 35NS P 120 0027
(-21C thru -23C) 265 ° NP 15 -+ 284
, : 23 NS P 45 . 068
500 mb Wind Speed : _ '
(11 mps thru 21 mps) 56 S NP 24 . 147
C - 51 NS P 29 . 068
(22 mps thru 28 mps) 28 S NP over 100 .0146
: 32NS P 29 . 0465
Parcel Stability ' '
(+2C thru +3QC) 22 8 ¥ 39
: 31 NS
Lapsec Rate Stability ~ : :
- (-8C thru -16C) 378 NP 56 . . 121
25NS P 56 . 0314
Moisture Supply :
(1.6 gm/kgm or more) 30 S ¥ 67
' 21 NS
700 mb Relative Humidity :
(50% thru 63%) 41 S NP 60 . 0465
3INS P _ 30 . 062
500 mb Wind Direction
(northwest) 39S NP 25 . 154

53 NS P 29 . 068

FAVORABLE CONDITIONS

Lapse Rate Stabilily
(-17C thru -19C) 47 S NP 23 . 206
' : S0NS P - 1% . 209
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TABLE .I. --Continued

Number - Precip.
of Change _ Prob.
_Siratification Events Method (Percentage) Exceeding
700 mb Relative Humidity . -
(70% thru 939) ' 28 S NP 5 . 330

21NS P .18 . 169

NEUTRAL AND UNFAVORABLE CONDITIONS

500 rab Temperature : '
(-24C thru -27C) . 28S NP 4 . 405

.26 NS P 1 .46
(-28C thru -35C) 21 S NP -12 . 242
25NS P -16 . 230
500 mb Wind Speed- )
(10 mps or less) 20 S NP ' -19 . 187
: 26NS P -25. . 230
500 mb Wind Direction '
(west) , 44 S NP 5 L3917
"34NS P 8 . 341
(southwest) 21 8 NP 28 . 348
' 21NS P - -8 . 391
Meisture Supply '
(1.0 to 1. 59 gm /kgm) 29 S F -20
36 NS
(less than 1.0 gm/kgm) 23S F -12
N 29 NS
7100 mb Relative Humidily , N
(19% thru 49%) 34 S NP -33 o . 164
5INS P -10 «371
Lapse Rate Stability o - ‘
(-20C thru -25C) 20 S NP -5 . 390
. 34 NS P 8 .382
Parcel Stability ) T
(-2C thru +1C) 18 S ¥ -9
19 NS ‘

(+4C thru +14C) 43 S ¥ -5
. 35 NS .
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released seeding materials are in fact reaching proeper

cloud locations a substantial portion of the time.

4. Detéétion of silver in falling snow

One additional type of evidence is becoming
available that suggests that the ground-released sezding
méterials are distributed through desired target clouds,
Silver is being detected in the snowfall in seeded areas in
concentrations considerably above natural background
levels. Dr.} Joe Warburton (1967) has shown this for a
number of seeded areas. During the wintér of 1966-67
samples of snowfall were éc;liectcci at Climax directly into
large plastic sacks from an elevated site to eliminzfe any
contamination from older drifting snow. These we-e
collected for all days both randomly seeded and for non-
s::aeded days. Dr. W.arburton has analyzed these semples
~ for sil‘}er. Interpretation of the resulls is present.y in
progress. The results are somewhat confusing in -hat - ‘
- indicated concentrations of silver are higher than expected
background levels on bom seeded and non-seeded days.
Similar samples have been taken for the current season but
have not yét been analyzed. Yor our present consiZerations,

however, let it suffice to say that silver concentration con-
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siderably above atmospheric background levels, 3 orders
of magnitude in some czses, have been observed.

III. Evidence that seeding materials are not advected to the cloud
systems under certain weather conditions

The section above presents a substantial amount of evidence
that seeding materials are ’advected from ground géneratorsA to desired
locations in some clouds. The evidence is just és cleév': that ground-
reieased seeding materials are not advec’ced lo proper cloud locations
under other atmospheric circumstances. The section briefly summarizes
evi.dence to support this latter conclusion.

A. Streamlines and atmospheric stabilily are not favorable for
vertical movement of seeding materials.

The trajectories followed by air parcels over the
mountain i‘fequent].y do not applroach near enough to the
ground at nearby upwind locations to allow turbulent mixing
to be considered as a reasonable basis for the vertical
movement of ground-released seeding materials. Actual

observational data, however, is limited.

B. Seeding material not present at times at surface ice nuclei
counters ‘

Over the eight—yéar period of the Climax randomized
seeding experiment the seeding ma terials have not béen
detected at the HAO site in approximately 1/3 of all observa-

“tions. Figure 1, after Reinking (1968), shows the distributions

of cases when seceding materials were detected at HAO after
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no kﬁown secdin.g within fi\;'e da‘;ys prior to the Clirhgx '
' seeding event. In 165/'0 of the cases there were clearly no
“indications of the seeding materials at HAO. in addition.
14% of t'he cases changes, if any, were negligible and not
significant above natural Background.

In addifion to the approximated 1/3 of the seeding
cases when the seeding materials cannot be observed at the
HAO site there are times wheﬁ they are observed at HAO
but cannot be detected at the 700 ft higher site at Chzalk
Mountain. Figure 6 shows the example for the 20-22
December 1967 interval., It can be noted that excep? for
brief intervals the concentrations of ice nuclei at the Chalk
Mountaiq site were a few per liter despitg the sharp increases
noted at the lower elevation Climax site.

Response in the form of increases in ice crystal concentrations
is not consistently observed. ;

Seeding concenirations of ice nuc.lei are not con-~

' sistently réflected in snow crystal concentrations. The.

.basic objectlive of seeding is to increase thé concentrations
of ice crystals within thé cloud system. The successful
delivery of secding mate‘rials to the cioud systems sfxould

| consecquently result in. increased concentrations of ice

_ crysfals. Such increases in snow c.rystal ccncentrations

in some cases studied have not becen observed (I'Iinchfnan,



1967; Grant, 1968).
Kite probes do not ;:onsistently cér.firm the :;)resence of
seeding materials in the cloud system.

Seeding materials have not been readily observed
with aircraft and kites. Attempts at sampling of seeding
materials from within the- mountain cloud system have been
lir.ni.tec-l, however. Probing (accumulated p.;obing time less
than 2. hours) with aircraft on two separate seeding days
failed to dei.ect the sceding materials. Limited samples
now available from thé kite probe also confi.zfm that there
are times when seeding materials are not present in the
cloud system,. even on occasions when material is observed
al mountain top level.

Precipitation under some atmospheric coﬁclitions is not
affected by seeding operations.

No differenc'e.s in precipitation between randomly
seeded and non-seeded events are observed under certain

weather situations. This is apparent in Takble I. This lack

-of observable seeding effect could result from the absence of

seeding material releasgd from the ground generators and
consequently serves as indirect evidence thatl seeding
materials may not be present in the cloud. Other factors
could, of course, result in no observable changes in precip-

itation even with the seeding material present.
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IV. Transport mechanisms for ground-released seedinér materials in
the atmosphere '

The determination of dispersion of fine particulate materi.al
(e.g. siﬁzer iodide) 'aﬁd gaseous material involves two major considera-
tions: (a) source characteristics and (b) atmoespheric motions. The A
source characterisﬁcs take into account the strength, height, 'and.
dissemination time of th'c source. These c'haracteristics as well as
the séurceAlocation can be varied substantially in an effort to obtain
splecific operational objectives.

Atmospheric motions can be separated into two components,
turbulence and mean motion. These motions which cannot be controlled
or varied at will {o meet oéerational objectivés play a leadiﬁg rolé in the
transport of material. An examination of th.e turbulent diffusion equa-

‘tion indicates the manner in which .these two factors enter into the
‘transport mechanism. For material with negligible fall velocily the

time averaged diffusion equation may be wriiten as follows:

s 1 1
o, o _ ec VO
ot j ox 2 ox. , .
ox . J
J
— -th

Where C = mean concentration, U, = j  component of mecan velocity,
J
1
t = lime, k = molecular diffusion coefficient, Uj = fluctuation of velocity
(3 1 ‘ .
from mean value, C = fluctuation of concentralion from mean velue,

th . o ; ;
and Xj = j  space coordinate. The various terms may be interpreted

as follows:
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oC 2
ks ;S --- convective transport by mean flow
2.__
k ﬁ_gﬁ_ -~~~ molecular diffusion
ox’ .
j
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- J = - SO - turbulent diffusion .
0x. 0X. ox. .

Where Kj = cocfficient of turbulent diffusion.

In the field molecular diffusion is neglected since the turbulent
diffusion is much largef. Turbulence governs the diffusion of airborne
material.. and is a function of atmospheric stability, directional and
spced wind shear and surface roughness. The large-scale mean motions
govern the direction in which the diffusing cloud of airborne material

“will be iransported. Motions of the convective transport scale are
governed by generai synoptic flow pétterns, mesoscale circulations and
the nature of the terrain. In areas of significant topography such as in
Colorado tra11§port and turbulence may be influenced by blocking and
channeling effecls, lee wave phenomena, and siope and va].l.ey wind
systems. When stable therrmal Con-:h'_tio:ns pre"fail the primary transpor"c
mechanism is .the convective trapspbrt by mean motion in the atmosphere.
Past research such as that by I~Iendn;rson (1965), Langer (1967), Smith
(.1965) (1963), Willis (1 966), Davidson (1961), and Buettner (1964) point
out the importance of the above factors on transport and diffusibn in

mountainous terrain.
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The realization of optimal distribu_tions of SLe.eding material in
“cloud systems presents a cdmplex oﬁerational problem. In most, if
not all operationa.]_ progréms, the frajectory of released particles has
been estimated on a time average basis from the general knowledge of
atmospheric motions. Some efférté have been made, primarily on a
rescarch basis, to utilize tracers of various sorts to improve the »
information 0;1 the trajectories of seeding particles in real time. This
effort by itself, is 1imitevd by spatial and temp:oral capabilities for
sampling as well as by the technical problems and accessibility for
sainpling as well as by the technical problems ‘and .a.cAcessibility limita-
tion brought abo.ut by severe weather ul}der seeding situations.

Ice nuclei measurements, made during the last thirteen years
~at Chalk Mountain by our Colorado State University group clearly show
the wide and rapid fluctuations of seedihg materiéls past the single site.
Under certain conditions sceding materials are channeled into the area
in concentrations of = 106/m3 ef.fec‘uive at -20° from .sites further than
eight milvev distance. In other flow situations the materials are completely
d;ivertcd from the area bec'ause of topographic influence. Under still
.other airflow and stability conditions the entire plume is carried com-

pletely aloft over the area.

.

V. Direcction for further research

A. Coagulation of seeding materials in the vicinity of the
seceding generators '

Seeding materials are commonly emiited from the
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. seeding generator at rates of 1_013 to 1014 per scc.
Coagulation of thgse particles in the vicinily of the gcneratof
is obviously substantial and varies according to the wind
'controllcd, variable dilqtion rate in the vicinity of the
generalors., Coagulation of the seeding particles them-
selves is p]fobably not of practical significance after the
concentration falls below about 104/cc. The importance of
this coagulation. effect in the vicinily of the seéding gencra-
tors could be of considerable importance iﬁ the transport
of seeding materi.al.s. The problem deserves adequate
attention but can probably be reasonably defined with a

relatively moderate effort.

Laboratory modeling of the transpert of seecing materials

The detailed cleséription of the subsequent transport
of seeding materlials presents a considefa‘bly more formidable
problem. Tracer studies in the atmosphere can provide
increasingly useful information. They are, however, very
expensive and are to a large extent lirhited to non-storm
situations and are required for each local area..

| The preceding ex-‘cer}-)ts indicate the complex

character of diffusion and transport in mountainous terrain.
The neced for carefully controlled laboratory modeling

efforts to define the wide range of flow characteristics is

apparent. A laboratory simulation program in turn nceds
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to be documen‘ued by an 'extensive para]j].el field measurement
program to supply the required input information and for
further verification of the modeling parameiers.

The basic tool o}f laboratory simulation is similitude
or sirnilarity, defined ao a relation between two flow systems
(often refefred ‘t_o as model and prototype) such as that
p;‘oportional altelfations of the units of length, mass, and
time, mcas.ured quantities in the cne system go identically
(or with a constént mulliple of each other) into those in the
other.‘ In the case‘of flcm..' around or over cbstacles such as
mountains, geomelrical, kinematical, dynamical, and
thermszl similarily must be achieved.

Geometrical similitude exisls between modél and
prototype if the ratios of all corresponding dimensions in
model and pro’cotypé are equal. This is easily realized by
using undistorted scale models of the prototype geometry.
Kinemati.c similitﬁde exists between model end protolype

1. if the paths of homologous (having the same
relative position) moving particles are
geomelrically similar, and

2. if the ratio of the velocities of homologous
particles arc equal.

Dynamic similitude exists between geometrically and
kinematically similar systems if the ratios of all homo-

“logous forces in model and prototype are the same. Thermal



similarity exists for model and protolype if the density
stratification is the same.
If one expresses the steady-state equation of motion

in dimensionless form such as

—ﬁ-j ou o EOIJél AT . \8 U ( 0
N A ot e
O (&)

The necessary similarity criteria appear as coefficients of
the dimensionless dependent variables and their derivatives.
In this case the pertinent similarity parameters are as

follows:

2 2 Uo2 To
(Fr)” (Froude number) :mf_
o
LU
(Re) Reynolds number = 0
v
| | LU
(Ret) Turbulent Reynolds number = -K-9—
' m

Therefore, for complete dynamic similarity, the dimension-
less parameters Re and Fr would have .110 ba‘the same ?or
both the model and the prototype (we have neglected the
Coriolis acceleration and consequently the Rossby number
~does not appear). A corresponding analysis of the energy
equation reveals that ther‘mallAsimilarity will be attained if
the ¥Froude number (inverse of a bulk Richafdson number)

is equal for model and prototype if the Prandtl numbers are
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equal. Since air is the fluid in both cases (when a wind
tunnel is use'd fcﬁ‘ simulation) cquality of the Prandti numbers
is assured.

Wﬁen tran.sport is dominatea by convection through
the mean motion and the siratification is siable, one may
show thal the resulting I.amin.al-“ model flow produces a
concentration figld approximately similar to that for the
turbulent prototyp.e. This development, which depends upon
comparing the moleculai&visco‘sity—based model Reyno-lds
number with an eddy-viscosity-based prototype Reynolds
numbc‘r, has been prepzared for publication in a technical
journal and is not reported here.

Essentially this latter development compares the
gross mean characteristics of turbulent natural flows over
topographical features by a laminar laboratory flow when the
scale ratio L._/L ~10°, Thus, a tunnel-flow speed is

m

selected so as to equate the Reynolds number(-%li) to the
. : m
Reynolds number (UI:{E) . A -

The preceding discussion introduces the basic
problem of thermal similarity; i.e., .the matching of the
Froude or Richardson numbers for model and prototype.
Scorer (1953) and Corby (1954) indicated that thermal

T . ; .
similitude requires large temperature gradients (1° Cem )
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at very l-ow flow speeds (9.cm s;:cﬁl) for fhc' model _and
considered such experimental .contfol tbo difficult to
-achieve with the converltioﬁal win'd tunnels. As a result of
this prol.alem, most que]. experiménts have been achieved
at ncut.ral étability or when the static stabilily is \%ery small.
However, with the recent cénsﬁruction of larger wind tunnels
capable of environmental control, the possibility of achiev-
ing the requii“cd temperature gradients and low flow speeds
are an actuality. Recent research in modeling flow over
mountains using solid carbon-dioxide to create low flow
speecfs (~15p1ﬁ/scc) and large temperature gradients has
also improved the outlook fof achieving thermal similarity.
For many cloud seeding operations storm situations
may be of'primary interest and in such situations it may be‘
possible that prot.otype neutral stability conditions can be
| approximated in model experiments. For instance, the type
of case in mind is one which the prototype airstream
' contains 8/A8 m_'.mbo“stratus with possibl;: precipitation .and
having a wet adiabatlic lapse rate throughcut a great depth.
This type of casé may resemble I.nany storm
situations in the Chalk Mountain area. Furman (1967) has
shown the ‘f'ollolwing characteristics of orographic clouds

over Chalk Mountlain during the winter season:
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Mean cloud depth: 4,000 to 9,000 ft

" Cloud bases: 500 to 1,000 ft of the 12,000 ft
mountain laboratory

Mean cloud tops: 16,000 ft to 21, 000 ft occasional
: tops reaching 27,000 ft msl.

For such cases the Reynolds number criteria may be
relaxed since the flow is geometry dependent for sharp
featured topography and essent;'_ally independent of Reynolds
number.

.Not only must the various dimensionless para.méters
be the same for both model and prototype, but in addition,
the boundary condilions must be the same. 'l‘his latter
recuirement not only demands geometric similarity of the
lower boundary, but also similarity in upstream conditions
‘and in conditions at ihe upper boundary.

The upstream cc;nditions may be metched rather
p;“ecise].y by sett.iﬁg the model al varying distances from the
boundary layer origin in the wind-tunnel test section. The
velocity allld density disiributions that may be obtained in‘
the tunnel are, however, all similar to one another. The
upper boundary conditions can only be matched if the study
of the prototype is restricted to the lower layers of the
atmosphere, approximately o.n’c half the height of the
troposphcre, primarily because the increase in stability
d/dz (Inp) cannot be reproduced in present wind tunnels

without major modifications.
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At the present time wind tunnels arc capable of
simulating certain aspects of atmospheric flow; several
restirictions are necessary, however:

. 1. The prototype region is made comparatively
small (~90 mi or less), so the effect of the
Coriolis acceleration is negligible (i.e., con-
vectlive accelerations predomirate).

2. The effect of varialion of hydrostatic pressure
with height is negligible.

3. The effect of compressibility of the air is
negligible (where prototype height L~1 km or
less).

4, The effect of condensation and evaporation
processes are neglected (i. e., no clouds or
precipitation).

5. The unsteady state of protolype winds are
neglected (i. e., the model winds are steady
state). :

Yet, chn with these restirictive assumptions
worthwhile results have been obtained from laboratofy
simulati.on as briefly summarized in the next paragraph.
It must be remembered that much of this work is in a
pioncer stage .and further research with sophisticatled
léboratory apparatus may eventually reduce the numbe; of
resirictions. However, at the prcsept time, | many of the
above restrictions are not overly critical Zor investigations
of atmospberic diffusion and pérti.cle transport over
mounteinous terrain in the lower ‘L],‘QpOS})llch.

Cermak and staff members of the I'luid Dynamics
: >

and Diffusion Laboratory at Colorado Stale University have



undertaken several I‘Cscaféh projects i}l laboralory
simglation of flow over toppgl;aphic features. One stﬁdy
- which has important impli.éations for this paper was the
simulation of airflow over Point Arguello, Caliifornia
(Cerm.ak and Peterka, 1566).

A wind-tunnel study of Point Arguello was motivated
by the desire to estimate the diffusion characteristics of
toxic gases which might be releascd in the vicinity of
'missile launch sites on the U.S. Naval Mi.ésiic Facility.
Accordingly, the primary purpose of this study was to
determine if wind patierns observed in a wind tunnel over
a 1:12,000 scale model of th.e Point Arguello area are
reﬁrescntati.vé of the prototype ivind patterns whiéh are
-usuany stably stratified,

Since inve.rsion .flows were of primary interest, the
laboratory study was confined primarily to low-speed flow
(5 ft/sec) with a maximum attainable temperature difference
(wind—tunnel floor was 103° ¥ cooler tha.n the ambient éir).
Flow patterns for the stable stratification were well
do.;:umentcd in the cases;. of flow approaching from an azimuth
of 315° and from 340° .

“Two. types of flow visualization techniques were
used to obtain flow patierns. Photographs of streeks on an

indicator paint (white latex paint and congo red) on the
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fnodc]. made by releasing ammonia at a variely of points
gave an indication of local flow directions at thé surface
(Figu.re 7). Photographs of smoke tracers over the model
supplemented thé chemical indicator method (Figu‘r.e 8).

Figure 9 shows an example of the fl.ow patterns
established with photographs of smoke and indicator éaint
streaks. The solid portions of tﬁe arrows indicate flow in
which smoke released near the ground tended to stay close
to the surface. The dotted pbrtion of the arrows indicates
where the flow-won'cc at the surface--had separated and
was somewhat abo;ve that surface. In genéral, the smoke
remdined attached to the surface until the flow passed over
‘Honda Ridge, separated at the ridge line, and became
turbulent ciownstream from the ridge.

’l;he agreement between model and protolype flow
palierns was bettér than anticipated since the laboratory
flow was basically laminar while the fiebld flow was
turbulent; however, both v)ere stably stratified to appro.ximately
‘the same degree. Also of interest was the concentration
decay rates which were essentially the same. A possible
explanation for this agreement may be that in cases where
the surface over which the flow occurs is i-rregﬁ].,ar, i.e.,
composed of hills and valleys, dispersion of a pgssive

additive to the atmosphere may be controlled primarily by
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Figure 8. Smoke flow patierns for 340° ambient flow direction.



£ (e, 000
€ 1,200 000

srarxic

A A o $~ a9
Ml S M B )

B pouse SOPRG

fatovr mrgnvan 1

— € pa0,000
— 230,000

o oaer Flow detoched from
the surface

eommmmrmmoe . Flow atlached to
the surface

AMBIENT FLOW
\ DIECTION

== T
7 {

[ 3 =ti) l
) TOFOGUFNIC  K2P OF  TnI PINT LR INE A £ Y

Figure 9. Mean flow patterns for 315°
inversion conditions.

ambient flow direciions wilh



38

strong spatial variation in convective transpoft by the mean
moti_op. Especially in flows with sirong stable thermal
'stratification is this mode of dispersion expected to be
dominant.

In general, in comparing the results of the
experimehtal work in the wind tunnel with comparable data °
from a field study, the authors concluded that éxce¥lent
similarity existed for wind-flow patierns over the Point
Arguello area and the model inversion flow approaching from
the northwest.‘

In conclusion, we can assert that the exploratory
effor-’us made to simulate atmospheric flow over mountainous
terrain have pfoduccd flow regimes which agree favorably
with known prototype data. Particularly in cases Where
material transport 15 accomplished chiefly through convec-
tion by the mean-motion rﬁodel derived flow structures have
the greatest potential for practicﬁl use in planning cloud-
seeding operations which utilize ground-based nuclei )
gene'rators. For these cases, neutral and stably stratified
flow over rough terrain, satisfactory simulation is ach-ieveci
if éimi].a}‘ geometry, equal Richardséns numbers and
similar upstream flow conditions are aitaired--Reynolds

number equality is not essential. Under these conditions,

laboratory model studies can result in the following benefits:
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The essential variables of topography, wind

direction, thermal stratification, and source
location can be varied for the siudy of plume
trajectories. '

The inherent possibility for defining and
locating particular problems which might exist
on proposed weather sensitive prototype
projects.

Determination of significant site localions for
meteorological instruments anc towers, cloud- .
seeding generators, etc., in the actual proto-
type for the purpose of obtaining representative
observations pertinent to a particular project.

A major reduction in time and expense of field
studies both by reducing the number required
and the amount of data required from those

actually initiated.
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