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CLOUDS

Down the blue night the unending columns press
In noiseless tumult, break and wave and flow,
Now tread the far South, or lift rounds of snow
Up to the white moon's hidden loveliness.

Some pause in their grave wandering comradeless,
And turn with profound gesture vague and slow,
As who would pray good for the world, but know

Their benediction empty as they bless,

They say that the Dead die not, but remain

Near to the rich heirs of their grief and mirth.

I think they ride the calm mid-heaven, as these,
In wise magestic melancholy train,

And watch the moon, and the still-raging seas,
And men, coming and going on the earth,

Rupert Brooke
THE PACIFIC, Oct. 1813

Clouds, the eerie mists, the gentle rains, the dynamic bubbles, the lightning glow,
the violence and devastation, the abating wind, the fading thunderoll and the sun's
glowing rays pouring through the broken canopy -- we see and know them all, Some
we know well; others we know little.

We welcome you to this Cloud Physics Conference, a forum for discussions on
the most recent contributions to this important part of the science of our environment,

The response to the call for papers for this conference has been almost overwhelming.
Many new and exciting fields of interest are developing. We see a tightening of the
scientific relationships between Cloud Physics and the physics and mathematics of
other dimensions of the environment. Both the Cloud Physics Committee and the
Program Committee for the conference trust that you find the program a stimulating
one,

Colorado State University was chosen by the Cloud Physics Committee of the
American Metearological Society for this conference, for two very important reasons --
firstly in support of C.S, U, 's Cenfenary Year celebrations, and secondly in recog-
nition of the many excellent scientific contributions which this University's Department
of Atmospheric Sciences has made to the field of Cloud Physics.

On behalf of the Committees, I wish to express sincere appreciation of the untiring
efforts of Dr. Bernice Ackerman under whose chairmanship this conference originated.
To Professor Lewis Grant and the Fort Collins Local Arrangements Committee, we
give our heartiest thanks as we do also to Dr, Kenneth Spengler and Miss Evelyn

Mazur of the American Meteorological Society,
g ' M
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AN EVALUATION OF THE RAPID EXPANSION TECHNIQUE
FOR MEASURING ICE NUCLEUS CONCENTRATIONS

Roger F. Reinking
Colorado State Univarsity
Fart Colllng, Colorado

ANALYSIS

All current techniques for routine fleld measurements of nucless concentrations have many limitations as well as ad-
vanizges. No existing instrument meels the requirements necessary to be an absolute reference unil, Precision (consistency)
and accursey (representation of nature) of the various devices must bie Known to interpret the measuremems correctly. Inthls
study previous and new observations have hegn camblned to establish the advantages and limitstions of the rapid expansion in-
strument (1) (2) in relation 1o the collection and activation of the foe puclel, and the growth, detection and counting of the nucle-
ated loe erystals. Some of the principal results of this study are outlined here In terms of eight criteria for ice nucleus counter
evaluation:

1. Mechanical reliability ana convenlence ol operation are stropg points of We instrement, Stmplicity ls smphasized in

in construction ansd operating procedures,

2. Time continuity of measurements. 'The expansion unit is the only device which can be ised 1o obtain successive counts

2t different nucleating temperatures at 18-12 minute [ntervals, The expansion-proauced temperatures do not require changing
and stabilizing the (constant) wall temperature. Measurements are Immedistely available for Interpretation in the field.

3.  Fre-nucleation effects on particles, Pump heating of gampled sir will destroy the activity of preactivated or precondi-
tioned ice nuclei, Stokes law computations indicate that particles larger than about 2-3 will settle out during a 5-minutepre-
expansion period alowed {o stabilize temperature and humidity of the sir sample. Computations with standard diffusive de~
position equations show that reughly 107 af particles with de 0,05, will be lost uy eiffusion to the walls, Theories of size
effect on nucleation indicate that the sedimentation loas of miclel Is most algnilfidant, On the other Yand, In an aged aerosol
population, few particles larger than 2-3p will remain,

4. Pressure characteristics, Fressure transducer measurements show that any particular overpressure Is repeatable to at
teast + 2 mb (£0,05C), The air iz overpressured from ambient pressure, Varviations of the Iatter can cause a maximum
deviation of 20.5C and a norinal deviation of £0, 1T from the theoretical hucleation temperature. Expansion rate is the same
for all overpressures (Fig, 1). Observer effects on decompression time from a given overpressure are negligible (Fig. 1)
and are not expected to affect nucleation lemperatures. ]

3, Temperature and moisture characteristics and the nucleation process. A 5 minute preconditioning period is necessary to
bring the air samgple to a steady state temperature, The moisture level at the end of thia period regulates the cloud formed on
expansion, Cambridge hygrometer measurementa of dew point up to this lme ising loitially dry air (T =-8,8C, efe, = 0.11)
and inftially extremely moist air (Ty » +25.8C, /e, = 1,0) show that moisture diffusion to the walls and evaporation ‘zrom__lh'e
‘sugar solution greatly reduce initlal moisture differences (Fig, 2). I almost all situstions the final pre-expunsion saturation
ratio will be between 0, T and 0, 8.

Tempersture uniformity In the thamber after expaaston is shown in Fig. 3 for a theoretical T = -20C. Without compen-
‘sation, & count underestimate of 4.5, 8 and 18% for T = -14, -20, ard -28C, respectively, would result from portions of the
ehamber being warmér than T, Supersaturations (55's), droplet nucleation and growth, and clowud duration during and after
expansions also influence lee nucleation and the nucleus count. Cloud durations in the chamber are not exiremely different for
moist and dry air (Fig. 4). This is due to the equalizstion of molstire content during preconditioning of the air sample, The
cloud persists for @ time substantinlly longer thin ihe maintenance of the minimum nucleation temperature ( 5s). 58's
greater than in natursl clowds do oecur in the chamber, but the following evidence shows that thelr effects on nucleus count are
less influential than often assumed, The expansion proceeds al a finite rate; It 15 not Instantancous (Fig. 1), Natural conden-
-sation nuclei are present in the alr semple. Droplets form at very low SS's and continue to grow (hroughout the expansion,
‘thus reducing the 55 and keeping it well below dry adiabatic values. A vealistic estimate of maximum peak SS {s roughly 50%.
Mosazop and Jayarweera (3) found that 83 has liftle effect on freczing (Agl-Nal) miclel, whereas a significant effect on sublima-
tion (Agl) nuclei was observed for T> -15C but not for colder temperstures, Alkerweeny (3) observed that st -18C an increase
0l SS from 1% lo 22% increases the count by 1. 5-3x, but SS's abave 229 in thé 22-60% range produce litile increase in (sublima-
tion) nucleus pount, These observations apply to the expansion count, A further faclor thal will cause the 85 to play & sub-
ardinute role is the short persistence time of 58's in the chamber, The mielens count is nfluenced by the duration of 5S (4)
(3). 'The postrexpansion duration of 85 is < 1/i0 the time that the cloud remnins within 1C of the minfmum nucleation temper-
ature Ty, (Derermined by measuring time to completion of elond development in the chamber as revealed by lasar beam
extinction, ) The measured post-expansion supersaturation durations of 0,1 to 0,3 sec agree with estimates by Mason (6),

A further experiment has shown Lhat the Ume lag in nucleation leads to activation of & zignificant number of "post-expansion
‘nuclet, " These activate in the abgence of supersaturations. .

The net gffect of S8, temperature and the resulting clomd may be examined by paring expansion and mixing
chumber spoctra.  In both types of chambers, 85's exist and inerease toward colder temperntures. This increase is some-
what greater in expansion uniis at least at the colder temperatures, The expected relative position and slope of the nucleus-
temperature spectrs if 8’5 were the dominont factoy, snd the supersaturation ki the expansion chamber were greater for
larger expansions and greater than in the midng chamber is [Mustrated in Figure Sa. Thu expected relative spectra if per-
sistence of bolh minimum temperature b cloud are the dominant factors (both re less in éxpansion than in mixing chambers)
is shown in Fig. 3b. An extensive series of comparisons by Kline and Brier (2) resulted o mean spectra as in Fig. b, The
mixing eurve-expansion curve separation varies with mixing technique, but mixing chambers generally read about Z-5x higher.
The evidence is that 55 In the expanslon unit partially compensates for the lemperatiire nonuniformity effect but is not the
dominant factor in determining the nucleus count,

6. Detection of nucleated ice crystals, Computstions of crystal growth and evapoia tion times related to settling velocity and
cloud durations show that erysiais nucleated when T, <€ -20C will definitely survive for a time sufficient to settle into the sugar
solution for detection. For Ty¢< -15C, detection wuf he marginal for erystals other than those formed and settling from rela-
tively neay the chamber base, Thus, al -14C as few a 1/3 of the cryetials may be detecied, Partial compensation is provided
by the facts that (1) dus to the temperature distribution in the chamber, » greater fraction of erystals will be produced in the
lower part, (2) the average satural nuclens concentration atl =14C s below the counter's minimum detectable level (0,1 /1), so
when average-or-below conditions apply no erystals will be detected with or without'the undercount, and (3) the calculations
were made assuming crystal evaporation rate was equal to growth rote] actually the svaporation s slower,

T, Contamination of the air pump without mucleating meterial will ovcasionally oceur, It is estimated that abserved contami-
nation has occurred al the level of about 10°Y partleles of which only & minute fraction [s released with any one measurement,
Maximum possible contamination due to an upwind seeding operation s estimated at 10° nyclei, assuming all muclel passing
through the pump are cellected, Ewvan with this impessible collection “effictency”, the 169 level 1r 10? lower than observed.
Ina great pumber of feld seeding cages, the measured nueleus Count las becn obaerved 1o qulekly retrear to levels compar-
able to the pre-seeding background concentrations hfier secding has been stopped. I 13 very unlikely that the ohserved

i




contamination is due to pump collection of seeding material dispersed upwind. All evidence indicates that the pump contami-
nates only when a quite active nucleant {s handled in large quantities in the Immediate vicinity of the instrument., This means
that contaminstion may be contralled with precautions. The contamination factor must be watched very carefully,

8, Comparisons, Intercomparisons of several rapid expansion counters resulted in count correlation coefficients >0, 85 for
paired series (2). The natural cloud {s the one absolute reference available for calibrating lce nucleus counters, Observed
ratios of natural cloud-produced ice crystal concentrations to lce nucleus concentrations measured by the expansion method
at corresponding temperatures for individual unseeded cases were 1,3, 5,3, 1,7, 0,5 and 0.33. For cases seeded with Agl,
ratios were 1,0, 0,8, 1,0 and 0,2, Cloud top temperatures for the various cases ranged from -15 to -26C (7) (8) (8). The
agreement is good. Counts obtained with the expansion unit are certainly within a range of magnitudes that have direct physi-
cal meaning in terms of cloud processes.

CONCLUDING REMARKS

A more comprehensive version of this evaluation {8 complete and forthcoming. The study reveals that the expansion
technique is reliable. The results allow one to distinguish between instrument effects and natural effects on nucleus count,
As with all current {ce nucleus measuring devices, Improvements are in order. A number of improvements have been incor-
porated in a new CSU Expansion Counter. Professor Lewis O, Grant {s thanked for hls helpful suggestions throughout this
study. The Research was supported by NSF Grant No. GA-1553.
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A DILUTION-CHAMBER FOR COUNTING HIGH CONCENTRATIONS OF ICE CRYSTALS
by M. ANDRO and R. SERPOLAY

Faculté des Sciences — 29 N Brest - France

I - Introduction

The ice-nuclei counters are generally designed for counting ice-crystals ir|
concentrations not so high as 1,000 per liter. The use of such counters for stu-
dying the capability of various ice-nucleating agenis implies a previous dilution
of the active aerosol.

When the ice-nuclei or ice-crystals are directly injected from the source
into the supercooled cloud, it is necessary %o perform the dilution at the stage
of the ice-cloud.

For such studies, the following device is proposed.

I1 - Descripiion of the device

The device includes a cloud-chamber ageinst which is soldered a dilution-
chamber, This set is adjusted in a home freezer, The counting of the ice-crystals
is performed by the sugar solution method (1) at the bottom of the dilution-
chamber.

1%) The cloud-chamber 18 & parallelepipedic brass vat of about 100 liters. An
opening through which the nucleating agent 18 injected and the visual observation
of the cloud is made has been contrived on the 1lid of the vat. The upper part of
the cHamber is covered with an insulating material,

29) The dilution-chamber in an air-tight box of about 18.5 liters, By the mean of
an adeyuate system of tap and syringe it is possible to operate a slight depres-
sion inside the box or to realize the communication with the outside, A sensitive
pressure gauge recorder (2) is also connected to the dilution-chamber, By the
mean of a window on the upper wall and a light inside it is possible to observe
or to photograph the plate containing the sugar solution at the bottom. The tem-
perature of the sugar solution is controled independantly by a cooling plate.

3%) In the middle of the common wall of the chambers a small hole which can be
elosed by an air-tight shutter has been drilled, By this hole a small volume of
the air of the cloud-chamber can be sucked into the dilution-chamber,

ITI - Working up of the device

Before cooling, the chambers are carefully dried and prepared in order to
prevent rime formation ageinst the walls. Then the sugar solution is introduced
gt the bottom of the dilution-chamber, the augorcooled cloud is produced by
introducing a stream of satured warm air (25° C). Before turning off the supply
of moist air, a part of the stream is directed towards the dilution-chamber juss
for providing to the latter a sufficient moisture. Then the supercooled cloud is
seeded with the 1ce-nucleating agent and a light depression is performed in the
dilution-chamber. Immediately after, the shutter is opened. Because of the
depression and the possible change of temperature in the dilution-chamber, a
small volume of air is passing from the seeded cloud-chamber into the other. This
volume "v" is easily calculated from the pressure change Ap read on the recorder.
Supposing adiabatic the compression of the volume V, of the dilution-chamber, we
obtain :

v=—e=>2Ap where : P_ is the atmospheric pressure

LR ¥ equals 1.4

On the last stage of the dilution, a supplementary and brief supply of mpiaﬂ
air is provided to the chamber in order to produce & light turbulence which makes
the lce-crystals spatial distribution more homogeneous. After falling in sugar
solution, the ice-crystals are growing and can be photographed and counted.

IV - Conclusion

The device has been used for comparing the capability of ice-crystal forma-
tion with the various nucleating agents, namely different cold-producing liquids




directly sprayed in the supercooled clouds.

With this method it has been poseible to count ice-cryatsls concentrations
as high as 2 x 10" per liter.

V - Acknowledgment

The most Sart of this work was supported by the Airport of Paris under the
convention n® 286,308,

VI - Références

(1) Bigg E.K. : A new technigue for counting ice forming nuclei in aerosols,
Tellus, 9 (1957), 3, pp. 394-400.

(2) Paugam J.Y., Serpolay R. et lazé R. : Un barcvgraphe différentiel pour l'en-
registrement des faibles variations de pression. J.R.A., 1870, sous presse.

. camera
nucleating ogent intake qicoutlet.. . |
; }
; air sucking . L:J
window

shuller....

mois_t___gj_r: supply L Y

- _pressure_gaguge
} light

moist qir supply

|
|
£
£
@
©
m
I
| sugar s solulion
|
=

-« =4 | Smm———— -
—

___cooling_plate.

cloud |chamber dilution| chamber

Sketeh of the devige




AERCSOL SIZE DISTRIBUTIONS FROM LIGHT SCATTERING MEASUREMENTS
Franklin S, Harris, Jr., Physical Electronics Laboratory

Aerospace Corporation, P.O, Box 95085, Los Angeles, Calif 900LS

INTRODUCTION

The merosol content in the atmosphere is an important factor in radiation transfer, visibility,
air pollution and many meteorological processes, Aeroscls can serve as & valusble tool in understanding
and following dynamical processes, if correlated with meteorological variables such as wind, temperature,
humidity, pollution sources, inversicn layers, solar radiation, mixing, Aitken nuclei, and precipitation
The determination of the nature of the aerosols as epecified by size distribution, composition, shape,
and changes in these characteristics in time and spaces i3 an important measurement task,

AEROSOL SIZE MEASUREMENTS

Aeroscl sizes can be measured by collecting individual particles such as by using aerodynamical
or electrical characteristics which are size dependent, or by measuring them one at a time as they
pass through a light~scattering photometer, Attractive, but not yet available, is the method of
sizing individual particles,with alsc obtaining the index of refraction, by measuring the scattering
simultaneously at several angles for each individual particle, and processing the measurements with
the help of a computer. Useful though these techniques are they permit sampling only at the equipment
location, though the equipment may be mobile. MNore flexible and versatile techniques need to be
enployed to obtain the needed measurements to study the serosols throughout 2 volume extended in
geography.

Another approach i1s to characterize the general nature of a polydisperse aerosol at the instrument,
or remotely, by measuring the scattering intensity simultaneously at several mmgles for various polar-
ization parameters at suitable, and preferably, several wavelsngths,

The inversion from scattering measurements to obtain the size distribution does not, in general,
give a rigorous solution. (1) But by experience, trial and error, and using computers to simplify the
calculations the general type of size distribution san be obtained. Some reasonable assumptions have
to be made about the shape and material of the particles, or they must be measured independently,

It should be cbserved first of all that model aeroscl size distributions such as those of Junge and
Deirmendjian are helpful, but in nature there are wide variations in the shape of the sigze distribution,
for example,in the recent work of Blifford(2), and Harris. (3)

THREE ANGLE METHOD

Though some useful information on the size distribution can be gained by using only the variation
in transparency with the aerosola, or by using several small scattering angles, a wider range of angles
gives more information to deal with a greater diversity of distribution types. Barteneva,et al (L)
have measured the angular scattering intenaity as a function of the vislbility, showing the character-
istic change expected as the distribution changes from emall Rayleigh to cloud-type particles, The
scattered radiation angular interisity varies as a function of the shape of the size distribution and
the complex indéx of refracticn as noted, for example, by Rozenberg (5) and Harris. (4) By choosing
three angular regions carefully the simultaneous measurement of intensity and polarization gives a
good characterization of the adrosol size distribution and the index of refraction. The most useful
three angles for discrimination and characterization of the aerosol depend on the particular seroscl,
and how wide a range of possible distribution types are to be considered, For example, aercsols with
nany large particles scatter most of the energy in the near-forward direction, and angles in the
near-forward direction (corona) would be useful. For a wide range of aerosol types a wider range of
angles would be chosen, A suitable choice of angles wo be one in the 30° to LO” scattering angle
region, one at 900, and one in the range from 10° to 15 s with the measurement of both polarizations.
From the two measured polarizations(perpendicular and parallel to the plane of observation), the Stokes
parameters of polarization can be obtained, and hence the polarization ratio, the polarizatiocn, the
ellipticity and the angle of inclination of the polarization ellipse, This gives then six parameters
for expressing the angular variation of the scattered radiation.




APPLICATION OF THE THREE-ANGLE METHOD

To assess the usefulness of measuring the scattering at three anglessimultanecusly to determine
the nature of an eerosol size distribution a group of ideal and actual size distributions have
been studied, The method involves calculating, by means of Mie theory and a computer,the expected
angular distribution of intensity for the various polydispersed groups of particles. Three angles
were used and the ratios of the parameter values at the three angles determined, Actual measured
values of Los Angeles asrosols were used, but smoothed for purposes of calculation, Eleven guite
varied types were chosen and calculations made for eleven different combinations of wavelength and
indices of refraction, for each of the six parameters. Deirmendjian's haze and cloud medel data (7)
were also used for varied indices of refraction and both polarizations and polarization ratio to
illustrate the three=amgle method.

With perpendicular polarization, for example, the small particle Rayleigh scattering (or large
gsizes with still longer wavelengths to give the same ratio) gg.ves the intensity at &ll three angles
about ghe same., As the particle siseaogaome large the 30=L0" intensity becomes much greater with
the 90" intensity less than the 130=1L0" angle intensity. F‘gr still larger particles there is a
fog=bow region at 130-10° which is much greater than the 90" intensity,taking into consideration the
marked polarization effects the fog=bow (or rainbow for large water droplets) region is very useful,
From these values of the angular intensity and polarization parameters the usefilness, and limitstions,
of measuring three angle intensities to obtain size distribution and index of refraction can bte seen.
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FIELD AND LABORATORY MEASUREMENTS WITH AN IMPROVED AUTOMATIC CLOUD CONDENSATION NUCLEUS COUNTER
by
Lawrence F, Radke
Cloud Physics Group, Atmospheric Sciences Department
University of Washington, Seattle, Washington

INTRODUCTION

The ?E?rating chavacteristics of the original automatic cloud condensation nucleus counter (Radke
and Hobbs‘"/)somewhat restricted its application in aircraft measurements. These limitations have been
largely overcome in the second generation instrument. The sample processing rate has been increased
500% to 5 samples per minute; moreover we have made substantial reducticns in the total size, weight,
and the height+width aspa?g ratio, (3)

Recently, Fitzgerald and Saxena, et al predicted theoretically that under certain conditions
of sample and chamber temperature and sample relative humidity, it was possible to have transient super-
saturations in a thermal diffusion chamber which are larger than the steady state value, For our instru-
mental configuration, their vesults predicted possible large errors at, or near, a sample relative humi-
dity of 100%. This would then preclude making accurate measurements in or near clouds without extensive
sample conditioning. However, contrary to these predictions, experiments using a controlled humidity
aerosol of either natural CCN or nebulized NaCl nuclei show that only a negligible counting error occurs
as 100% relative humidity is approached.

With these constraints on aircraft measurements removed, an experiment was designed to examine
further the observation that evaporating clouds appear to relaease mofe CCN (active at a g;ven super-
saturation) than were present when the cloud formed (Radke and Hobbs'" ), Saxena, EE.EE. )

EXPERIMENTAL DESCRIPTION

Because previous observations of cumulus and stratus clouds apparently creating CCN were complicated
by the possible presence of precipitation accumulation zones as well as vertical transport of air from
lower levels, it was decided to make the observations on a time-stable mountain wave cloud. Such clouds
form frequently over the major peaks in western Washington State and often remain stationary long enough
to repeat a given sequence of measurements several times. The measuring sequence generally consisted
of: (1) a vertical profile in the region of the cloud; (2) a measurement in the clear air near the conden-
sing leading edge of the cloud; and (3) a traverse over or under the cloud to the evaporating trailing
edge.

g The NCAR Queen Air aircraft which was used in this study was instrumented with standard sensors
(total temperature, dew point, altitude, and airspeed). The experimental payload consisted of the auto-
matic CCN counter, a sodium-containing particle detector, an ice crystal counter (under development in
this liga; and an integrating nephelometer for measuring the light scattering coefficient (Charlsonm,
et al. §

FRELIMINARY RESULTS

A partial analysis of results provides dramatic confirmation of the earlier observations. Fig. 1
shows two traverses of a long lee wave cloud (23 km), one traverse under (A) and the other above the
eloud (B)., The concentration of CCN (measured at 0.5% supersaturation) in the air following out of the
wave cloud waé about a factor of 3 larger than the air flowing into the cloud. Fig. 2 shows an effect
of the same magnitude from a cap eloud which formed later the same day. Fig, 3 depicts similar results
with a lower wind speed, northerly air flow, and somewhat cleaner air. Measurements were made in
several other wave clouds in the Olympic Range with vesults similar to those shown in Fig. 3.

CONCLUSIONS
These measurements show in-cloud production of active CCN to be a potentially major source of CCN,
The production mechanism is still unclear. A major effort involving a detailed analysis of the aerosol
size distribution and composition as well as trace gas constituents will probably be necessary to under-
stand this mechanism.
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DECAY AND SUPERSATURATION DISTRIBUTION
OF NATURAL AEROSOL

V. K. Saxena, A, H, Biermann and J, L. Kassner, Jr.
Graduate Center for Cloud Physics Research
University of Missouri-Rolla

INTRODUCTION

T?&salggoratory has been struggling hard lately to improve the performince of cloud(l'z) and
Aitken'”+7»</ nuclei counters. In summer 1968 a joint eff?g: in zollaboration with ESSA and NAPCA
was undertaken to intercompare four Aitken nuclei counters ) in order to assess their performance.
These counters were a Pollak and a Gardner counter supplied by Mr. Paul Allee of ESSA and a Pollak
and a G,E. counter supplied by Mr. Normap White of NAPCA. The results of these comparisons were
rather surprising for individual counters sampling the ngma air differed often by 50%. Since the
time of this effort, an absolute Aitken nuclei counter(?) has been put into operation in this labora-
tory. Measurements taken on the absolute counter are described here which help provide a plausible
explanation for these unexpected differences.

The concentration of room aerosol, stored in a doubly aluminized Mylar bag of 851 liter capacity,
was measured as & function of time. In one of the attempts, this was done at flve different operating
supersaturations. From these data are derived the supersaturation distribution and size distribution
for the test aserosol which furnish some remarkable features.

EXPERIMENTAL

The details of our absolute nuclei counter are described elsauherets) which essentially is an
expansion cloud chamber. This chamber is capable of being operated at eight different supersaturations,
thus covering the whole range of interest for Aitken nuclei, The sample dilution is a special feature
in this chamber which helps in reducing the experimentsl error that mainly arises due to uncertainty
in drop counts, One centimeter thick light beam obtained from two well collimated and matched flash
tubes, one on each side of the chamber, is used for direct photography of the sensitive region at right
anglea to the beam, The natural room aerosol was stored in a nuclei reservoir(6),

The chamber is capable of measuring aserosol concentration after every 5 min interval. While
taking data atv five different supersaturations, the highest was operated first, and then the others
were operated in successive decreasing order, Thus at a given supersaturation, the concentration
could be recorded after each 25 min interval.

The overall rate of change in the number of nuclei, N, may be expressed by a differential
equation Lovolving the sum of two rerms(7,8) ss

N = ANy, ()

where ) takes amccount of the diffusion to the container-walls and by sedimentation and y is related
to the loss of nuclei by coagulation, Obviously, the second term is dominant in Eq. (1) when N is
large. On analysing our data we found that they could be well correlated by considering only the
first term of Eq. (1). This ampunts to representing the decay of the test nuclef as

N = N exp(-At). (2)

Eq. (2) was fitted to our data by the method of least squares and the values of N_and t are displayed
in Table 1. In the last column of this table are recorded the percent absolute average deviation
(7AAD) which indicate that Eq. (2) represents our datn within experimental error(5), which is about
10%. 1In this table, S stands for the operating supersaturation, It seems reasonable to infer that in

TABLE 1: Values of Nj and , Eq. (2). TABLE 2¢: Values of k and o, Eq. (3).
Date 5 N, 10° 3, sec > % AAD £y 0 = % _FMn

2 Jam 1969  3.20 16,681 5.24 10 :g i'ggg s

5 Feb 1969 3.24 31,271 6.49 4.9 ish YihrE Sk <9

9 Jun 1969 3,78 8,393 2.58 b 358 Y ane i A

9 Jun 1969 3.05 8,000 2.00 5.6 ' ’ a

9 Jun 1969 2.56 6,936 1.7 3.6

9 Jun 1969 1.92 6,227 1.91 8.0

9 Jun 1969 1.43 5,446 2.29 8.2

the concentration range of our experiments, the decay process is dominated by diffusion phenomenon as
sedimentation for these sizes of Aitken nuclei is relatively small,
DISCUSSION
Supersaturation Distribution: The data of 9 Jun 1969 are used to derive the critical supersatur-

ation spectrum of the test aerosol. The following equation is found to represent the data satisfac-
torily:

AN/d(108™) = w(s™%, (3




where S"r is the critical supersaturation for dN nuclei of the torsl population., The valués of k

and @ at four different times are recorded in Table 2. The toral change in O over a pertod of 5.5 hr
is only about 9%. The exponentLaI decay of aerosol exhibited by Eq. (2) has been theoretically pre-
dicted b; Shapiro and Erickson{9)., Eq. {(3) seems analogous to lug radius-number distribution of
Junge

Calibration of Aitken Nuclei Counters: In Fig. 1, the differential supersaturation spectrum is
shown which is derived from Eq. (3) 4nd Table 2. As an éxample, consider 4 counter B calibrated
against an absolute counter A at § = 3,4 using rhé test aerosol ar t=30 min, Let 5 be supersaturation
deéecrement in B due to its non-ideal conditionsf +4:6) . This corresponds to d¥; nuclei at t=30 min
while at £=330 min, it corresponds to dN, nuclei such that dN4=§ dNy (Fig. 1). Thus, if the counter
B is used te measure the concentration of the samé aerosol at 5 k=330 min, it is likely to produce
counts off by 40% of the value of dNj. 1Ff the supersaturation spectrs of the test aerosol.and the
aerosol used for calibration are widely different, obviously this ervor would become still large
depending on the value of AS and the ouclei concentration.

Aszuming the test nuclei us hygroscopic, the log radius-pumber distribution due te Junge(lo) is
calculated for the test aerosol on the basis of data in Table 2 and is shown plotted in Fig. 2. The
bi-modal feature of the distribution is readily appavrent which supports the Eindings of Twoiey and
Severynse(1l), 1t seems that the qualitative features of the size distribution are preserved. This
is what Shapiro and Erickson found ue s result of their theoretical analysis(%),
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SOME COMPARISON MEASUREMENTS OF CLOUD DROPLET AND PARTICLE
DISTRIBUTIONS IN CLOUDS USING ATRBORNE SENSORS

by
Theodore W. Cannon
and
J. Doyne Sartor

National Center for Atmospheric Research
Boulder, Colorado B0302

_ Several cloud study flights were made by NCAR aircraft during the period 8 January, 1970 to 5 March,
1970 on the eastern side of the Rocky Mountains in Colorado and Wyoming. The studies were performed
using instrumentation mounted on a Beech Queen Air twin propeller aircraft and on a Schweizer 2-32
sailplane.

Cloud droplet and particle size distribution measurements were made using two types of probes. One
of these, a MIT-AFCRL electrostatic probe, was used to gather data which were recorded on either tape or
strip charts, Histograms of droplet and particle size distributions could be obtained within a few hours
after conclusion of a flight from analysis of the tapes or charts. This probe was located on top of the
nose and forward of the canopy on the Queen Alr and on the end of a boom projecting from the nose of the
sailplane.

The second type of probe was a slide gun which was an NCAR modification of one used by the Univer-
sity of Chicago Atmospheric Physics Group. This unit exposes 10 mm x 45 mm glass slides to the alr-
stream within the cloud with an exposure time of aboutr 15 milliseconds. The slides were coated with
either magnesium oxide on Dri-Film or 3-4% Formvar in ethylene dichloride solution. A slide is mounted
near the end of a spring-loaded rod. When released by a trigger, the rod travels in a tube which ex-
tends through the top or the side of the aircraft. The exposure is made through an opening in the tube
about 39 em from the outer surface of the airecraft, Data taken with the slide gun were used to make com-—
parisons with the distribution messurements taken with the electrostatic probe, to identify the presence
of ice or water in the cloud, and to cloud droplet and particle distributions for cloud physics studies.

Nine histograms displaying distributions taken from magnesium oxide slides are shown. Two histo-
grams showing distributions taken from the electrostatic probe data taken on 19 January are also shown
in Figs. 1 and 2. They indicate a favorable correlation with the magnesium oxide method.

The 19 January histograms, which were obtained for large wave clouds (about 25 miles wide by 50_
miles long) show the broadest spectra, lowest number of drops per unit volume (average 35.9 drops cm 7)
and highest liquid water content (average 1.67 gm m~3) of any of the distributions shown. The bimodal
distribution 1s evident Iin both of these distributions. This cloud was warmer (T = =7°C) than the other
clouds studied which ranged from -25.2°C to -14,5°C. The small cumulus cloud distributions shown in
Figs. 3-5 show more narrow spectra, but a larger number of particles per unit volume (range 82-117 em—3)
and lower liquid water content (range 0.191-0.619 gm m~?) than the large wave cloud. The narrowest
spectra were obtained from the small wave clouds, Figs. 6- 9. These clouds exhibited a somewhat higher
particle count per unit volume (range 107-175 pxrticles em~3) than the other clouds studied, but a wider
range of liquid water contents (0.108-1.10 gm m=3) .

By using a 3-4% Formvar nolution it was possible to make some ice replicas with the slide gun at
airplane speed (about 60 meters sec™ 1y, Some good crystal replicas 10-80 microns in size were chtained
in the cumulus cloud sampled on 2 March. Better resolution of {ce crystal structure is obtained by
making Formvar replicas instead of impressions in magnesium oxide. The chief disadvantage is that the
solution and slides must be kept at approximately -10°C until all water has evaporated from the ice
replicas. Using the Formvar slide technique, it is possible to make positive identification of the
presence of ice crystals in the cloud. This information supplements data from the electrostatic probe
which cannot distinguish between water and ice particles.
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CONTRIBUTION TO THE PROBLEM OF THE COLLECTION EFFICIENCY OF THE FALLING ICE CRYSTAL

J. Podzimek
Atmospheric Sciences Research Center
State University of New York at Albany
Albany, New York 12203

The paper deals with the calculation of the collection efficlency of the falling ice crystals in
a supercooled water cloud using the evaluation of the number and of the position of the droplets
frozen on the surface of individual jee crystals.

In order to express the collection efficiency Ay, of ice crystals falling in a population of cloud
droplets having the size spectrum distribution func+?on-ffr|3, we ‘assume that, for a glven size of
col lector (ice crystal), it can be expressed in the form '

- {r))dr
Ag| = el 20
ftl‘l}df‘l

glr)} signifies the "disturbed" size spectrum disfribution function corresponding to the droplets
caught on the frontal and rear sides of a falling crystal of a known gecmetry. The case of

glr)) = f(r|) corresponds to the removal of all cloud droplets In the volume deflned by the cross
section of an ice crystal and its path in a unit of time.

The evaluation of the droplet position patterns on the surface of plate-like, sector plate-like,
star-|Tke and star (with a central plate)-|like crystals (in the flgure dencted as D, S0, H, DH) showed
that we can always find for a certain range of the sizes of the ice crystals some characteristic func-
tion glr|) enabling us to calculate Ay;. A characteristic example Is presenfed in the attached figure.
Relating the "disturbed" size spectrum curve g(r,) to the normal size spectrum distribution curve
[assuming f(r)) = Ar 2 ¢7BrIM _ n is usually near Yo |] on a semilogarithmic paper, we get immediately
the information of the cafching efficlency of the fce crystals of a certain type.

Other, very useful Information about fhe general col lection effliciency of different parts of an
fce crystal gives us the detalled analysis of the location of the droplets on different parts (arms,
central plate) of an lce crystal. Some characteristic "catching" efflclencies were found In rela-
tion to the typlcal forms of simple ice crys*als. The features of these characteristics can be ex-
plained ‘on The basis of the corresponding Stokes' number. The sophlistications mentloned are valla
mostTly for the case of a layer mixed cloud with low intensity of turbulent flow and low degree of
riming on ice crystals.

There are some other (of course |Imited) possibilities of the use of the procedure mentioned in
the case of the growth of an lce crystal through colllslon with smaller Ice crystals. Some other
interesting conclusions can be made comparing the number and size of the droplets caught on the frontal
and rear sides of falling ice crystals. The number of droplets frozen on the rear side of a crystal
is not negligible and surpasses in the domain of the smallest droplets (r, < [0 u) the number caught
on the frontal side. However, the contribution to the tetal change of liquid water of such a cloud
by the catching of the droplets on the rear side of falllng crystals Is small.
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THE ROIE OF THE ADSORBED LAYER IN ICE NUCLEATION

L. F, Evans
Division of Applied Chemistry
C.5,1.8.0,; Melbourne, Australia

; The current theory of ice nucleation is at present undergeuing profound mo:iific?t.}on in order to
bring the theory into line with the better experimental data which is now availsble.\l) oOne of the
factors which 1s receiving increasing attention is the role played by the layer of water adsorbed on
the ice nucleating substrate, For example, freom experiments conducted at high pressure it has been
shown that the adsorbed layer exists in at least two states--an ordered state, called 2D-ice, stable
below he Swo-dimensional (2D) melting point, and & disordered state, stable above the 2D-melting
point. The ice nucleation properties of the substrate are completely dependent on the state of
the a.dsorbed layer, the ZD-ice state imparting the better ice mucleation sbility. By taking into
aeccount the hysteresis which sccompaniea the transformation from one ZD-staté to the cther, it has
been possible to account for the pre-activation which is observed when = particie lgs allowed Lo
nucleate ice after being exposed to cold, moist conditions,

It is the purpose of this paper to draw attenticn to the Tact that the properties of the adsorbed
layer c also explni:c S:hz mechanic nggleation of ice, i 2., nucleation by direct mechanical move-
ment , (5 shock waves, 6 cavitation, |7 or ultrasonics.(9) All these phencmena heve in common the
rspid movement of water over a previously dry hydrophcobic surface, and the s#ssence cof the present
proposal is that it is the rapid formation of an interface between water and & hydrophobie substrate
which induces ice nucleation.

The basia of this proposal is the fect that around non-polar m%ecw)ugs, water 18 known to adopt a
strongly bonded structure which often results in clethrate formation. Similarly, at the interface
between water and a nonm-polar (hydrophobic) surface, the structure of the adsorbed layer ls a laterally
bonded structure which we may term 2D-clathrate, At supercocled temperatures the stable stete of the
adsorbed layer is 2D-ice, but the transformation from 2D-clathrate to 2D-lce reguires considerable
supercooling as evidenced by the poor ice-nuclesting properties of materials such as polyethylene,

When water fres wets a non-polar surface the initial state of the adsorbed layer is disordered,
a situation which prevails for a time probably comparable to the rotsticnal pericd of & water molecule,
During this time, if the mdsorbed layer is supercocled, 2D-ice has the cpportunity to nucleate from the
hlgh-energy transient disordered phase. It is proposed that the higher free energy change dssociated
with this process accounte for the esse with which ice nucleates under the influence of mechanical
movement.

The same mechanism may scoount for the nucleation cbserved by Pruppacher,(11) when a supercocled
drop resting on & hydrophobic surface is caused to wet the adjacent surface by applying an electric
field.
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TIME DEPENDENCE OF SOME NUCLEATION PHENOMENA
Thomas E Hoffer

Desert Resesarch Institute
Lab. of Atmespheric Physics
University of Nevada
Reno, Nevada 89506

The effect of cloud processes on the nucleation of water droplects is of primary
importance to cloud physics. The recution or enhancement cf the nucleating ability of
a particle as it undergoes modification due to its changing environment should be
further elucidated.

Roberts and Hallett (1968) have shawn that preactivation is deéependent upon the
time history of the particle. Boffer (1967) and Hoffer and Ogne (1965) have shown
that this is alsc true when the particle gpes through a stage when there is ligquid on
the nucleating particle.

This paper is concerned with changes in the nucleating ability of Agl and phloro-
glucinol particles as a function of the time thev are subjected to a fixed vapor pres-
sure greater than that necessary for saturation.

The eguipment used in the research is a plate covered with Teflon whose tempera-
ture is controlled. The plate was on the bottom of a chamber in which the dew point
was controlled.

The dew point was controlled in a constant temperature system where moisture was
always taken from the air by means of a radiator. Aall the peripheral equipment was
automated to insure duplication of experimental conditions.

The experimental procedure was as follows: 1. Particles of the nucleating agent
under study were placed on an inert Teflon surface by means cf a fall column. 2, The
plate temperature was held constant at 10C as was the dew point. 3. After a predeter-
mined length of time the temperature of the plate was decreased at the at the rate of
. 25C/minute. 4. The drop freezing temperature was determined by examining photographs
taken each minute (black and white with polarized light). 5. Adjustment was made if
two drops were in contact.

The results of the study show (as indicated on Figures 2 and 3) that there is a
time dependency in the nucleation. Hote that for the phloroglucinol that the high
solubility accounts for the abirupt fall off as the particle goes into solution. For
Agl the changes in the curve may be attributalile ko reforming of sites after an
egquilibrium is approached in the diffusion. Simple calculation of diffusion in water
shows this to be not unrealistic.

It is apparent that for these size particles in contact with water that the
dissolution process takes a relatively long time. The ratio of droplet size to
particle size is roughly that encountered in the atmosphere. Thus, it appears that
for even the soluble particles that they will be effective, 1f released at cloud base
befcre dissolving.

In other experiments a mixture of NaI, Agl was used. In this case also the time
to nucleation was long and the particles acted, 1In order to activate the nuclei
apparently require sufficient water to reduce the concentration of the solution sur-
rounding the AgI to less than 1/1000 melal.
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SOME SIZE DISTRIBUTION MEASUREMENTS OF Agl NUCLEI WITH AN AEROSOL SPECTROMETER
H, Gerber? , P Allee#r H. Weickmann*r U. Katz+. C.Davis . and L. Grant+

* Atmospheric Sciénces Laboratory, U.S, Army, Ft, Monmouth, New Jersey
*#% Atmospheric Physics and Chemistry Laboratory, E.5.5,A., Boulder, Colorado
+ Atmospheric Science Department, Colorado State University, Ft. Collins, Colorado

INTRODUCTION

Recently 2 method was developed which promises to meetthe need for a practical ice nucleisizing
technique (1), (2); Essentially, the G8etz AerosolSpectrometer (AS; (3) ), ahighspeed centrifuge, isused
to deposit the nuclei along a polished chrome foil according to their Stokes diameters, Upon removal from
the AS, the foil is exposed to a saturated environment at the desired sub-freezing temperature, and the
active nuclei grow into visible ice crystals. To find the diameters of the nuclei only the locations of the cor=-
responding ice crystals need be determined since the coordinates of the foil are related to particle size
by Stokes law after calibration of the AS,

Before describing some Agl ice nuclei measurements, itis firstnecessary toplace theutilization
of the AS on a firmer basis since the scientific community currently questions the ability of the instrument
to size atmospheric particulates accurately (e.g.. (4) ).

PERFORMANCE OF THE GOETZ AEROSOL SPECTROMETER

The reputation of the AS is largely a result of a theoretical study of the aerosol dynamics inside
the centrifuge channels (5) and of subsequent attempts to verify the theoretical predictions (5), (6), (7).
Theory and experiment did not agree except in demonstrating that the AS did not operate in the required
manner of a horizontal elutriator. In contrast, a recent comprehensive calibrationof the AS showed proper
operation for a limited number of the instrument's operating modes [different combinations of flow rate
and centrifuge rotor rpm) and for particle sizes ranging from 0.1 pm to 2.0 pm (8). Also, theinconsisten-
cies of the earlier work were explained.

Since a large portion of the particles from Agl generators usually is smaller than 0.1 pm, it was
also necessary to test the AS for these sizes, The AS was calibrated with Agl particles generated by
evaporating Agl-isopropyl amine (0.2% Agl by weight)atabout1000C ina stream of nitrogen. The operating
mode used to collect the particles was 0.25 L min=~! and 18,000 rpm, The projected diameters of about
3500 particles were measured with an electron microscope at eight different distances along the foil (A-J,
Fig.1). At the longer distances, size cutoifs in the projected diameter size distributions existed for smal-
ler particles. This is consistent with the proper operation of the AS and provided the calibration curve
for the coordinates of the foil (lp;) vs particle projected diameter. Fig.l shows that under the specified
operating mode, the size of the smallest particles which can be L00% captured is 200A. The size analysis
also gave the shape of the entire Agl size distribution as being approximately log-normal with a geometric
mean of 145A and geometric standard deviation of 1.5% (curve A in Fig. 2).

SIZE DISTRIBUTION OF ACTIVE Agl PARTICLES

"Pure! Laboratory Agl Particles

The Agl generator and the AS were operated in exactly the same manner as before. One deposit
was exposed to water saturation at -20C and two others were exposed at -15C. The size distributions of
the active particles is given in Fig. 2. The results of the -15C tests agreed closely and are combined,
The values of all the distributions are relative hence, the shapes of thecurves are absolute although their
proper positions with respect to the ordinate are unknown,
: The outstanding difference between the curves in Fig, 2 is thelack
o LATEE of activity for small particles in the measured distributions of active par -

ticles. Below 400A for the -15C curve and below 320A for the -20 curve,

the activities initiate a sharp decrease. Within a 30% reductionineach of

4\ CATE | these particle sizes, a 95% decrease takes place in the activity of the Agl
particles.

It is customary to compare the activity of ice nuclei to'the classical
theory of Fletcher (9). Attemperatures of -15Cand -20C , his computations
shew a particle size threshold of 85A and 20A respectively for freezing
and 500A and 300A for sublimation. Comparison of these values with Fig.
2 shows reasonable agreement if the active Agl particles are assumed to

mamiTEn &
T
7
-
END O CeanwlL

N Fig.l- The maximum deposit length 1y of Agl particles as a function of their
projected diameters ( ). The latex particle calibration points ( ) are used
to find the Stokes diameters of spherical Agl particles ( ) as well as the ef-

fective density 2.06 gm ¢m™3 and shape factor 2.17 of the generated Agl
= particles,
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Fig. 2- The size distributions ofactive Aglparticles Fig.3- The size distributions of ice nuclei (active
(-15C, -20C), of the Agl particles sizedbyelectron at -20C) measured on Chalk Mt. with the AS on a
microscopy (A), and of the active Agl particlesac- seeding day (dy, dz, 9/11/69) and on non-seeding
cording to the "surface area rule' (B). days (e, 9/12/69); f, 9/16/69; g, 9/17/69).
nucleate ice by sublimation, The slight shift in the activity threshold in Fig.2 from Fletcher's values
might indicate that the Agl particles behaved more nearly like ideal sublimation nuclei. Or perhaps, this
deviation and the lack of a sharp cutoff in the activity, as specifiedbythetheory, are related to the uncer-
tain relationship between the projected diameters used in Fig, 2 and the spherical particles inthe theory.
However, the basic agreement between experiment and Fletcher's theorysuggests the appropriateness of
the assumptions in his derivation. Therefore, contrary to some of the other currently popular nucleation
theories (e.g., water cluster theory (10) and the two dimensional crystalization theory (Il) ), it is neces-
sary to conclude that ice embryos in the shape of spherical caps form on the active sites of Agl whennuc-
leation occurs by sublimation.
Agl Particles Generated With An Acetone Generator In The Field

Over atwo week period (Sept. 1969), tensize distributions of atmosphericice nuclei were measured
on Chalk Mt, which is the seeding target area for the Colorado State University cloud seeding project (12).
On two days at least two modified Skyfire Agl-Nal ground generators wereoperated for 12hours in valleys
at least six miles upwind. The foils were evaluated at -20C. On each seeding day the size distribution
was typically narrow, was centered at 0.1 nm (at 0.07 pm if the effective density of the nuclei is assumed
to be 2.0 gm em™3 instead of 1.0 gm cm” ), and integrated to an average concentration of 105 nuclei L~
for a total sampling time of eight hrs. The background d:atnbutions were much broader, were centered
at about 0,5 um, and gave an average concentration of 1.l nuclei L~ for 18 hrs. (Fig. 3). These findings
are in good agreement with a large volume of ice nuclei counts at the same site (13) and clearly demon-
strate that the Agl particles actually advected to the summit of Chalk Mt,, that little if any coagulation
occured in the aerosol during its trajectory, and that the measurement of particlesize is a good indicator
of the presence of the seeding agent.
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NATURAL ICE-FORMING NUCLEI IN SEVERE STORMS

J. Rosinski, G. Langer, C. T. Nagamoto, F. Prodi and T, C. Kerrigan
National Center for Atmospheric Research®
Boulder, Colorade

There are two populations of serosol particles in severe storms: normal background aerosol and
aerosolized soll particles., Concentration of the latter, which depends on the wind velocity and soil
conditions, may be orders of magnitude higher than those of the former source., Condénsation nuclei are
derived principally from the first source. 1Ice forming and freezing nuclei,which derive from the soil
particles, increase in concentration during storms up to l00 times the pre-storm value. This concentra=-
tion increase is less than that of the aerosol population, indlcating that only a fraction of soil parti.
cles exhibit ice nucleating properties.

The fracrion of soil particles active as ice forming nuclei in a given particle size range in-
creases with particle aize; however, the concentration of ice forming nuclei in air is counteracted
by a decrease in the concentration of aerosol particles with size. A concentration peak of ice~forming
nuclei derived from soil particles and active at warmer temperatures occurred in the 7.5-11,5u diameter
size range. In addition to nucleation of supercooled water drops by hydrosol particles, the water
soluble soil compounds, upon recrystalization during supercocling, nucleate ice at temperatures as
high as -5.3C,

The quantity of water vapor released during the freezing of supercooled water drops was deter-
mined experimentally and was also calculated. This value depends primarily on the size of water drops
and, to a lesser degree, on the remperature of supercooling. The released water vapor equal to 0.03
to 3.5 mg/1-5 mm diameter drop produces more rhan a 2% supersaturation with respect to water at the
temperature of the environment in a volume of 300 to 10° em®, respectively, The water vapor recondenses
on cloud droplets and aerosol particles acting as condensation nuclei at higher supersaturation. Some
of the aerosol particles acting as freezing nuclei will form fce crystals in the water vapor recondensa-
tion zone, and these particles will propagate the ice phase within an updraft. This mechanism of ice
phase propagation is especially applicable to severe storms where large water drops are formed around
glant serosol particles. These giant particles, after becoming hydrosol particles, are the most ef-
fective freezing nuclei derived from the soil and should be responsible for the appearance of ice at
the lowest altitude (warmest temperature).

A water drop freezing technique was used to determine the warmest freezing temperature of
different hydrosols made of various {ces separated from natural hailstones, It was found that this
temperature value was not necessarily associated with hailstone embryos. This indicates that many
hailstone embryos form &t higher altitudes (lower temperature zones) rather than forming at freezing
level corresponding to the temperature at which the warmest ice forming nuclei are active.

*
The National Center for Atmoapheric Research is sponsored by the National Science Foundation.




ICE FOG AND ITS NUCLEATION PROCESS#, %

Takeshi Ohtake¥%%
Colorado State University
Fort Collins, Colorado

INTRODUCTION

Ice fogs, which seriously restrict visibility and thus hamper aircraft operation, have become an
increasing problem during mid-winter in the interior of Alaska., The ice fog is believed to be composed
lof many minute ice erystals without water phase particles except very near the sources of fogs (1). The
|shapes of ice fog crystals are mostly spherical, some hexagenal columns, ‘and irregular crystals, with
ithe sizes 2 to 20p, The shapes and sizes of crystals vary with temperature as does the concentration of
crystals (200 p, em™> in average)(1). Under humidity conditions of slightly higher than ice saturation,
these ice crystals are considered to be aerosols which are produced by discharge of large amounts of
water vapor into cold stable air.

Although earlier studies (2, 3, 4) have suggested that the mechanism of ice fog formation is the
[freezing of water droplets resulling from moisture of car exhaust or open water, they showed neither
verifications nor considerations based upon observations for the purpose. Furthermore, in spite of the
suggestion, there was no explanation or observation on the relationship between the concentrations of
ice fog crystals and ice or freezing nuclei. In the present paper, we studied the problem by considering
ice nuclei, condensation nuclei, temperature profiles over open water, which results from power plants
cooling water and observations of humidity and evaporation rate under low temperature conditions,

ELECTRON MICROSCOPE STUDY OF ICE FOG NUCLEI

To find out what kind of materials acted as nuclei of ice fog crystals, an electron microscope
with a diffraction device was used, To prepare the ice crystal specimens, formvar replications of crys-
tals using the vapor method were made, Many specimens of ice fog crystals were collected at different
places and conditions for the study. The sizes of ice fog nuclei are in range of 0. 01 to lp, which are
almost in agreement with Kumai's (3) result. Even though we tried to make the films on blank sheet
mesh as clean as possible, sometimes minute particles could be found outside and inside the replicasof
crystals. Since identification was difficult in some cases, we measured the most probable and the lar-
gest particle inside the replica. If any small particle was found in the crystal we assumed it was a
nucleus. However any particles outside of the replicas of ice fog crystals were disregarded as contam-
ination or as dusts which co-existed with ice fog in the air. Nevertheless, we found many ice fog crys-
tals containing no particles inside the crystal replica. It shows that the crystals were frozen spontan-
eously from supercooled water droplets which had homogeneously condensed from water vapor,

Seventy-one (71) out of 713 ecrystals inspected by the electron microscope did not have any nu~

cleus in the crystal replicas. Most of these were found in ice fog at Chena and Manley Hot Springs away
from the city, at temperatures below -40C, At the IAP site which is located near the open water in
Fairbanks, we found no nuclei in about 12% of 110 ice fog crystals we collected when the temperature
was -39C. At the center of the city only 2% of 236 ice fog crystals had no nuclei, and a few ice fog
crystals had many particles inside of the replicas and few or none ocutside, These crystals were
probably frozen from dirty dropletg formed directly from some kind of exhaust such as car exhaust,
On the other hand many ice fog crystals even in the center of the city did not have large dust particles,
These ice fog crystals must have formed initially from the process of water vapor condensation under
conditions of high supersaturation which are available from car, power and heating plant exhausts and
from steam coming from open water,

Although we tried to identify the composition of the nuclei by use of the electron microscope and
electron diffraction, we could not determine the composiiion very well, especially for the smallest size
nuclei, Some nuclei were presumed to be only carbon black resulting from combustion. Using a mor-
phological determination which was essentially the same as Yamamoto and Ohtake's (5), we found that
most (more than 90%) of the ice fog nuclei were classified as combustion by-products.

CONCENTRATION OF ICE NUCLEI AT LOW TEMPERATURES

Since ice fog crystals normally appear in higher temperatures than those of spontaneous freez-
ing corresponding to the particle sizes, it is necessary to measure ice nuclei concentrations in the
area, We have had little information about ice nuclei concentrations at temperatures lower than -30C.

Temperature spectrums of ice nuclei concentration were obtained at the Ester Dome (10 miles
west from Fairbanks) and at the HAO station, Climax, Colorado, using an NCAR acoustical counter and
an expansion counter, respectively. Ice nuclei concentrations obtained by both counters were 100 and
300 nuclei per liter for -35C, respectively. These numbers are very small compared to the

*Full paper is given in '"Studies on Ice Fog', Univ. of Alaska Rpt. UAG R-211 (June 1970).
#xSupported by the National Center for Air Pollution Administration, P.H. 8. under Grant No.
AP00449 and partially by NSF Grant GA-1553,
#*¥%0On leave from the Geophysical Institute, University of Alaska,
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concentration of the ice fog crystals. Also 300 n, per liter is the maximum detectable number by the
expansion type counter, The concentrations of ice nuclei for various effective temperatures varied by
a factor of 10 per 4C in the temperature range between -20C and -35C in the case of the expansion
chamber, Assuming that this relation is valid to -39C, we may expect 3,000 n, per liter for a tem-
perature of -39C, which is still almost negligible in comparison to observed ice erystal concentrations
in ice fog at a temperature of -39C.

However, these observations were made at places where the air is relatively clean (where con-
densation nuclei numbers are 200 to 2, 000 n.cm=~3) and it is expected that the air which contains a lot
of condensation nuclei might produce many more ice crystais in the expansion chamber, because the
condensation nuclei which made water droplets in the chamber may act as freezing nuclei in the water
droplets under such low temperature conditions. In fact, adding some combustion by-products to the
air to be tested before the expansion obviously resulted in the formation of many more ice crystals in
the chamber under the same temperature conditions, In the chamber of the expansion counter, the
degree of supersaturation appears to be very high, even though only momentarily. Thus it is sugges-
ted such condensalion nuclei are very important for the formation of many ice crystals in a high super-
saturation environment in the temperature range between -20C and -37C. In otler words, manycon-
densation nuclei in the air must act as freezing nuclei under ice fog conditions,

In the air at temperatures lower than= -37C (diameter of water droplets is assumed about 10g)
some droplets would freeze spontaneously. In clean air with a very high moisture content, a combina-
tion of homogeneous condensation and spontaneous freezing must result in a threshold temperature be-
tween -37 and -40C, In polluted air in the same temperature range, such a threshold would not be
recognized because the crystals can be formed by both homogeneous and heterogeneous nucleation on
pure and polluted water droplets.

MECHANISM OF ICE FOG FORMATION

In the present résearch we have shown that: 1) Large amounts of steam (small droplets),
formed in the layer very close to the water surface and disperse into the atmosphere. The evaporation
rate of water vapor from the surface and production rate of water droplets were also estimated, based
upon the observations. 2) Aerial photographs showed steam or water clouds, which are important
sources of ice fog moisture, coming from the open water of the river and cooling ponds, power plants
and private heating systems. 3) Such water droplets will freeze in several seconds within a distance of
3 to 5 m from open water under low temperature conditions (1), This was confirmed by the observa-
tions of the time required for droplets to freeze, and temperature profiles above water surfaces, Also
it was supported by calculation of conductive cooling and radiative cooling, which were also directly
measured by means of a radiometer for various objects in ice fog (6). Auto exhausts supplement water
droplets and they will be changed to ice fog crystals in the same way. So running cars are sprinkling
ice crystals rather than adding moisture as vapor into the atmosphere. 4) The humidity in ice fog lies
slightly higher than ice saturation, allowing minor ice crystal growth. This results in ice fog crystals
having the smallest size of ice crystals and being suspended in the air for a long time. 5) The most
important factor in the formation of steam or water droplets is not the concentration of condensation
nuclei in the case of steam from open water, heating plants and car exhausts under ice fog conditions
but rather the temperature differences between water (not ice) and ambient air temperature. However,
condensation nuclei or other particles contained in the water droplets accelerate the freezing of water
droplets at a higher temperature than the spontaneous freezing, The onset temperature of ice fog
formation is higher in inhabited areas than in unpolluted areas due to the greater numbers of condensa-~
tion nuclei and effective freezing nuclei in the city, as well as the difference of moisture supply between
in-city and out-of-city sites. However, at temperatures lower than about -37C, the homogeneous nu-
cleation of condensation and successive spontaneous freezing of water droplets are quite possible even
in contaminated areas. 6) The lowering of air temperature increases the rate of evaporation from
consistent moisture sources, i,e. rate of water-droplet formation, speed of the droplet freezing,
suppression of the ice~crystal growth, and formation of more numbers of smaller crystals, Thus,
denser ice fog can be seen at lower temperatures. So the low temperatures are essential for dense
ice fog, providing constant moisture sources are available,
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ICE NUCLEI ACTIVE AT LOW TEMPERATURES AND HUMIDITIES

E.K. Bigg and R.T. Meade
Divisien of Radiophysics, C.S.I.R.0., Sydney, Australia

Ice crystals are usually plentiful in clouds at temperatures below -25°C so that
initiation of the ice phase in the atmosphere has generally been studied at warmer
temperatures where the presence or absence of ice nuclei may be crucial to the efficien-
cy of the precipitation process.

However, high level clouds may also be important to the development of weather
systems, for they alter very considerably the radiation budget of the ground beneath
them and they may also seed lower clouds with ice crystals. They commonly arise from
air undergoing gradual and widespread lifting, and to understand their mode of formation
we must examine at low temperatures the way in which the number of ice crystals formed
varies with humidity.

Membrane filters, which are so useful at warmer temperatures for capturing and
detecting ice nuclei, contain many nucleation sites active at low humidities at tempera-
tures be%ow -30°C, They are useful only for studying the onset of nucleation by
aerosols as the humidity is lowered, for the large number of "background" crystals
depresses the actual humidity in a thermal diffusion chamber., Significant differences
between crystal totals on exposed and unexposed filters are first found at humidities
approximately half-way between ice and water saturation at temperatures below -30°C.
This is at about 85% humidity relative to water.

In order to find the full curve of number of ice crystals as a function of humidity
it is necessary to find a supporting surface which is relatively inactive. So far our
most successful method has been to coat a metal disc with a thin layer of "Teflon"
(polytetrafluorethylene) sprayved on from selution in a clean room. The metal disc is
then used as the cold plate of a thermal precipitator, The aerosols present in samples
of a few liters of air are precipitated and the ice crystals '"developed" in a themrmal
diffusion chamber. Figure 1 shows the appearance of the ice crystals formed at -30°C
and a humidity nominally at water saturation. The patch of higher concentration is
located immediately below the air inlet.

We find that the first ice crystals (one per 10 %) appear at humidities between
80% and 9?% (relative to water) and that their concentration increases to about 10 %
to 100 i+ at water saturation. However, the large number of crystals formed at
higher humidities obviously reduces the true humidity at the surface in the diffusion
chamber which we use. We have not yet discovered a surface which is sufficiently
clean to allow smaller air samples to be used. Concentrations of crystals vary rapidly
with humidity at a given temperature but not very rapidly with temperature at a given
(low) humidity.

The implication of these results is that where the atmosphere is undergoing steady
uplift there should first occur ice-supersaturated layers almost totally devoid of ice
crystals, As uglift continues, some ice crystals will form and continue to grow as
they fall through the ice-supersaturated layer below but may not become large enough or
be numerous enough to form a visible cloud. The maximum depth of this layer if the
temperature is near -40°C is likely to be about 200 m, for the temperature difference
between ice and water saturation is then about 3.6°C. The final stage will be reached
when the humidity becomes high enough to activate sufficient nuclei to form a visible
cloud,

=31

A direct test of the existence of such supersaturated layers is to release a small
meteorological balloon carrying a few hundred grams of dry ice. Wherever an ice-
supersaturated layer is encountered the ice crystals left in its wake grow rapidly and
are readily visible from the ground. Figure 2 shows such a cloud, which had a vertical
extent of about 200 m at a height of 8000 m and a temperature of -35°C. Thin alto-
cum?gus and cirrus formed in the vicinity about an hour later when this cloud was still
visible,

Aircraft condensatien trails are a familiar sight, but because the aircraft engines
introduce additional water vapour are not proof of natural supersaturation. Inadvert-
ent weather modification caused by these trails may become a major problem, and to
understand it we must know the frequency of occurrence and the deptﬁ and degree of super-
saturation of ice—sugersarurated layers. We suggest that the simple balloon experiment
which we have described could be widely applied with relatively little effort in order
to provide this information.
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Fig. 1 Ice crystals grown from nuclei thermally deposited on a Teflon-coated metal plate.
Temperature -30°C, water saturation.

Fig. 2 Cloud formed at 8000 m in a clear sky by a small halloon carrying dry ice.
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INTERACTION BETWEEN SILVER IODIDE AND WATER VAPOR
AT HIGH RELATIVE PRESSURES

M. L. Corrin and W. R. Barchei
Atmospheric Sclence Department
Colorado State University
Fort Collins, Colorado 80521

INTRODUCTION

Measurements of the adsorption of water vapor on silver iodide at high relative pressures are
noticeably lacking, Volumetric adsorption technigues limited the studies of previous investigators to
relative pressures less than 0.8, These low relative pressure measurements on both pure and hygro-
scopically contaminated silver iodide powders demonstrate the hydrophobic character of the silver
iodide surface with adsorption occuring primarily on hvdrophilic sites. Gravimetric adsorption
technigues circumvent the high relative pressure corrections required in volumetric approaches. The
region near ice and liquid water saturation is of prime interest in this work.

MATERIALS AND METHOD

Silver iodide prepared by the method of Corrin. Nelson, Cooley and Rosenthal (1) is used for
all adsorption measurements. Distilled, degassed water transferred by distillation into an adsorbate
reservoir provides the water vapor,

A Cahn Electrobalance is used to detect the increase in weight of a tared sample of silver
iodide as water vapor is adsorbed. Separate constan! temperature baths around the sample and adsor-
bate reservoir specify the saturation vapor pressure (sample temperature) and vapor pressure respec-
tively.

The sample weight in equilibrium with a given adsorbate reservoir temperature gives a point on
an adsorption isotherm. Stepwise increases in the adsorbate reservoir lemperature produces the iso-
therm: All temperatures are determined to+ . 01°C. Isotherms at -3, -6.5, and -10. 0C were
measured.

THEORY

Adsorption thermodynamics makes direct use of adsorption isotherms in computing the heat of
adsorption and the change in surface free energy of the adsorbent. The Gibbs equation allows the com-
putation of the latier: - X
= dx' (1)

I'dinx' = RT S
o

"’x‘?o"}'x‘“'rg
o

where w, = spreading pressure or change in surface free energy, ¥, due to the presence of the adsor-
bate in equilibrium with a relative pressure x; T = absolute temperature; I'= surface excess or amount
of vapor adsorbed: R = gas constant; and x = relative pressure p/pg.

The isosteric heat of adsorption is found from isotherms at different temperatures using a
Clausius-Clapeyron equation: ~ ~ L
dinx, _ A8yl - 85 _ Abyj - h
Cat 'r* "Rt " R " RI? @
where ASy1 = molar entropy change in vapor to liquid transition; _s‘, = partial molar entropy of absor-

bate, ﬁ‘,_l = heal of vaporization; By = partial molar heat of adsorption; and ggy = isosteric (constant I')
heat of adsorption.

RESULTS

Low pressure adsorption isotherms of Corrin and Nelson (2) were interpolated to the sample
temperatures used here using equation (2), Integration of the Gibbs equation was extrapolated to zero
with the Dubinin-Radushkevich model. At higher relative pressures a numerical integration was used.




The isosteric heats of adsorption showed a maximum at low relative pressures and a tendency
to approach the heat of condensation as the relative pressure increased. This indicates a transition of
the adsorbed film to a liquid-like state. For the film to become ice-like, an increase in the heat of
adsorption at higher relative pressures must occur.

The spreading pressure gives the minimum surface free energy of the "bare' adsorbent at
which wetting will not occur. This minimum increases rapidly as saturation is approached requiring,
in effect, the contact angle to increase also.

The decrease of the surface free energy of the adsorbent and the trend of the heat of adsorption

toward the heat of condensation with increasing relative pressure substantiates the clustering model of
adsorption and provides some insight into the mechanism of heterogeneous nucleation on silver iodide.

1. M. L. Corrin, J. A. Nelson, B. Cooley, and B. Rosenthal; The Preparation of "Pure" Silver
Iodide for Nucleation Studies. J. Atmos. Sc., 24, 1967, (594).

2. M. L. Corrinand J. A. Nelson; Energetics of the Adsorption of Water Vapor on "Pure' Silver
Iodide. J. Phys. Chem., 72, 1968, (643).
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DETERMINATION OF CRYSTALLITE SIZE AND ANFLASTIC STRAIN IN VARIOUS
TYFES OF GENERATOR EFFLUENT
Ronald L. Petersen end Briant L. Davis
Institute of Atmospheric Sciences, South Dekote School of Mines and Technology
Rapid City, South Dakota 57701

IBTRODUCTION

This paper ig concerned with certain physicul characteristics of Agl serosols, namely, the "appar-
ent particle size" and anelastic strain. With these guantities the physical state of aggregation of
AgI-Nal aerosols and the amcunt of strain energy stored in the crystallites can be surmised.

THEORY AND EQUATIONS

The determination of the strain and "apparent partlcle size" of the Agl and Nal aercsol particles
genersted by the combustion of varicus sclutions of the twe components was sccomplished by determining
the integral breadth of the pure x-ray diffraction profile, f(x), that p'mﬂ.l? Tlth broadening due %o
strein and/or particle size alone. This involves the Etokes Fourler anelysis L) of the unbroadened pro-
file, g{x), or that profile due to instrumental effects alcne, and & profile, hix), which has broadening
due to strain snd/or particle size and instrumentsl effects. The comvolution eguation relating these
prefiles iz given by =

Kx) = { tly) glxey) dv. (1)
The =squaticn for caleulating £{x) derived from (I was found te be
£(x) = } Fult) cosl2mxt/e)at + | Pi(t) sin(2zxt/a)ac, (2)
where
Bo = [H.65 + aiaj]zu:; * ai]
Fy = [RyGp = HuGy]/[0% + 63) _
and Hyp, Hi, Gp, 8nd Gf are the real and imaginery Fourier coefficients of h{x) and g(x) respectively.

The integral breadth, B, of £(x2) Is then caleulated for use in the following equaxionfz)

_ 8% = [a* + 1/D, (3)
vhere 8% = B cos (8)/h; and d® = 1/4 where d is the interplanar spacing, £ the root-mean-sguare strain,
D the “apparent particle sige" and & the Bragg angle, From g, (3] {t can be seen that if plots of g%
versue d% are made, the slope of the line wiil give E mnd the £* intercept the reciprocal of D.

The atress; P, was caleulated by making use of 8 relation due to Stokes and -Uilsou(ﬁ

P = g/[2(a + 81)], | )
where A = 813, B = ~2(8y; = 8y, ~ 48,,), and H = (k%22 + 202 + n%k?)/((n? + k2 + £2)2]. The Sy are
the elastic compliances of the crystal; the (hkit) represent the Miller indices of the parallel planes
which ere perpendicular to the direction of the normal stress.

The strain energy was calculated from

W = Puggé/2 (5)
and the mean value for the sample was defined by _
W= (Wpay + Wain)nks/2 {8)

EXPERIMENTAL METHOD

The test samples (samples with stored strain and amali particle sizel were prepared by the combus-
tion of various solutions of Agl and/or Nal. The control samples (samples with large particle size
and negligible strain) were prepared by grinding AgI under ligquid nitrogen and by precipitating a nearly
saturated solution of Nal onto [llter paper, The =amples wers then enalyzed using x-ray diffraction
tachniques.

The experiment consisted of four different series of runs. The test samples for Series I were ob-
tained by burning a 3% by weight sclution of Nal in scetone, Series IT by burning a 0% by weight solu-
tien of Agl in iscpropylamine (IPA), Series ITI a 3% Agl by weight, 2:1 molar AgI to Nal, acetone solu-
tion, and Series IV the same solution as for Series III only the Nal was washed from the filter paper
tefore the x-ray analysis.

REEULTS

A summary of the results of the analysis can be seen In Table I and Fig, L. Due to space limita-
tiond only the results involving the AgI will be discussed,

Por Series I, runs la, 28, and 3, énd 1D and 2t designate the results bYefore and after amnealing
respectively. No annealing was involved in the Series IV experiment.

The decrease in strain with annealing can be notleced along with the decresge In strain energy.
‘The greater residual strain energy of hgl-“ﬁ 25 compared with the Agl-Nal-acetone (washed) genmerated
aerosols can also be meen. Previous wm-k.f would tend to ind{cate that the former are more effactive
85 ice nucled than the latter. It can als? ?e notiged that the strain energy values all fall below
the theoretical maximum of % x 10% ergs/am‘®).
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Table I 003

=
A summary of the results for each series of runs, E
where £ is the root-mean-square strain, D the e
"spparent particle size," and W the average strain
energy. o0
Run No. & D(y) Wlergs/em)
la ,00116 272 1.988 x 104
Series I 1t ,00112 L1068 1.977 ¥ I8¢
(NaI-acetone) 2 00031 L0773 .153 x 1o%
3 .00059 L0931 512 x 104
la .00188 L0819 2.567 x 10“
Series II 1b .00097 0757 683 x 10%
(‘AgI-IPA) 2a 00159 L0B16 1.821 x 10%
2b . 00066 0719 .318 x 1o%
3 .00122 LGB0 1.198 x lo"
1 .0001% D86t .32h % 107
Series III 2a .00019 L0837 .526 % 10°
(AgI-NaI-acetone) 2b 00051 .0913 3,845 x 107
3 00020 L0975 J603 x 10°
1 .000k0 L0816 1.163 » 163
Series IV : .00021 .0529 -317 x 103 G003
(AgI-Nal-acetone 3 00053 L0730 1.918 x 10? 3
washed) i'mz_
The average particle sizes for Series I thru IV re- /%
spectively were 0.1011, 0.0790, 0.0898, and 0.0692 microns. 00! T

The pcomposite average was 0.0847 microns. The extreme

values of 0.1272 and 0.053 microns can be explained by i f y " |  SERES Ir
variables in the sample preparation technigue. 2 4 I3 [] 10
d (A

SUMMARY

1. 'The composite "mpparent particle size" for all
series of runs was 0,0847 microns, & result that compared 003
favorably with the results of another worker in the rielé-.(s)-t

2. The physical state of ageregation of the AgI-Nal E nosk \
aerosols was deduced to be that of distinct particles 4 I
instead of shell-core composite particles.

3. The stored strain energy of the washed AgI-Nal oot
aerosols was significantly lower than the stored strain

Hlrod/

energy of the Agl aercsols generated from an IPA solution, A A L : j  SERESIR
L. The effect of annealing was noticed In the Agl S

serosols generated from the IPA solution but the effect

would be insignificant for cloud seeding operations. The

effect of annealing on the AgI-Nal aerosols would not be Fig. 1. Summary of the £*-4® plots for

noticed due to the already low strain energy values for each series of runs.
the unannesled samples.
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FRERZING NWUCLEATION BY SILVER TADTDE COMPLEXES

by = j
Gabor Vali William G. Finmegan
University of Wyoming and Naval Weapons Center
Laramie, Wyoming Ching lake, California

‘A great deal of effort has gone into comparfng the lce nucleating activiry of pure silver icdide
with aervsols produced by methods which use sodium fodide or potassium ipdide as solubilizers., These
comparisons have been extremely beneficial net onlv from the pracrical point of view but also in helping
to elucidate the modes of {ce nucleation for silver lodide, St. Amand et al., (1968) pointed out the
possible importance of the complexes that form from the ailver and alkali fodides and postulated that
due to their hygroscopiec nature, the complexes condénse water from which silver fodide precipitates upen
further dilution and acts a5 a freezing nucleus. Burkardt et al., (1970) has shown that the activities
of wide varieties of complexes in a cloud chamber were hlgher than that of pure sllver {odide. Mossop
and Jayvawcera (1969) have also argued that Agl-Nal aerosols act as freezing nucled.

Varicus silver lodide complexes were tested hy the drop freezing technigue: cthis methed detects the
freezing nucleating ability of the suspended materfal In bulk water. FPor each sample approximately 200
drops of 2.7 mm diameter were frozen and the freezing temperarure recordad with 0.25C resolution, The
result of a typical experiment is showm in Figure 1: Varlous dilutions of & 3K1'Agl suspension were
used to determine the nucleus concentrations over 2 wide range, and original nucleus concentrations with
respedt to volume of water have been converted to nuclel per grasm of silver lodide on the bases of the
di jurion facrors. There is a characteristic break in the curve such thar the rapid increase in concen=
tracions between -35C and -10C is followed by very little Increase until -20C is reached, bevond which
the nucleus concentrations again increase rapidly: The relatively low numerical efficlency for silver
iedide In this sample as compared to aevesels is due to the larger particle sizes used. The results of
a series of experiments, in which the proportions of the silver fodide to alkall lodides were altered,
is shown In Table 1. Here the nucleation accivity is characterized by the average freezing temperature
of the drops which corresponds to approximately 10% nuclei per gram of Agl. For sach series shown in
Table 1 finely ground solid, whose composition is given bv the firsc line for esch serles, was intro-
duced into the water and subsequently further amounts of potassium iodide or sodium lodide were added to
alter the composition:. The large change in freezing temperatures due to the addition of potassium fo-
dide (Series A) seem significant. The changes in freezing tesperature for godium fodide (Series B and C
are relatively small and it {s unclear why the shifts pccur in opposite directions in the two tests.
Reégarding the applicability of these results to serosols produced by the burning of solutions of dif-
ferent compusitions it remains to be established whether the addition of further amounts of alkali io-
dides to a suspension is equivalent or not to changing the composition of the selid marerial before ic
is introduced into the water. The dependence of solubility on particle size mway also need to be comn-
sidered. It is in these directions that an explanation will have to be sought for the lack of activity
found by Vali (1968) for an'Agl-Nal aerosol.

For anorher series of experiments, 0.4 mole Agl was dissclved In a 4 molal solurion of KI which was
then dilured with varying amounts of water, The concentrate was tound to he a true solution by the lack
of Tyndall-scattering of a laser beam, in agreement with the soluhilfty found by Mills et al., (1970).
The experimental results are shown in Figure 2. The vertical bars for each sample indicate the range
of freezing temperatures of the drops and correspond to the range in which the nucleus content increases
from 1 to 103 per pram of sclucion. Precipitation from the solurion was visvally observed when the KI
moialiecv was reduced to below 1.2, Some nucleavion activity was, however, observed for even more con-
centrdated solutions; the nucleation activity increased gradually with increasing dilution and leveled
off in the neighborhood of .07 mole Agi and 0.7 mole KI. The melting points of the concentrated so-
lutions were noted in two cases as Indicated by cireles in Figure 2 and calculeted from standard formulas
for dilute solutions as shown by crosses in Figure 2. The parallel trend hHetween the melting point
curve and the temperatures of activity is quite striking. The gradual increase In mucleation temperatun
with greater dilutions 1s due to reductions in the wmeltlng polnt depressions end to increased precipi-
tation of Agl from the solution., The latrer effect, {f isolared, mav perhaps be related to the sizes of
the particles.

One of the interesting features of the Freezing nucleation experiments with Agl cowplexes is the
alteration of activity with successive cvcles of freezing and melting. Figure 3 shows an example of a
gradual rise in nucleation remperature for a drop containing 10'3'parts by weight of 3KT*agl. The
average freezing temperature for 80 drops rose frow -BC to -3.9C after 18 cycles of freezing and melting
The warmest freezing temperature a8t the end of the sequence for an individual drop was -2,8C. Increasinj
nucleation temperatures is with recycling were found for the majority of the samples. The increases
cannot be accounted for on the basis of a time effect since additional periods of 10 to 20 minutes at
~4C to -6C have not resulted in warmer nucleatlon temperatures. This behavior for the Agl complexes is
quite different from the patterns obtained for other subatances which showed essentially unchanged nu~
cleation temperatures when repeatedly frozen and melted. It 15 thought that the increasing effectivenest
{ripening) of the complexes indicates a lack of stabflity of the particles or of the nucleation sites
on thelr surface, Eecrvstallizacion is probably occurring due re changes in solubilities with temper-
acureé (Mills et al., 1970) and & change in particle sizes mav also he involved with the larger particles
growing at the ezpense of the smaller ones. Apparently the new surfaces created in the process have
improved abilities to nucleate ice,
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tThe sizes of the particles involved in these tests are of obvious Iimportance, It was found that
filtering any of the samples with 0.02 micron pore diameter filters removed essentially all nucleation
activity. Filtration with 1.2 micron pere filters on the other hand resulted in only a relatively
small reduction in nucleation activity. An example of ripening mentioned in the previous paragraph
is shown in Figure 4. Unfiltered and filtered samples were processed simultaneously with approximately
1 degree colder freezing temperatures for the filtered sample initially. This difference gradually
disappeared as the samples were refrozen several times until the average freezing temperatures for the
filtered sample became qual to and even exceeded the temperatures for the unfiltered sample.

It is evident from the results presented above that the silver iodide complexes are indeed effective
sources of freezing nuclei under the circumstances of these tests. Extensions of the work to smaller
particle sizes will assure greater transferability of the results to problems of cloud nucleation. Ex-
planation of many of the facts observed will require a better understanding of the physical state of the
silver iodide complex/water system.
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TABLE 1
SERIES COMPOSITION AVG. FREEZING TEMP.
3KI-Agl =752 "
A 6KI-Agl ~8.5 1.5 x 10" 'm Agl
12KI*Agl -11.0
4BKI-Agl -11.0
0.7 Nal-Agl 6.5 = .
B 4 Nal-Agl -5.8 2.2 x 10 “m Agl
8 Nal+Agl =5.4
0.5 Nal-Agl =7.5 -3
C 2 Nal-Agl -7.9 1.6 x 10 "m Agl
24 Nal«Agpl ~8.4
) Agl = .1 x 10-3m
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RELATION BETWEEN [ICE FORMING ABILITY AND CONDITIONS
OF FORMATION OQF SILVER IQODIDE NUCLEL

by

., Isaka, R. Pejoux and 0. Soulage
(Faculté des Sclences de Clermont-Fd - France)

Glince the discovery of the effes2ts of Agl nueclei on supercoclad clouds

‘a-inus devieces to produce these nuclei have been Investlgated sut very often
wroirieally or lncompletely. In the past, some authers (Dessens (1) , Sveele (2),
(%), ...) have nartly studied the prsblem under lts thermodyriamlnal aspect,

[n thls paper, we reexamlne it under thne same aspect for a "Skyfire"
senarasar buralng an azetone solutlon of Agl and Wal. We study successively i
- the spraying and the combustlon of acetone droplets ;
- the vapprlzatlion of Agl In the flame of the burner ;
- =he glze snectrum of the produced nuclel ln varlous conditions
- the lge Porming propertles of the same nuclel as a fonetlon of tne size
speotrum.

Thern we try to explain the results tneoretleally,

Far tnls work, we have bullt an experimental "Skyfire" burner and a
jevice (flg, 1) enabllng us to control each parameter (stolchiometric ratlo of
s-mustion, temperature, dilutlon, ...) governlng the produetien of nuclei,

A first result that we nave nbtalned 2oncerns the posltive effect of
a1 zixiliary sombustible (propane) on the cutput of a generator burning an
acetone selutlon of Agl. Auxillary combustible pralses the temperature of flame
and layvnrs the complete evaporatlon and combustlon of solutlon droplets as well
as the complete vaporlgatlon of AgT.

Stolaniometrle flskrlbuvion paramecery Medlan
ratio Medlian Standard radlus
(1‘0310 R deviatlon
0.5 2,71 .21 510
1 2,54 Ao 3 8 350
1.5 2.75 .24 560
Tab, 1

A second result is relatlve Lo Lhe varlatlon of the slze spectrum of
the oradused nualel (tab. 1) and, consequantly, the variatton of the 1ee forming
aullity of the same nuclei (flg. 2) as a fonetion =f the stolchlometric ratle of
oustlen, The radlus of nuclel decreases as the stelchiometric ratlo varies
“vom Ne5 to 1, then lnoreases ms the stolchlometrle ratio varies from 1 to 1.5.

At the same tlme, the number of nuclel effective below -8°C Inereases when the
suoalahlomeiric ratio changes from 0.5 teo 1, then lnereases when iU changes from

1 ua 1.5, Foar a tempersture above -2°C, the number of elfsctive nuclei inereases,
ot only when the stsichiometric ratio ircreases from 0.5 to 1, But also when it
tnereases from 1 to 1,5. This result shows cone must use a4 stoichiometrle ratlo of
1.5 ©n Fet a greater output af nuclal effective at hlgh tempsraturs.

At last we have experimentally found that bthe acetone vapor deactlvates
the AET lce nuclel at high temperatures, [This lact might explaln tne decrease of
effectlive loe nuclel gnserved above -1°C Tor a stoichiometris ratleo of 0.5,

The above results ape dlstusaed from the polnt of view of lce rucleatlon
Laenries : kinetle theory of lce nucleatinn and theary of "loe nucleation site"
pranased by Xatz (%), The [I'lrst of these theorles explains our experlmental results
Letver Lhan the segond,
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EVALUATION OF THE FILTER TECHNIQUE FOR ICE NUCLEI MEASUREMENT

A, J. Alkezweeny
Meteorology Research, Inc,, Altadena, California

INTRODUCTION

One of the difficult problems in cloud physics today is the design of an instrument by which the
ice nuclei conceéntration in the air can be measured precisely, All the available nuclei counters lack
precise control of temperature and supersaturation, effect of frost forming on the inner walls of the
counter, and the limitation of detection technique, Therefore, they do not reproduce atmospheric
conditions (1, 2),

The millipore filter technique which was introduced by Bigg et al. {2), and later improved
considerably (4,5, 6) has shown promising results, This paper discusses some aspects of the
technique and compares the results with other nuclei counters,

THE EFFECT OF SUPERSATURA TION

Two filters were exposed at the top of the MRI building. Sampling volume of air was 100 and 200
liters for filters (a) and (b), respectively. The two filters were processed in the same diffusion
chamber at a temperature of -18C, and different supersaturation values. The results are shown in
Table I. The number of active nuclei increased with increasing supersaturation. However, the rate
of increase of the nuclei was not the same for both filters. Furthermore, no increase was detected
between 22 and 60 percent supersaturation,

Table I
THE EFFECT OF SUPERSATURATION Table H
! .NUCLEI CONCENTRATION &
ON-FHE 10E/N0 ICE NUCLEL COUNTS
No.of Ice Crystals Grown Supersaturation USING DIFFERENT PORE SIZE
Filter Surfz (%)
;?l:: (alj or F‘;;t::(:b) R Pore Diameter Total Count at Temperature of
(pm ) -15C -18C -20C -23C
I3 27 1
25 35 6 0.025 8 18 31 38
30 3}: 11 0,05 Q 3 8 12
31 19 22 0,10 5 12 17 20
31 4'1 33 0,30 2 8 18 19
31 41 46 0.45 2 7 10 15
31 41 (]

EFFECT OF PORE SIZE

Five millipore filtérs of different pore sizes were exposed to 100 liters of air at the top of the
MRI building and processed at four different temperatures, and the results are shown in Table IL
The highest counts at each temperature were obtained with the small pore size filters, With one
exception, the 0.05 g size, the trend at each temperature is for higher counts with smaller pore
size, Before attaching much significance to the pore size effect, it must be emphasized that the
maximum range at any temperature was only approximately a factor of three, For almost any prac=-
tical application, a factor of three changes in ice nuclei count hdas no importance. Considering
potential experimental error and practical importance, variation in ice nuclei concentrations should
be greater than an order of magnitude before it is considered significant. On the basis of Table 1I,
one must conclude that the filter's pore size is not of vital importance when measuring ice nuclei in
air.

COMPARISON OF THE MRI ICE NUCLEI COUNTER AND THE MILLIPORE. FILTER

A primary result in the comparison between the fast-response MRI ice nuclei counter and the
millipore filter technique is presented in Table III. The procedure here was to sample the air with
the filter at the same location and time where the MRI counter was also counting the ice nuclei con-
centration, Later the {ilters were processed at a temperature of -20C (which was the same tempera-
ture as the MRI counter) and at both 1 and 70 percent supersaturation. It is seen from the table
that there is good agreement between the two techiniques when the supersaturation was at 70 percent.



Table IV
ICE NUCLE] COUNTS IN 1,5 ¢c OF RAINWATER

Table Il COLLECTED ON THE ROOF OF MRI
COMPARISON OF THE MRI COUNTER Relative
AND THE MILLIPORE FILTER Humidity
Run No, Ice  Supersaturation kerap. Duri;ng 1o Ty *9?0
No. Nuclei per liter (%) Cooling Moderate Rain
(“C) (%) 1330 MST 1415 MST
1 Filter 1,8 1
5 70 - 8 10 0 0
MRI Counter 5 ? ~10 30 0 'y
-15 10 1 0
2 Filter Rl 1 1R 3in 1 3
>100 70 -2n 30 10 11
MRI Counter 130-30 ?
- 5 100 0 0
=10 100 0 0
-15 100 [ 6
-18 100 18 8
=20 ino &7 26

ICE NUCLE]I COUNTS IN RAINWATER

Rainwater, 1.5 ¢c per sample, was collected at 1330 and 1415 PST an 16 January from moderate
rain, Each sample was filtered through a millipore filter of 0.45 un pore size. Alter drying, the
filters were processed at one-percent supersaturation and different temperatures. Two runs were
made. In the first run, the relative humidity was maintained at 30 percent before the filters reached
the required temperature. In the secend run, the relative humidity maintained at 100 percent. The
results of this nuclei count are shown in Table IV.

The concentration derived from the counts in TableIVare lower by an order of magnitude or
more than Vali found in Canadian rain (7). A possible experimental explanation {or the discrepancy
between Table IVand Vali's results can be found in the observing technique. Vali collected his rain,
made it into drops, subjected the drops to progressively colder temperatires, and counted the number
of drops that froze per degree of cooling. If the nuclei that he chserved were smaller than 0.45 um
diameter, they would pass through the filters.

Another important result of Table IV is that the count would be higher if the filters were subject
to 100 percent relative hurnidity during the cooling period. A possible explanation is that, in the first
run, only sublimation nuclei were detected, while in the second run, condensation was taking place
forming water droplets and then freezing them,

CONCLUSIONS
From the previocus sec¢tions we can conclude that: |1} supersaturation influences the nuclei count,
(2) filter pore size is not vitally important when measuring ice niuclei in air, (3) [ilter technique

compares well with the MRI fast-response counter if the filter 1s processed at hiph supersaturation, and
(4) the relative humidity during cooling influences the final nuclei count,
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SOME ORIGINS AND SINKS OF ICE NUCLEI IN THE ATMOSPHERE
by
Peter V. Hobbs and J. D. Locatelli
Cleud Physics Sroup, Atmospherie Sciences Department
University of Washington, Seattles, Washington

CONTINENTAL, MARITIME AND CITY SOURCES OF ICE NUCLEI
For a period of four months simultaneous measurements were made, using an acoustical ice nucleus
counter, of the concentrations of ice nuclei in the air at three sites in Washington State. The sites
were Quillayute (on the Pacific Coast), the University of Washington (in northeast Seattle), and Stam-
pede Pass (in the Cascade Mountaing). The mean concentrations of ice nuclei at the three sites for
various wind divections are shown in Fig. 1.
The following conclusions can ba drawn from Fig. 1:

(a) The concentrations of ice nuclei in the city of Seattle were much greater than those at the two
non-city sites,

(B) When the wind at the University of Washington was from a southwesterly direction (i.e. from the
downtown and main industrial areas of Seattle), the concentrations of ice nuciei were much higher
than for other wind diredtions.

(c) At Quillayute the concentrations of ice nuclei were greater when the winds were from the continent
(novth through east to south) than when they were from the Pacific OGecean (north through west to
south).

(d) At the Inland station (Stampede Pass), which was remote from any centers of population er industry,
the concentrations of ice nuclei were relatively independent of the directions of the wind.

The High concentrations of ice nuclei at the Unlversity of Washington is attributed to a source
of ice nuclel in the city of Seattla. The scurce, however, appears tc b? idespread and we have not,
as yet, been able to identify it with any particular industry. Schaefer 1 pointed out that lead
‘particles in the exhaust of automobiles are a potential socurce of ice nuclei if they react with iodine
to form lead iodide, However, free iodine in the atmosphere is quite rare; the main patural source is
probably the ocean. Since Seattle is adjacent to the Puget Sound and close to the Pacific Ocean, it is
possible that the high ice nucleus counts meastred in the city are due to the reaction of lead particles
From automobiles with iodine from the sccean to form lead ifcdide, Further studies are being carried out
to check this possibility.

() SOME EFFECTS OF RAIR AND FOG ON ICE NUCLEI
Hobbs et al. observed that the concentrations of ice nuclei in the air sometimes increase for
a short period of time following the cnset of rain. Further evidence for this effect was found in
the present study. For example, Fig. 2 shows the variation in ice nucleus count at Quillayute over a
period of two days (October 29 and 30, 1968). At 2130 hours on October 29 a pain showér started and
the ice nucleus count inareased by aboutr a factor of 50 for a short pericd of time. It should be em-
phasized that the Ice nucleus count does net always increase in rain showers, On those occasions when
we have observed an increase, fairly strong mixing was taking place between cloud base and ground. It
is postulated that under these conditions soma of the ice nuclel released intc the air due to the eva-
poration of raindrops below ¢loud base are transferred down to the ground.

We have observed also, on a number of cccasions, increases in the concentrations of ice nuclei in
the air during the dissipation of fogs. Two such cases are illustrated by the results shown in Fig. 3.
In order for a fog to increase the concentration of ice nuclel in the alr when it dissipates, it is
necessary for the fog to either concentrate the existing ice nuclei in the air (i.e. to act as a sink
for ice nuclei) or for it to Increase the eff?csiven'es_s of those ice nuclei which it captures. Aan ana-
logous effect was observed by Radke and Hobbs 2) who observed that, in addition to storing cloud con-
densavion nuclel, some clouds also "generate' these particles so that when the cloud dissipates the
concentration of cloud condensation nuclei in the air increases.

For a detailed account of the work summarized here the reader is referred to Hobbs and Locatelli(*)
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ICE NUCLEUS CONCENTRATIONS DURING PRECIPITATION WEATHER

Roger F, Reinking
Colorado State University
Fort Collins, Colorado

INTRODUCTION

Cloud seeding to increase precipitation from winter oreigenic clouds has been demonstraled as effective under particular
temperature, moisture snd wind conditions (1), However, a potential for positive modification does not always exist. Cloud
treatment with artificial nucleants has to be tailored for existing conditions. Seeding is founded on the presumption that the
background nucleus level {8 80 low as 1o be ineffective in Initiating precipitation except at relatively cold temperatres, but
background nucleus concentrations Nuctuate by orders of magnitude, This Investigation establishes the frequency distributions
of ice nuclei active in the =14 to -28C lemperature range for the nucleus populations which occur during precipitation weather
{FW) in the mountain atmosphere, suggests possible explanations for the features of the distributions, and physically relates
the characteristics of these distributions to the nucleus concentrations which would csuse mountain clouds to precipitate at opui-
mum efficlency. The PW nucleus distributions are taken from control cases of randomized cloud seeding in the Colorado Rocky
Mountains. The nucleus concentrations (total sample, approximately 21,000 measurements) were measured with a USWB-
modified Bigg-Warner expansion chamber (2) (3) (4) st the High Altitude Observatory (HAQ, elev. 3.7 km msl) on the continen-
tal divide near Climax, Colorado.

PRECIPITATION WEATHER ICE NUCLEUS DISTRIBUTIONS

The frequency distributions for background ice nucleus concentrations mensured during PW at HAO are presented in
Fig. i, Corresponding mean, median and extreme spectra are represented by the curves in Fig. 2, ﬁcmmsu:re of precision
of sample means at specific nucleation temperatures as estimates of population means is given by o! = {o' and o are stan-
dard deviations of the mean and the whole sample; n {8 sample size,) The o' iz {llustrated by the bars oh curve 8, Fig, 2, In
general the PW spectrum follows the typical In N-T pattern. The irregularities provide clues to the nucleus sources; these
and the extremes sre suspected to be significant in regulating the precipitation process. In Fig, 3, for comparison, the PW
spectrum is presentad along with the background nucleus spectrum representing all weather conditions at HAO and the approxi-
mate world-wide average background spectrum (5). The volumetric, mainly sea-level world-wide measurements, were adjus-
ted to the HAO pressure level (663 mb).

INTERPRETATIONS

The lowest ice nucleus concentration measurable with the expansion counter is 0.1/1 , sc the PW means are slightly
biased toward lower than actual concentrations for temperatures where populations below the 0, 1/f level oceur frequently.

The rapid dropoff In concentration from -14 to -12C Is partially attributable to expansions insufficlent to produce saturation or
clouds of sufficlent density and duration. Even with this effect the mean measured concentration at ~12C is twice the world-
wide mean, Instrument effects are not responsible for the other major features of the PW spectrum. A critical analysis on
the basis of the instrument evaluation by Reinking (4 and unpublished) revesled that the -i4 to ~16C plateau and the differing
slope relative to the world-wide spectrum alope represent the real nucleus population,

A combination of the effects of stalion remoteness, elevation and combustion products may explain the lower than world-
wide average concentrations in the PW spectrum at the colder temperatures, especially -26 and -28C, At these lemperatures
only, an occasional bulldup of nucleus concentrations overnight and a decrease through the course of the morning occurs &1 HAQ
These posasibly indicate & nocturnal accumulation of cold-temperature-active locsl combustion-product nuclel under inversions
forming near the cold mountain surface, and 3 morning release with solar heating., On'the average, the high elevation, remote
HAQ site is freer of such pollutants than the majority of other nucleus measuring stations around the world,

Residuals of artificial nuclei from cloud seeding may at least partially account for the high PW concentrations relative
to world-wide concentrations at temperatures warmer than about -21C. Nucleus distributions on each of the 1st through the 8th
days after seeding, compared by a nonparametric statistical test (5) to a control sample, revealed that a residual does occur on
the 18t and 2nd post-seeding days, with a significance at the 0,00% and 0. §0% confidence levels, respectively, Timewise, a
number of the individual randomized control cases occurred immediately after seeding cases. An effect of residual nuclel on
the spectrum is therefore probable. Agl Generator efficiencies dictate that residual nucleus populations will be masked by
natural nuclei for temperatures colder than about -20C, but could bie significant for warmer temperatures, as indicated by the
mesn PW spectrum. The mesn all-weather spectrum, which includes the PW data but is diluted by much more no-seed data
without possible residual effects, lies below the PW spectrum for T>-22C as expected if residuals exist,

The residusis cannot entirely explain the -14 to -16C plateau. An Influence of warm-temperature-active organics (e, g.
turpenes) is possible, The reality of the plateay {s possibly reflected in the mean daily snowfall recorded at Climax (Fig, 4)
which also shows a plateau over the -14 to -16C ringe. Ice erystal multiplication by fracture of dendritic crystals could also
explain this snowfall characteristic,

PRECIPITATION WEATHER CONCENTRATIONS RELATIVE TO OPTIMUM
Maximum utilization of cloud water through the cold cloud process is expected to occur when the integrated growth rate

of ice erystals per unit volume (N.) proceeds at the same rate that cloud water is supplied to each unit volume by condensation,
The optlmum orystal concentration can then be expressed (8) as 1 )

N, = =1.7(10 Iw!rl(qs =4, MWF(M

700 500

where w is the upward air mation in mb/hr, ris the crystal radius in microns, q_ is the saturation mixing ratis In g/ig at 500
or 700 mb, and F(T) is a crystal growth paramaeter (7). i

If one {ce nucleus leads to formation of one ice crystal, then the excess or deficit in available micleifunit volume |5
given by N = N(T) - Nowhere N(T) is the uctual nucleus concentration at T (1), Excesses and deficits for the mean, 95th per-
centile and 5th percentile spectra from the PW nucleus distributions are shown in Figure 5, a, b, and c. Optimum conditions
are tabulated with each figure (cloud top levels correspond epproximately to the 500 mb levell. The 15cmfsec upward motion
is most applicable in the Climax Area. For the mean, the optimum conditions are 1-2C colder than those caleulated by Grant,
et al (1} who assumed he world-wide mesn was applicable at Climax, On the gverage a few more storms than previw-sljr
realized may be seeded to produce precipitation increases, For high extreme nucleus levels, optimum temperatures are
about 3C warmer than for mean conditions; warmer ¢louds precipitate efficlently without seeding, When low extreme nucleus
populations occur, there are deficils and clouds are seedable for all T > -28C,

The mean nucleus spectrum for seeded conditions (curve d, Fig, 3) i5 well above background lor all temperatures.
Assuming the released Agl resches the cloud in these concemrations, seeding ls sufficient 1o Increase optimum temperatures
by 5 to 8C on the average, thus optimizing precipitetion for storms with cloud top temperstures {1 the -15 to -22C range. If
it is pssumed thatice crysial multiplication occurs in this cloud at sich & rate thet 10 crystals are produced for each ice
nucleus, so N = 10 N(T) -N,,, then optimum conditions occur for T>-13C. This means thal on the aversge over-seeding would
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result at least for clouds calder than about -15C. However, significant positive seeding results have been found at Climax for
clouds in the -15 to -20C range, The combined evidence Is strangly against the occurrence of a significant multiplication
effect for those temperatures. The one nucleus-one crystal assumption made above [s certainly valld In the first approximation

CONCLUDING REMARKS

‘The PW ice nucleus spectrum presented here is based on & very large and long-term data sample. It is considered to
be representative of real nucleus populations, Consideration of the residual nucleus effect and the extremes of the precipitation
weather nucleus distribution make it clear that field monitoring of nuclel before and during seeding operations can be very ad-
vantageous in determining what generator outputs should be used, which individual cloud systems should be seeded, and which
systems will precipitate most efficiently without modification. Professor L. O. Grant ls acknowledged for his helpml discus-
sions of this work. The research was supported by NSF Grant No. OA-1553,
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THE CLOUD SEEDING POTENTIAL OF SALT LAKE VALLEY
AIR POLLUTION - COLD SEASON#*

George W. Reynolds, Utah State University, Logan, Utah

There are a number of reports in the literature which indicate that cloud seeding, and even over
seeding, by air pollution is a very real possibility, (The two-page limitation on this document pre-
vents proper acknowledgement of the various authors.) Possible ice nuclei sources in the Salr Lake
Valley include copper smelters, steel mills, refineries, the Great Salt Lake, a population concentra-
tion, an unusually large number of wood burning fireplaces, and moderately dense freeway traffic,
all within 20 miles of the WasatchFront. The prevailing westerly component of the winds during
seedable conditions may very well [orce the peollution to risé into the clouds when it meets the nearly
continuoue, NNW-5SSE oriented Wasatch Front, which rises to 4, 000'-5, 000' above the east side of the
Valley floor.

Provisions were made for airborne nuclei counting by Atmospherics, Incorporated, during
whatever time was not utilized under a contract for airborne seeding. Both ice nuclei and condensa-
tion nuclei were counted, but only ice nuclei are discussed in this paper. The numbers of ice nuclei
were estimated by visual counting, using a modified MRI cold box. The airborne sampling was
supplemented by ice nuclei counting at the ground. ®*¥ This is a tentative summary of the results of
the ice nuclei phase of the airborne experiment. There were 21 air sampling flights on 11 days.
Flight durations ranged from 1/2 to 3 1/2 hours, All 21 flights included sampling along a horizontal
path, and for each of 13 flights, samples were also collected, at intervals of 1,000', from 5,000' to
10, 000" (MSL) or higher above a selected location. All counts were at 20 Centigrade,

The following statistical summary should give a general idea of ice nuclei concentrations, over
the inspected portion of the Salt Lake Valley, during the experimental period.

Highest count--6, 000 /liter. Lowest count--zero/liter. Number of flights with at least one
count: 5 100 /liter--17; 5 250 /liter--16; 5 500 /liter--16;= 1, 000 /liter--15; 5 2, 000 /liter--12; =
3,000 /liter--9; = 4, 000 /liter--6; > 5, 000 {liter--2; = 6,000 /liter--1. Number of flights with no count
as high as: 100/liter--4; 10/liter--3., Altitude of the highest count=-35, 000'; altitude with the highest
average count=-7, 000',

In general, the air sampling flights were made during periods when conditions were unsuitable
for seeding operations. With these sampling conditions, a diurnal effect on contamination dispersal
would not be surprising, Comparisons were made between morning and afternoon counts which were
taken at the same altitude and location on the same day. Compared pairs were limited to those of
which at least one member had counts of at least 100 /liter.

There were 14 comparisons of data collected on 3 days during horizontal profile flights, and 14
comparisons of data collected on 4 days during vertical profile flights over the Garfield smelter.
There was no clear indication that the time of day was a consistent control factor on the number of
ice nuclei over the Garfield smelter during the daytime, in February or March. However, the data
suggest that future experiments should provide data for further consideration of the diurnal influence
problem, Even with more conclusive statistics, one could hardly have drawn generalizations from
samples collected during 14 flights on 7 days.,

MSL
Alt. (Ft) March3, 1970  March 10, 1970  March19, 1970  March 20, 1970
Flight No. 11 12 15 16 17 18 19 20
a, M. P. M. a, Im. Ps M. a, m, p. M, &, M, Pe T,
14, 000 — 1 = - = - - —
13, 000 - 7 - - - — - -
12, 000 0 4 — - - 5 200 4
11, 000 3 3 1 1 - 25 7 2
10, 000 1,500 200 1 2 1 10 5 9
3,000 750 300 2 3 3 500 8 1,000
8, 000 1,000 250 2 2 5 200 26 2,000
7,000 5,000 500 500 200 1,000 1,000 4,000 1,500
6, 000 3 14 3 5 0 1,000 3,000 1, 000
5, 000 5 15 2 1 1 500 5 1

TABLE I: Observed Ice Nuclei Concentrations During 8 Flights Over the Garfield Smelter

*Funded by the Office of Atmospheric Water Resources of the Office of Chief Engineer, U, S,
Bureau of Reclamation, under contract No. 14-06-D-6820 with Utah State University.

**The ground counting was done by William Slusser using an NCAR counter,
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The evidence leaves no doubt that the Garfield Copper smelters were a primary source of ice-
forming nuclei. One might reasonably ask whether the proximity of the Great Salt Lake and the salt
flats had any influence on the effectiveness of this source. The highest reading of all, 6, 000 nuclei/- |
liter was observed here. The highest reading of each flight was most frequently observed over this
smelter. For 13 of the 19 flights during which observations were made over the smelter, the highest |
reading per flight ranged from 1, 000 to 6, 000 nucld/liter. Mr. Slusser's observations at the ground, |
using the NCAR counter, supported the declaration that the Garfield smelter was a primary ice nuclei
source.

The steel mill also appears to be a source of ice nuclei. For 3 of the 7 flights during which
counts were made over this plant, the readings were 2,000, 1,000, and 500 nuclei/liter respectively,

Counts of 1, 000 or more nuclei/liter were observed aver the Salt Lake City-Boeuntiful path for 4
of the 20 flights over this route. This is the region of heaviest automobile traffic and includes the
refineries. Accompanying counts suggest the possibility that these concentrations may have come
from the smelter and/or steel mills, but this is by no means certain. The decision as to whether
or not there was an ice nuclei source within this locale is deferred, pending further study of the wind
patterns in the area and the checking of refinery operations, Apgain, possible contributions of the
Great Salt Lake and the salt flats to the effectiveness of this source makes this aspect interesting.

As indicated in Table 1, vertical profile data were recorded at intervals of 1,000', at MSL
heights from 5,000' to 16,000' on 7 days, The elevation of the Great Salt Lake surface is about 4,200
feet. The highest counts reported were at least 100/liter for 11 of the 15 vertical profiles (6 days);
1.000/liter for 8 of these flights (5 days): 3,000/liter for 5 of the flights (3 days).

These high counts occurred in layers which were 1, 000' to 4, 000' thick. The highest counts
were at the lowest reporting level (5,000') for only two of the 11 flights for which counts in excess of
100 nuclei/liter were reported. For 4 of the flights the high count layers (5100 /liter) started at
5,000'. (They may have started below this level.) For 5 of the flights the base of the high count
layer was at 7, 000', which was also the level of the highest average count.

An attempt to relate the observed thicknesses and altitudes of the high count layers to lapse rate
conditions produced no consistent relationship. Part of the reason could, of course, lie in the
selection of the path for the vertical profile. Another factor could be the differences between the
times of the soundings and the respective times of the vertical praofiling, This phase is to receive
further attention, since vertical nuclei distributions might provide valuable evidence concerning
atmospheric behavior-stability relationships,

In summary, this was a pilot study, so all conclusions must be regarded as tentative. Hori-
zontal and/or vertical samplings of the number of ice nuclei were conducted during 21 flights on Il
days during February and March, 1970, The highest comnt was 6, 000 per liter, and counts of at
least 1,000 per liter were noted at one or more levels on 70% (15) of the flights. There was no clear
indication that the time of day exerts a consistent control on the number of ice nuclei in the Salt Lake
Valley, during daylight hours, in February and March.

There is no doubt that the operation of the Garfield copper smelter was a primary source of ice
nuclei in the immediate area. There was a strong indication that the steel mills were an ice nuclei
source under at least some circumstances, There was some indication that the contributions of
the large refineries and/or heavy traffic near Salt Lake City may be significant under some conditions
but this needs more consideration before drawing even tentative conclusions.

The high concentrations definitely tended to occur in layers which were 1, 000' to 4, 000" thick.
The bases of these layers were generally, but not always at more than 1,000' above the valley floor.
Comparisons between ice nuclei layer characteristics and lapse rate conditions failed to produce
consistent relationships.

The data are to be submitted to further analysis and reported in a project technical report,

Acknowledgments: This investigation is indebted to Gary Langer (NCAR) and Tom Henderson
(Atmospherics, Inc.) for counsel on nuclei counting and analysis. The loan of the NCAR counter by
NCAR, which is sponsored by the National Science Foundation, is also appreciated.
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CONTRIBUTION OF NATURAL FREEZING NUCLEI TO PRECIPITATION DEVELOPMENT
by
Gabor Vali and Ruasell Schnell
University of Wyoming, Laramie, Wycming

With present knowledge it is still difficult to assess what the major mechanisms of precipitation
formation may have been under individual circumstances. It is difficult to determine what contribution
are made by warm rain processes or by mechanisms involving the {ce phase; it 1s even more difficult to
estimate the relative contribucions made by different lce nucleating mechaniems. The in-cloud obser-
vations of droplet and ice particle concentrations and sizes, which are now being made with increasing
frequency, can provide some basis for determining the dominant processes, One major finding of such
investigations was the discrepancy between the concentrations of ice crystals in the cloud and the con-
centrations of ice forming nuclei as detected by cloud chamber devices. Another approach to the pro-
blem is to examine the individusl precipitation elements and reproduce its method of formation. Sou-
lage (1957) and Hoffer and Braham (1962) have examined snow cryvstals and graupel particles from summer
cumuli respectively and found that ice could be re-formed only at temperatures much colder than those
that occurred in the clouds. In this paper, some further observational data will be reported, on the
relation of individual precipitation elements to their freezing nucleus contents.

Freezing nucleus content was determined by drop freezing experiments, the nuclel detected are there
fore those that are capable of ice formation while suspended in bulk water. The drops examined were
formed by subdividing the rain samples which were collected in polyethylene bags, or by allowing in-
dividual graupel particles to melt. For the rain samples, the data are presented in the form of cumu-
lative nucleus spectra, giving the concentrations of nuclei per gram of water which are active above th
indicated temperatures. Details of the technique were given by Vali (1968). The technique used for th:
freezing of the graupel particles was described by Vali, et al. (1970). Coincident with the collection:
of rain samples, dyed filter papers were exposed to obtain drop-size distributions and to determine the
numbars of drops of different sizes that were collected with each gram of rain sample.

The data displayed in Figure 1 relate to a thunderstorm which oceurred on August 3, 1969 in Central
Alberta, Two consecutive rain samples were collected and drop-size distributions recorded at three in-
stants dispersed throughout the period of rain collection., The freezing nucleus contents of the two
samples were essentially identical and only moderately high for summer storms. The drop sizes were
fairly large, such that chere were approximately ten drops over 4 mm in diameter for each gram of rain
water, Although the actual drop-size distributions and the rainfall rates varied quite widely for the
three records the contributions of different drop-size ranges to the warer mass appear to be conser-
vative. The results of another set of observations (July 20, 1969, Alberta) are shown in Figure 2.
Rain samples were collected at three different locations (B, C, D) along & twelve mile line. Three, twc
and three records of drop size distributions were obtained at the three sites; the averages of these
digtributions are shown in Figure 2. From a comparison of the three sets of data it appears that highes
nucleus content in the rain is coupled with relatively smaller proportions of large raindrops. On the
other hand, the larger the number of raindrops is (per gram of rain water) the larger is the concen-
trations of nuelel active at the warmer temperatures,

From the proportions of different sized drops in the rain and from the nucleus content it is
possible to deduce the average numbers of nuclel for each drop of given slze at several temperatures.
This, in other words, means the probability of finding s nucleus active above a certain temperature for
2ach of the drops that are greater than the chosen size. Figure 3 shows the results of such a compu-
tation for a thunderstorm in which several samples and several size distributlons were obtained, all
very closely the same. As can be seen from Figure 3, there is a freezing nucleus active above -15C for
s2ach of the raindrops greater than 1 mm diameter, and similarly on the average there is a freezing nu-
2leus active at -10C for each of the drops that are greater than 3.3 mm diameter. Extending this line
2f thought a little further and asserting that the temperature at which the numbers of nuclei match the
aumbers of drops above a certain size {s the temperature at which those drops froze in the atmosphere
and thus began preferentially accelerated growth the relation shown in Figure 4 can be derived, The two
curves in this figure are for twe different sampling occasions: on August 3, 1969 cloud droplets nu-
cleated at the same cemperature grew on the average 1.5 millimeter greater than on July 17.

In thunderstorms the cloud elements are likely to traverse all temperatures between cloud base and
cloud top and incipient precipitation elements form in continually increasing numbers as the tempera-
ture falls in the rising air, Ice particles that form at a warmer temperature will have a longer
growth time and consequently are likely to he larger at the end of their growth than ice particles that
were nucleared at colder temperatures. This is the piecrure underlying rhe analysis given above and the
reasonableness of the temperature regimes that are obtained for the nucleation of the large raindrops
lends at least some credence to this picture. Detailed calculations of the rates of growth (from the
vapor and by riming) and trajectories of the graupel particles will be required to ascertain whether
this 1dea can be upheld or not.




It is interesting to compare the findings for thunderstorms with similar observations for winter-
time orographic cap clouds. It was found (Vali, et al., 1970) thar only aboutr 15 percent of the snow
particles which developed in the cap cloud re-froze at remperatures warmer than the temperature at the
top of the cloud. Initiation of fce growth by droplet nucleation can thus not account for the total
number of precipitation elements in these wintertime clouds. Tt 1s possible that it will be found that
in the thunderstorms also, the numbers of ice particies will be greater than what can be accounted for
on the basis of the freezing nucleus content (as was in fact found by Hoffer and Hraham (1962) for
cumuli) in which case the one-to-one relation between nuclei and drops which was postulated above will
have to be abandoned. 1In the meantime, the results can be considered to represent an estimate of how
precipitarion development can be accounted for on the basis of ice formation by freezing nucleation.
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OBSERVATIONS OF ICE CRYSTAL NUCLEATION BY DROPLET FREEZING IN NATURAL CLOUDS
by
August H, Auer, Jr. and Donald L, Veal
University of Wyoming, Laramie, Wyoming

INTRODUCT ILON

Early studles of ice crystal shapes (1, 2) described observations of dendritic crystals of double
forms, oftentimes exhibiting an asymmetric structure. Weickmann (3, 4) noted that in each case these
"double crystals' pessessed a circle in their center resembling a cloud droplet; he, therefore, pre-
mised that small droplets, upon freezing, could become tiny monocrystalline prisms whose two base
planes then grow into a hexagonal or dendritic crystal form.

Expanding on these implications (4), the deposition and droplet freezing modes of nucleation were
observed within orographic cap clouds during natural and seeded conditioms. This paper will discuss
the results of these observations and suggest possible implications concerning various modes (deposition
or droplet freezing) of nucleation.

PROCEDURES

The ice crystal replicas were inspected under a microscope (100-400X) to determine the crystal type
(5); measure the dimensions of the double crystals asymmerries, if any; and check for the presence of
the circular (droplet) center.

The cryvstal types studied were limited to hexagonal plates, thick plates, stellars, and dendrites
since the structural patterns of interest are most easily ascertained from such crystal types.

RESULTS

Figures 1-3 illustrate some representative crystal veplicas with circular (droplek) centers and cor
responding double or asymmetric structures found in the untreated orographic cap cloud. 1In particular,
Figures 2-3 show how clearly the crystal with circular (droplet) centers can be delineated from their
neighbors without such a structure., The circular (droplet) center is alwavs accompanied by the double
or asymmetric structure of plate family crystals. The relationship shown In Figure 4 is generated from
observations of the circle (droplet) diameter d within the observed ice crystal and separation h (in-
cluding erystal thicknesses) between the double or asymmetrical crystal faces. Figure 5 is a comparison
between the average observed cloud droplet spectrum for Elk Mountain cap clouds and the observed circle
(droplet) center spectrum from double or asymmetric fce crystals found within the same clouds.

An Inspection, then, of Figures 1-5 indicates that the circular centers of the double or asymmetrric
ice crystals possess nearly spherical shape and arise from the population of cloud droplets commonly
observed within the cap cloud. These observations, when combined with the evidence from (4) for single
crystalline structure of frozen cloud droplets, elearly {mply that ice crystals having a center circle
and pussessing double or asymmetric structures have their genesis from frozen cloud droplets.

Figure 6 shows the relationship between the observed cap cloud limit temperatures and the corres-—
ponding toral ice crystal concentration, "frozen droplet" crystal percentage and "frozen droplet" cry-
stal concentration. For a given temperature regime in untreated cap clouds, it appears that there is a
predictable percentage of lce crystals having thelr origin from cloud dropler freezing.

Figure 7 illustrates & representative sample of ice erystal replicas acquired during ice supersatu~-
ration but water subsaturation conditions atop Elk Mountain. Frozen cloud droplet centers were never
found in ice crystals nucleated during water subsaturation conditfons. Hence, ice crystals found in
ice supersaturated but water subsaturated conditions are presumably the result of growth by deposition.
Similar results were also to be expected during periods of seeding with dry ice, since dry ice does not
act by heterogeneous but rather homogeneous nucleation. Indeed, ice crystals formed in such a manner
did not possess frozen droplet centers and/or asymmetric structures as shown in Figure 8.

It may be suggested that the respective concentrations of the frozen droplet crystals and of the
balance of the lce crystal population may be considered as representative estimates of the freezing and
deposition nucleus concentrations, disregarding ice multiplicacion processes.

IMPLICATION

Ice crystal replicas were also obtained during cap cloud seeding with an acetone generator for the
purpose of detecting any possible changes in the percentage of frozen droplet crystals during seeding
intervals as implied from cloud chamber nucleation studies (4). Throughout the single seeding experiment
discussed herein, the height of the cloud base (2900m msl), cloud base temperature (-17C), and Observa-
tory (3300m msl) temperature (-20C) remained steady. The seeding agent was injected into the cloud from
below cloud base; at all times during the experiment water saturated conditions were maintained through
the treated cloud depth.

During background conditions, the percentage of frozen droplet crystals lay near 27%Z, a value to be
expected from other independent data shown in Figure 6, Following the arrival of the silver fodide de-
tecred by the NCAR acoustical counter, there was a corresponding increase in the total ice crystal con-
centrations, and especially in the percentage and concentration of the frozen droplet crystals, similar
te these shown in Figures 1-3. Throughout the seeding interval, the droplet freezing and deposition
nucleation modes appeared responsible for nearly equal numbers (168 licer—1 and 179 liter-1, respectively
of crystals but the increases in the concentration of the respective nuclei (droplet freezing vs deposi-
tion) over background concentrations (27 liter~1 and 73 liter~l, respectively) seemed to slightly favor
the freezing nucleus. It may thus be concluded that the droplet freezing and deposition nucleation
activities of silver iodide produced from a gemerator bhurning an acetone solution of silver fodide (2.5%)
and sodium {odide yield equal numbers of observed ice crystals in orographic cap clouds for the case of
cloud activating temperatures between =17 and -20C,

Further research concerning the rélevance of the findings in this paper and those, for example from
(6) concerning the role of silver iodide in the drop freeezing process in natural clouds are forthcoming.
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DEPOLARIZATION OF MICROWAVES BY HYDROMETEORS IN A THUNDERSTORM

Louis J. Battan and John B. Theiss
The University of Arizona
Tucson, Arizona 85721

During the past decade, relatively little has been done to extend the theory of the
scattering of microwaves by non-spherical hydrometeors. Harper (6) and Atlas and
wexler (1) made laboratory measurements of the backscattering from large ice and
plastic spheroids. Scientists at the Central Aerclogical Observatory in Moscow have
been actively investigating various aspects of the depolarization of microwaves.
Minervin, Mocrgunov and Shupiatskii (9) discussed depolarization of 3-cm radiation by
the hydrometeors in cumulonimbus clouds. They showed that the depolarization ratio
varies from more than -10 db to less than -20 db, Large variations occur over
distances of about 1 km.

Observations of depolarization have been made in convective clouds in southeastern
Arizona by means of vertically pointing 3.2-cm radar equipment. A pulsed-Doppler
radar, already described by Battan and Theiss (3), was used for transmitting and re=-
ceiving the backscattered signals in one plane. A second antenna (0.8 m in diameter)
and receiver were used for detecting the power backscattered in a plane perpendicular
to the plane of transmission [see Lofgren and Battan (7)]. The output of both
receivers was displayed on a dual beam A-scope and photographed.

Figure 1 shows the vertical profile of depolarization 4Py in decibels, where
4Py = 10 log P_/P. and P_ and P_ are the backscattered powers in the plane of polari-
za%ion of the fadhr and In the ross-polarized plane, respectively. The pattern of
APy, in a thunderstorm on Aug. 7, 1967, is based on a grid of points 152 m apart in
al%itude and about 54 sec apart in time. It is evident that the depolarization varied
greatly over distances of about 0.5 to 1 km. Minervin and Shupiatskii (8) also found
large variability in depolarization in cumulonimbus clouds, but the small scale
"eddiea" shown in Fig. 1 do not appear in their illustrations. Perhaps the grid
scale used to construct their diagrams was such as to mask perturbations several
hundred meters in diameter.

The depolarization shown in Fig. 1 ranges from
about =12 to ~24 db, the latter being essentially ot e
the smallest quantity which can be measured with this N\ 7 Asgust 1967
radar system. Minervin and Shupiatskii (8) observed
about the same range of depolarizations. On the
basis of ground-based radar observations and flight
observations of the hydrometeors they advanced the
following conclusions. When AP,<-17.5 the hydro-
meteors can only be raindrops; when 4P;>-% only ice
particles exist. Most of the time, at intermediate
values of APy, mixtures of water and ice would be
expected.

It is seen in Fig. 1, that depolarizations exceed-
ing -14 db were observed at altitudes below about
3.5 km (MSL) between 1426 and 1432 MST. Doppler
radar data [Battan and Theiss (4)] show that this
was a reglon of downdrafts exceeding 4 m/sec where
the rada§ reglecgivity factor was as high as
3.2 x 10° mm® m™-.

If 4t is assumed that turbulence spreading of the
Dopplér spectrum is negligibly small, the spread of
Doppler velocity can be taken as the terminal ve-
locities of the largest detectible particles, W .

In the region of AP1>-14 db, Wpax was 8 to 10 m sec-l, e m o :u-:'r weE
At the indicated altitudes, these terminal velocities
correspond to raindreps having diameters between
about 2.3 and 3.7 mm [Foote and du Toit (5)].

The fact that the Doppler spectra were some 8 to 10 m sec™! broad, indicates a
spectrum of raindrop sizes ranging from the barely detectable, perhaps a few hundred
microns to the sizes just cited. 1If all the scattering particles were raindrops
which were small with respect to the wavelength and were randomly oriented with re-
spect to the plane of polarization of the radar set, a depolarization of -14 db could
be produced by oblate spheroids having an axis to diameter ratio of about 0.4 [Atlas,

Kerker and Hitschfeld (2)]. It is difficult to believe that even large raindrops,
i.e,, those approaching 4 mm in diameter could be sc distorted except for brief

instants of time.

Figure 1

*
The research repcrtec in this paper was supported by the Atmospheric Sciences Sectien
of NSF under Grant Nc. GA 1431.
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The measurements were made with the antenna pointing vertically. If the particles
were falling oblate spheroids, it would be expected that the axial ratios would be
close to unity. It seems impossible if one accepts the measurements, to accept the
notion of oblate scatterers.

It appears that the measured depolarizations can be explained if the scatterers
were assumed to be prolate spheroids composed of water. If they were randomly
oriented, they would need an axis to diameter ratio of about 1.8 according to Atlas,
Kerker anrd Hitschfeld (2). This distortion does not appear to be as extreme as in
the case of oblate spheroids. Nevertheless, 1t is difficult to imagine all-water,
randomly oriented prolate spheroids. 1In order to satisfy the regquirements, it is
necessary to assume that the particles were composed of ice surrounded by water. If
this were the case, the result 1s in agreement with the results published by Minervin
and Shupiatskii (8).

Figure 1 shows regions of depolarization larger than -18 db abeve the 0°C level
between abcut 1427 and 1433 MST. Doppler radar data show that they were mostly
associated with updrafts and low radar reflectivities. 1In these regions, the maximum
terminal velocities were relatively high, between 10 and 15 m/sec. According to
Foote and du Toit (5), at a pressure of 500 mb ind temperature of -10°C, the maximum
terminal velocities of water drops is 12 m sec™ . It seems reasonable thersfore, tc
assume that the particles producing the velocities greater than 12 m sec™! in the
upper part of the cloud were comgosed of ice at least in part. If they consisted of
ice having a density of 0.9 g/cm?, a sphere 5 mm in diameter would have a terminal
velocity of 12 m sec™l,

Depolarizations of -18 db and -16 db correspond to depolarization ratios of 1.6 and
2.5 percent, respectively. According to Atlas, Kerker and Hitschfeld (2) the smaller
of these guantities can be produced by particles having the axial ratios listed in
Table 1.

Table 1. Axis to diameter ratios of small particles which can
produce a depolarization of -18 db on a 3-cm radar.

Composition
Shape Ice Water
Oblate 0.30 0.62
Prolate .3 L.5

It seems unreasonable that a vertically pointing radar set would measure such large
cross polarizations from oblate spherocids. On the other hand, it is possible to
imagine prolate spheroids having an axial ratio of 1.5. An axial ratio exceeding
about 3.3 appears to be extreme and unlikely. Thus, it seems that the observations
may be explained by assuming the presence of wet ice particles resembling prolate
spheroids, This result agrees with the conclusion of Minervin and Shupiatskii (8)
which would indicate that a depolarization of -16 to -18 db would be associated
largely with a mixture of water and ice.
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THE TERMINAL VELOCITIES OF ICE CRYSTALS

Stanley R. Brown
Colorado State University
Fort Collins, Colorado

INTRODUCTION

The terminal velocities of several individual crystal types have been studied by Nakaya (1),
His work is generally regarded as the standard for ice crystal terminal velocities, Several other
studies, (2) and (3), have been reported on individual crystals, but these have not substantially altered
Nakaya's results. Unfortunately, however, Nakaya did not have a large data sample, In addition,
more refined technigques than Nakaya used are now available for measurement, For those crystal
types not studied by Nakaya, the terminal velocities are not well known,

A study has been carried out to measure the terminal velocities of the crystal types studied by
Nakaya using a more refined technique and lo establish values for the tevinfi=] velocities as a function
of size for some of the crystal types not previously reported.

PROCEDURE

The procedure used consisted of photographing a falling crystal using a strobe light for illumi-
nation, To shield the camera from the strobe a 9 cm x 27 cm x 15 ¢m box was constructed. The box
contained at one énd a vertical slit with a 1 cm? grid on the back. At the other end, a 35mm camera
was mounted. A glass window in the slit side allowed illumination., To prevent drafts a plastic tube
was placed on top of the slit and the bottom could be closed., The crystals were photographed as they
fell through the slit and since they were illuminated by the strobe at 6000 ¢, p.m, a series of images
for each crystal was produced. Image clarity was quite good and in most cases natural crystals could
be readily identified from the film. The distance between irmages was determined from the grid on the
slit and thus only a simple calculation was necessary to find the fall velocity of the crystal. One dis-
tinct advantage of this method was that any accelerations of the crystals were apparent by a variation
in separation of the crystal images. If the distance was constant it was assumed that the crystal had
reached terminal velocity,

Two sources of crystals were used. Natural plane dendrites were collected and preserved in
the cold chamber for later use. Other crystal types discussed in the study were photographed as they
fell in natural snowfall.

RESULTS AND DISCUSSION

When & crystal reaches terminal velocity, its weight is balanced by an aerodynamical drag
force, Thus

.4
-.'15 CDApa b g{pc ) pa}v
where Cp is the drag coefficient, A is the cross sectional area of the crystal normal to the direction
of fall, a4 is the density of alr, U is the velocity of the crystsl of density p, and volume V, and g is
gravitational ac¢celeration. Solving for U
U= 2gp. vV

where buoyancy effects have been neglected,

It has been found by Magono and in the author's work that plane crystals fall with thelr basal
plane horizontal, This includes both plates and dendrites. Thus the cross sectional area is simply
the area of the basal plane and V/A reduces to h, the crystal thickness., This leads to the fact that
U is a function of the crystal thickness h.

Ono (4) has reported that plane crystals show an increase in thickness to about 50 to B0y as
the diameter increases end remain constant thereafter, The thickness reaches 50 to 60u at a diameter
of about 1600u. From these results and the above discussion one would expect the terminal velocity of
plane crystals of greater than 1600y diameter to be constant, This, of course, is what Nakaya found
and it should be pointed out that the smallest dendrite that he included in his fall velocity measure-
ments was about 1800u diameter, Likewise, the terminal velocity of dendriles whose diameter is less
than 1600p should show a functional dependence on their diameter. Although the data is meager in
this size range the present study tends to confirm this, as shown in Fig, L.

Also'evident in Fig, | is the fact that the values for the terminal veloeity of erystals larger
than 16004 differ by about 20 em/sec between Nakaya's results and the present study., Nakaya per-
formed his work at an elevation of 1030 m whereas this investigation was performed at an elevation of
1525m, Thus the difference in density would account for approximately 2-3cm/sec. Of more signifi-
cance is the experimental design that Nakaya used, [If it can be assumed that the diagram depleting
the apparatus used by Nakaya is drawn to scale, then it appears that the crystals only fell approxi-
mately 20.em befare timing began. It Is doubtful that crystals would reach their terminal velocity in
this distance, and this would result in a value less than terminal velocity being computed,
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When spacial dendrites are considered, the problem becomes more complex. Because of the
random orientation and number of arms occurring it is not possible to define cross sectional area and
volume as simply as for plane crystals. To overcome this difficulty in reaching a theoretical expres-
sion for terminal velocity the following approach was taken; The spacial dendrites were considered in
terms of & sphere which would just enclose them and it was assumed that the volume of the sphere
would contain X percent ice and the remainitig volume, air. Likewise, far a cross section, a certain
percent of the area would be ice., This would vary, gepending on the cross section, Sp a mean percen-
tage ¥ was assumed for each erystal. x and ¥ would be ronstants for s given crystal. We can now
write the expression for terminal velocities of spacial deijdrites as:

. 2gp ox med) ] L
Ga| S % |32
CppaF o)

where r is the radius of the sphere just enclosing the spacial dendrite. This reduces to:
U= 8gp QKT 1

3CHp. ¥

This gives u as a function of r and this result \g‘aa{ound experimentally as is shown in Fig, 2, Once
again this varies from Nakaya's findings. Tt is difficult to understand whyv Nakaya did not find a size
dependence for dendrites. A possible explanation is the wide variety of form occurring in erystals
classified as spacial dendrites. Perhaps the crystals studied by Nakaya were basically plane dendriies
with only small appendages radiating off of the basal plane and consequently behaved much like a sim-
ple plane dendrite, The spacial dendrites used in the present study could more appropriately be called
spacial stellars since they consisted of long, thin, non-branched arms radiating in all directions, Re-
sults for needles and capped columns are shown in Figs, 3 and 4,

CONCLUSIONS

This study on the terminal velocities of ice crystals was performed using a more refined
method than Nakaya used. Results show some disagreement but these can be satisfactorily accounted
for from a theoretical standpoint. Prof, Lewis O, Grant and Dr. Takeshi Ohtake are acknowledged
for their helpful discussions. The research was supported by NSF Grant No, GA-1553,
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SNOW CRYSTAL RIMING RELATED TO CLOUD SYSTEM CHARACTERISTICS

C. F., Chappell
Colorado State University
Fort Collins, Colorado

The growth of snow crystals by accretion of supercooled drops is generally considered to be a
time dependent process. The usual procedure for incorporating accretional growth of snow crystals
into microphysical models of cold orographic clouds consists of assuming a cloud liguid water content,
a collection efficiency for the falling crystal, and initiating accretional growth after a specific size is
attained by a given crystal habit, This approach usually shows that accretional growth of snow crystals
rapidly becomes the dominant mode of growth. However, observations taken at Climax, Colorado indi-
cate diffusional growth of crystals predominates in most cases, These observations also show that
erystal dimensions associated with riming onset are variable from case to case. This suggests other
factors may play an important role in controlling accretional growth within the cold orographic cloud
system. It is possible through an expression for the supersaturation of a mixed phase cloud to draw
theoretical inferences concerning possible contributions of accretion to overall crystal growth,

The time rate of change of cloud supersaturation may be written

Na N Ne

dsi dz a b _ 5 2

Tl Q2(4HG)§rd(Sw- Yy +?§) Q3(4ﬂFQSiG')§CF1 Qy(rQ, ) ) EV, (1)
1 1 1

where Ql, Qz, Q., G, G' are thermodynamic functions
Si‘ the supersaturation relative to a plane ice surface
Sy, the supersaturation relative to a plane water surface
z, the distance measured in the vertical
rq4, the cloud droplet radius
r, the snow crystal radius
Qy , the liquid water content
E, the collection efficiency of the falling crystal
F4, the ventilation factor of the crystal in the airflow
Fo, the vapor factor that corrects the vapor field to that of a supercooled cloud.
C, the electrostatic capacity factor of the crystal
Vaos the crystal fall speed relative to the environment
a, a function of temperature
b, & function of the solute contained in the droplet
Ny, the cloud droplet concentration
Ng, the snow crystal concentration

Equation (1) shows the time rate of change in cloud supersaturation is due to imbalances between
the cooling rate associated with the updraft speed, rate of droplet growth, and the rates of crystal
growth by vapor diffusion and accretion, The droplet growth rate term acts as a stabilizing influence on
cloud supersaturation since it takes on both negative (evaporation) and positive (growth) values, If the
magnitude of the diffusional growth rate term is greater than the cooling rate term, then the droplet
growth rate term becomes negative and droplet evaporation tends to maintain the cloud supersaturation
at the level of water saturation. Eventually, the reservoir of liquid droplets is depleted and cloud super-
saturation begins to fall, However, as cloud supersaturation decreases the diffusional growth rate also
falls and the cloud supersaturation attains steady state at some value in excess of ice saturation but be-
low water saturation.

In contrast, if the magnitude of the diffusional growth rate term is smaller than the cooling rate
term, then the droplet growth rate term is positive and droplet growth tends to relieve the cloud super -
saturation. Under this condition droplets grow within the cloud system, and this production of liguid
water (Q, >0) now brings about the possibility that the accretional growth rate term may also assume
importance in controlling eloud supersaturation, Depending upon the many complex factors which de-
termine accretional growth rates (crystal habit, collection efficiency, ete.), cloud supersaturation
under these conditions attains steady state at some value in excess of water saturation. Juisto and
Schmitt (1) have demonstrated some of the above relations by numerical integration of an equation simi-
lar to (1). From the above theoretical discussion the following inferences appear valid for cold oro-
graphic clouds: Significant accretional growth of snow crystals is to be expected under conditions of
steady state cloud supersaturation only when the diffusional growth rate term is less than the cooling
rate term, In other words, the occurrence of significant numbers of rimed crystals reflects an ineffi-
ciency in the diffusional ice growth process within the cloud system. Normally, the accretional growth
rate will fail to make up the total deficit between the supply rate of condensate and the growth rate of
ice. Therefore, one may assume that a weather modification potential exists when significant numbers
of rimed crystals are observed, Thus, it is possible to crudely recognize cold orographic cloud seed-
ing potential by defining those meteorological conditions for which significant accretion is observed.
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This possibility is now investigated using observed crystal data from the Climax experiment,

Figure 1 shows the precipitation measured at the High Altitude Observatory (HAO) near Climax,
Colorado on non-seeded days during the 1960-65 years of the Climax experiment plotted as a function of
cloud system temperature, The abrupt decrease in precipitation at a 500 mb temperature of -20C
probably reflects the temperature at which the diffusional ice growth process is rapidly becoming in-
efficient. Assuming this to be true, a time averaged vertical motion of 12cm/sec and a time averaged
cloud top height of 460 mb give an average condensation rate and an average diffusional growth rate of
ice which reasonably approximate the observed precipitation rate as a function of cloud system temper-
ature. It can be inferred from figure 1 therefore, that no significant accretional growth should be pre-
sent in the Climax cloud system at 500 mb temperatures colder than about -20C since the rate of crystal
growth by vapor diffusion equals or exceeds the rate of vapor supplied. On the other hand, at 500 mb
temperatures warmer than -20C where the diffusional ice growth process becomes inefficient, the
growth of larger cloud droplets (Q, becomes relatively large) should increase the probability of ob-
serving a significant percentage of rimed crystals.

Figure 2 shows the percentage of total erystals rimed as a function of cloud system temperature,
The crystal replication was accomplished on a total of 18 seed and non-seeded days at HAO and nearby
Chalk Mountain. It is seen that the percentage of crystals rimed on both seeded and non-seeded days
is negligibly small in the colder cloud systems but increases rapidly as temperatures become warmer
than about -22C to -21C for unseeded events and about -18C for seeded events. Thus, seeding appears
to have the effect of reducing the amount of riming at all temperatures and translates the onset of sig-
nificant riming toward warmer cloud systems. The onset of significant riming on non-seeded days at
500 mb temperatures around -22C to -21C is in good agreement with observed cloud seeding results at
Climax, which show precipitation increases of over 100% for temperatures of -20C and warmer (2) (3).
This is consistent with the inference that weather modification potential might be crudely delineated by
those meteorological conditions associated with significant numbers of rimed crystals. The translation
toward warmer temperatures of the appearance of significant numbers of rimed crystals on seeded days,
is consistent with the Climax model (3), and apparently is due to a more efficient diffusional ice growth
process in this temperature range. The theory and observed data therefore suggests that the specifi-
cation of riming onset by crystal type and size in cold orographic clouds is rather meaningless without
concurrent knowledge of cloud supersaturation, Ice crystal growth by accretion is a time dependent
process only after it is determined that there are any collectable droplets at all. The real control on
the onset of riming under conditions of steady state cloud supersaturation is in the interplay between
the cooling rate term and the diffusional growth rate term. It is therefore mainly dependent upon up-
draft speeds and cloud system temperatures,
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ON THE NUMBER DISTRIBUTIONS OF HAIL GROWING IN UPDRAFTS

R.B. Charlton and Roland List

Dept. of Physics, University of Toromnto
Toronte, Canada

The formation of hail in 2 convective updraft causes liquid water depletion and imposes a body force
on the updraft's air parcels. Conversely, the growth of hailstones is dependent on their sbility to
compete for the available liquid water and on the updraft field's reaction to their presence,

When Iribarne and dePena (Z) and List et al. (3) modelled hail growth with hail embryos of a single
size injecred into an updraft, they were able to increase the embryo number to a critical value which
caused nearly all of the cloud’'s liquid water to be depleted. This situarion results in hail accumu-
lation zones which are highly populated and which represent an unrealistic force on the uwpdrafe. Lf
these ecritical numbers are spread over several closely-spaced embryo sizes the unrealistic situations in
terms of water depletion and energy balance are no longer encountered,

The new model is based on hall embryos injected continuously in known numbers and sizes at the OC
level of a non-divergent (cloud air density times updraft velocity equals constant at all levels) and
pré-determined updraft. The only cloud parameter directly influenced by the growing hailstones is the
liquid water content (LWC). The hailstones move at terminal velocity (drag coefficienc 0.5) and acerete
(with 100% efficiency) the LWC which moves at updraft speed.

Two types of growth from an embryo size spectrum are considered, both of which are steady-starte.
The first grows hail as it ascends from the input level. The LWC depletion by stones of each sizé group
is no longer considered when their balance levels has been attained. This solution represents hail
growth conditions at a certain time after the first embryos entered the vpdraft and just before the
descent begins. The second type considers hailstones ascending to their balance levels and also growing
while descending back toe the input level.

Taking numerical values for the updraft air parcels and the cloud environment from an average Denver
"hail day' sounding allows comparison of the upward thermal buoyant force to the downward drag force of
the hailstones plus the LWC. Since the updraft velocity increases with height as the air density de-
creases, the kinetic energy for this acceleration from the cloud's OC level can be compared to the energy
avallable from the integrated thermal buoyant force and the hydrometeor weight.

Figures 1-5 show the results of injecting 0.3, 0.4, 0,5, 0,6, and 0,7 cm spherical embryos simulta-
neously and continuously in numbers of 0.2, 0.6, 1.4, 0.6, and 0.2/m® respectively into an 18 m/s updraft
at the 0C level, (The updraft Increases to 27 m/s at 4 km). The values of forces, epergies, total
hailstone number and hailstone size distributions (Figs. 3-7) are calculated by standard smoothing
techniques.

The example from Charlton, 1970 (1), shows that during growth on ascent the LWC depletion (Fig. 2) is
significant (20%) and occurs In the region where the most numerous embryos reach their balance levels,
The hydrometeor forces of the ascent case are not large enough to greatly influence the updraft's energy
balance (Fig, 4). When ascent and descent growth becurs there is much more depletion (v 70%) and the
cloud's force and energy balance is upset.

All examples calculated to dave have shown that hail mass accumulation zones can only be equivalent
to 2 to 4 times the natural IWC, and that moderate LWC depletion (20-4D%) is usually sufflcient te con-
siderably influence the cloud's energy balance., The growth curves (Fig. 1) show how the rejection of
smaller stones towards the cloud's top,as liquid water is depleted by hail growing at lower levels, tends
to impede che formation of accumulation zopes. The model has alsc shown how 5 to 10 hall size classes at
a given level are sufficient to describe a smoothed number distribution (Fig. 6 and 7). In connection
with these studies, Charlton (1) alse found that when no indi{vidual hallstone size i{s capable of deplet-
ing more than about 40% of the LWC then only realistic conditions are encountered.

Acknowledgements. This etudy was sponsored by the Environmental Science Services Administration, U.S.
Department of Commerce through the National Severe Storms Laboratories, Norman, Oklalioma. One of the
authors (R.B.C.) gratefully acknowledges receipt of a Burton Scholarship from the Universicy of Toronro.
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Roger J. Cheng

Atmospheric Seclences Research Center
State University of New York at Albany
Albany, New York

ZNTRODUCTION

The ejection of micro-droplets from the surfece of a supercooled water drop has been observed
and photographed. The fragmentation of a freezing drop in the forms of splintering, shattering or
bursting has been known for some time. This nev phenomena of ejection of micro-droplets, with
numerous droplets ejected, the duration of their ejection and the electrical properties of these
droplets suggest & possible mechanism of charge generation in thunderstorms.

EXPERIMENTAL

A water drop of 1 mm in diameter, placed on & microslide, waas supercooled inside a temperature
controlled chamber located under m high power microscopes, Observations of the freezing of the drop
were made by using cinephotomicrographic technigue. The chamber and drop were cocled. At the moment
the freezing started, a thin ice shell formed immediately on the surface of the water drop and its
temperature, monitored by a small thermocouple, jumped to 0° C. Then, & large number of small water
droplets, ranging from €lu to 204, were ejected from the surface of the freezing water drop. These
droplets fell on to the microslide. The small droplets were ejected continuously for an average of
50 seconds, depending on envirommental conditions. During this periocd, the small droplets on the
slide nesar the freezing drop grev more rapidly than the ones farther away. The concentration of small
droplets on the microslide alsc increased rapidly and the interior temperature of the freezing drop
remained asbout 0° C., After completion of freezing, the growth of the small droplets terminated and

he temperature of the frozen drop decreased rapidly to the environmental temperature. Then all of
~he small droplets began to diminish in size. Those farthest from the frozen drop gradually dis-
ppeared. Some of the small droplets froze by contact with spicules from the frozen drop, &s shown
in Figure 1. Bimilar experiments were alsoc performed with a water drop suspended on a fine fiber.
After freexing started, a stream of small water droplets were ejected continuously from the surface
of the freezing drop during the entire freezing period. This phenomenon terminated after completion
of freezing.

Electric messurements were made in three ways; (1) by plecing the probe of a sensitive electro-
meter into the stream of sjected small droplets, (2) by placing the probe into the freezing water
drop, and (3) by observing the deflection of the stream of ejected mmall droplets in an electric
field. The results indicated that the ejected small droplets carried net positive charge and net
negative charge was left on the residusl frozen drop.

DISCUBSION

Experimental evidence has shown that positive charged droplets were generated by the freezing of
a supercooled water drop. The possible mechanisms for their generation are:

1, Due to incresse of interior pressure, unfrozen water in the form of small droplets was excreted
from numerous poree which appeared to be weak spots found in cracks on the ice surface. GSmall
spicules formed later at these same weak spots as shown in Figure 1.

2. Condensation of wster vapor, sublimated from the ice surface of the freezing drop, slso con-
tributed & large number of small droplets. The temperaturs of the freezing drop was higher than that
of the surrounding environment.

3. Formatiorn of small droplets by bursting of air bubbles, which were observed under the ice surface
on the drop and in the interior of spicules. The air bubbles were formed due to the decrease of
solubility of air in water when the temperature of the drop increased upon freezing.

Based on the observations of sequences of photomicrographs of the drop freezing and of the
temperature curve shown in Figure 2, it is noted that the vapor pressure gradient reversed direction
twice during the freezing period. These reversals occurred when the freezing started and when the
freezing was completed, and the water vapor molecules moved outward from the surface of the freezing
drop during the entire freezing period. A definite radial temperature gradient was maintained
within the drop during the freezing period, with the colder region at the surface and the warmer
region at the interior. A concentration of positive charge was found in the outer layer of the
freezing drop (1, 2) when the small droplets were ejected from the surface, they carried net positive
charge with them, while negative charge was left on the residual frozen drop.
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CONCLUSION

It is suggested that this newly cbserved phenomenon of the ejection of droplets 1s an important
process which occurs under natural conditions in bhunderclouds near the freezing level and where the
wvater drops, carried from the Lase of tlie thundercloud by updrafts, are freezing.

It is also posslble that thesé ejected small droplets will also freeze after being carried upward
to the higher end colder region of the thundercloud. Also it is widely accepted that the charge
generation and seperation processes in & thundercloud are closely associated with the development of
precipitation and the main charge centers that appeer above the freezing level. It is natural to
associate their generation with the ice phuse.

Previous attention hss been given to the fragmentation of a freezing water drop (1, 2, 3, 4, 5) in
the forms of shattering, splintering or bursting, which has ocecurred occasionally during the freezing
pericd. This present observetion suggests that the ejection of small droplets by freezing a super-
cooled water drop may play sn important role in the studieés of thundercloud dynemics and in the
generation of thunderstorm electricivy.
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THE INFLUENCE OF THE LATENT HEAT RELEASED DURING
ICE CRYSTAL RIMING ON VAPOR DEPOSITION GROWTH

by William R. Cotton'
Pennsylvania State University
Univeristy Park, Pennsylvania

Assuming that an ice crystal is in thermodynamic equilibrium, the rate of mass growth of an ice
crystal by vapor deposition can be shown to be

mw dM
o 4nC(S-1) _w LL --]
dt]s 2 R s f dt|R )

m L 2
R T Kr° (A, +B))
‘ . ; * 2 De (D) L
LSs .3
Ax By

where C represents the crystal capscitance,
s is the supersaturation with respect to ice,
m is the molecular weight of water,
N is the molecular thermal conductivity,

is the gas constant of air,

is the cloud temperature,

(T) 4s the saturation vapor pressure with respect to ice,

g is the diffusivity of water vaper in air
5 is the latent heat of sublimation,

Lg is the latent heat of fusion, and

dﬂfdt]g is the rate of mass growth of an ice crystal by riming of supercooled cloud droplets. The
derivation of Equation 1 is similar to the development by Byers (1965) with the addition of the heat re-
leased by riming growth, The effect of the second term of the right hand side of Equation 1 on the
predicted rate of mass growth of a dendrite is considered in this study. The dendrite is assumed to
nucleate on a sublimation nucleus, grow by vapor deposition as a hexagonak plate uncil it becomes 30 Lm
thick and then grow two-dimensionally by vapor depositicn in the geometric configuration determined by
Nakaya (1954). Crystal veatilation is treated similarly to the method of Shiskin (1965). Following a
60-second analytic initialization, crystal-riming growth is also simulated, The rate of growth of a
dendrite by riming is

K
R
T
e
D
L

2
aM Ma
EE-&-T(VC—VB)EH. (2)
where a is the length cf the crystal basal plane axis,

Ve is the crystal terminal velocity
Vp is the terminal velocity of the droplet contributing the wmost to the liquid water content,
E is the average collection efficiency, and
w is the cloud liquid water content. Rimed water mass is deposited only in the direction of

the crystal c-axis (prism-plane axis). Following initialization, all growth equations are integrated
numerically by centered differences.

Figures 1 and 2 illustrate the predicted rate of vapor deposition growth of a dendrite with the
rime-heating term neglected and included, respectively. Figure 3 shows the percentage difference in
the predicted total mass of a dendrite with and without Ehe rime-heating term. The greatest percentage
difference occurs with a liquid water contemt of 0,8 g/m- because there is a considerable time delay in
the onset of graupel formatfon when the term is neglected. Figure 4 illustrates the predicted total
mass of a dendrite grown by vapor deposition and riming with the rime-heating term included in Equation
1. For further details, see Cotten (1970).
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OBSERVATIONS AND THEQORY OF A MONTREAL HAILSTORM

Marianne English and Charles Warner
McGill University, Montreal, Canada

The Montreal storm of 1 August 1969 de-

eloped within widespread air mass convection in
‘the warm sector of an occluding low centred over
James Bay. This relatively short-lived cell

enetrated the tropopause at 11,2 km between

1500 and 1615 EDT and produced hail over a swath

ore than 20 km long and 6 km wide. With a
islowly veering direction of motion; the storm
moved at about 29 kt from 209°, to the left of

11 wind directions above cloud base. The wind
was about L7 kt from 234° at 12.2 km altitude.
The hail swath, rainfall isohyets and the
ipassage of the precipitation core are shown in
Fig. 1. The storm produced its heaviest hail
(with largest dimensions up to 7.5 cm and masses
up to 70 g) over about a 4 km distance and a
period of 15 mins.
' The McGill FPS-18 radar, operating at
10 em and having a 1° conical beam and a pulse
width of 1 i sec, showed the presence of a marked
overhang with strong reflectivity gradients,
which was detected between about 1505 and 1540
EDT. The storm at the peak of its development is
shown in a HARPI (Height-Azimuth and Range dis-
play, reconstructed from PPl information), Fig. 2
and in the 2.B° PPI of Fig. 3.

14 raingauges, 8 instrumented stations
and many citizens' reports provided surface data
on the storm. These confirmed the implication of
the radar data that the storm fed on its left
front side. Four anemograms from stations in the
path of the storm showed & pattern of confluence
occurring ahead of the region of marked difluence
(with gusts up to 50 knots) which accompanied the
precipitation. These data, and reports of cloud
cover from citizens and from the Observer at
Dorval Airport, on the north-west side of the
precipitation area, indicated that the updraft
area was about 9 km across.

A simple two-dimensional model of the up-

draft region of this storm has been extracted from

the above data; using as a guide the successful
model for the Alberta Hail Storm of 29 June 1967
(1). The present model has been tmproved by
developing a method for calculating the slope of
the updraft and by adopting a more realistic
updraft profile.

Fig. 1: The hail
swath, rainfall iso-
hyets (--), and con-
tours of reflectivity
60 dBz at 2.8° eleva<
tion and at three
times. The storm
reached a maximum
height close to 12.3
km at about 1523 EDT,
dropped the largest
hail at 1535, and
began to dissipate
at 1547.

The adiabatic profile for this storm
yielded a maximum updraft speed of 34 m sec~! at
9 km and a cloud top at 12.3 kms This implied
unrealistically large horizontal divergence in
the upper cloud. Following Fujita and Grandoso
(2) the updraft maximum was lowered to 7.8 km,
and 32 m sec‘l, the adiabatic value at that
level, was taken as the maximum.

To calculate the geometry of the storm
circulation, an equation based on work by
F.C. Bates (3) was used. The change in horizon-
tal velocity V with height z of an element of
updraft rising with vertical velocity W and
embedded in a horizontal flow of velocity V was

— dv Cle =| /o =
= IV - vl vV -%).

w —— -
dz
¢ was held constant at 7 km-! after calibration
using two well documented Alberta storms. V as
a function of height was obtained, and thus the
updraft geometry (assumed approximately steady).
The calculation was not sensitive to the assump-
tions made, and showed that at 3 km, where the
adiabatic L.W.C first reached 4 g kg=! the draft
was sloping away from direction 340° (¥ 10°):
Fig. 3 shows the precipitation core and down-
draft displaced from the updraft in this

determined as

} ' T e e e a gl N /
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.
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5+ 30
+ RADAR
4 ) “40
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A o | .
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;. Fig. 2: "HARPI", 1526 EDT 23.3 km slant range, along Fig. 3: 2.8°PPI, 1526 EDT, and

1ine AB in Fig. 3.

Note the overhang to the north-west (ar left), at about 6.5 km
above ground.
strong reflectivity gradients.
{to the right) is dissipating.

Reflectivities on the contours in dBz.

Up- and down-draft regions are separated by
The adjacent mass to the south

major storm features. AB is the
HARPI section at 23.3 km range showr
in Fig. 2. Downdrafts occurred with
heavy precipitation. Updraft area
indicated by dashed outline.




127 - TABLE l: HAIL PARAMETERS AT GROUND
Curve a &' b b ¢ et d dt
W0e Mass 33 93 15 3& la4 2.5 0.7 2.1
ot o % Prozen 78 69 93 86 100 99 100 9L
Time (min) 24 23 20 20 17 17 15 15
Bk Fig. 5: Hail ctrajec-

HEIGHT ABOVE GROUND (km)
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ag
— =Freezing
At Level
2
o i o J
2 4 6 ]

HORIZONTAL DISTANCE (hkm)
direction,

striking. Maximum and minimum diameters of 115
hailstones were measured, and the diameter ratios
of these stones are shown as a function of mass
in Fig. 4. The median diameter ratio is 0.61.
Note that all large stones have diameter ratios
in the range 0.54 to 0.8, i.e, relatively close
to the median value. ;

In the hail growth calculations, the
effects of hail shape and surface irregularities
have been considered. The hail shape has been
approximated by that of an oblate spheroid.
Following List (4) and others, the crucial assump-
tion that the hailstones fall with their minor axis
vertical has been made. A constant axial ratioc of
0.8 has been used., This value is somewhat higher
than the median value to allow for the effect of
melting on shape (5). The principal effect of
surface irregularities is to increase the heat
transfer between air and stome; the results of
Bailey and Macklin (4) have been used here.

Results of the hail growth calculations
are shown in Fig. 5 and in Table 1. (The results

alel. =2
= . *
é a i '-".. .-?.:- :. » 4 : SR
IPRE CF e, s %
Fu SF b ' . ._
@ Sp« i o
Z WF"
a AF: -
,2 L L il 1 i 1 ]
10 20 30 40 50 60 70
MASS (g)
Fig. 4! Diameter ratio vs mass for 115

hailstones selected from a sample of about 300.

DIAMETER
The minimum slope from the vertical

of the updraft axis was calculated to be 89 T 29,
The non-sphericity of the hailstones was

tories (left) and growth
curves §rlght.). Pairs of
curves (a and a'! etc.) are
shown for each of four
initial herizontal posi-

\ tions. The solid-line
curves (a, b, etc.) are for
’ rough spherical stones and
the dashed, (a?, bY, etc.)
are for rough oblate

stones with axial ratio of
0.8, The initial diameter
of the hail embryo is 1 mm
at a height of 5.3 km (-5C)
(The change in slope in the
] growth curves at the F.L.

(em) is due to melting.)

seem to be insensitive to initisl height and dia-
meter; initial levels of -10C and -15C and an
initial dfameter of 2 mm were tried.) Comparing
curves a and a', b and b', etc. we note that
there {s little difference in the trajectories of
spherical and oblate stones but the oblate stones
grow to much bigger sizes. The largest spherical
stone, a, has a mass of only 33 g at ground,
while our measurements Indicate that about one-
fifth of the stones exceeded this. Thus to
account for the largest stones, we must invoke
the oblate stone model; the largest calculated
oblate stone being 93 g at ground. This is in
good agreement with our measurements, since none
of the spherical stones (diameter ratio 0.9 or
greater) weighed more than 30 g. The time
required to grow the calculated hailstones, 15 to
2L min, 15 consistent with radar evidence and
citizens? reports. The heights of the trajectory
peaks and the Eall of the largest hail closest to
the updraft core are also consistent with the
radar observations. Thus this model of hail
growth yields results in satisfactory agreement
with observations.
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ESTIMATION OF THE OCCURRENCE OF HAIL AND HAILSTONE SIZES

Narayan R. Gokhale and K. M. Rao
State University of New York at Albany
Albany, New York 12203

INTRODUCTION

Many earlier investigators with some success correlated the occurrence of hail and their sizes
to different meteorological parameters such as (a) instability, (b) height of the wet bulb freezing,
(c) wind shear at high altitudes, (d) maximum height of the radar echo, (e) intensity of radar echo.
A1l these parameters may indicate the occurrence of a severe thunderstorm but cannot be used in all
cases to distinguish thunderstorms from hailstorms. Instability is a factor in causing hail but the
presently published data show that one cannot identify the stability which will produce hail. Fawbush
and Miller (1) with some success correlated the occurrence of hail with height of the wet bulb freezing
and to large positive areas on the tephigram between the environmental dry bulb curve and the parcel
adiabat. But other workers like Douglas and Hitschfeld (2), Longley and Thompson (3) could not get
the same correlation for their Alberta datz, Though the maximum height of the radar echo was reported
to correlate well with hail occurrence [Douglas and Hitschfeld (2)], Geotis (4) concludes from his
radar data in New England hailstorms that there is no clear dependence of either hail size or hail echo
duration upon the height of the storm. Whereas the intensity of radar echo is a good indicator of
heavy precipitation, it cannot distinquish between heavy rain and hail. The Gokhale and Rao (5) theory
of hail growth indicated that not all of the above mentioned parameters are important. On the other
hand, few other parameters which were not considered earlier are important for the formation and occur-
rence of hafl. These parameters are (a) cloud base height and temperature, (b) height (Z) to Z2) of
the -4°C to -30°C temperature region, (c) duration for which the intensity of the radar echo exceeded
55 db (10 cm radar) in the region, Z1 to Zp. The curves (a) and (c) in Fig. 1 border the temperature
range within which the freezing of different size supercooled drops occurs for the model cioud. The
warmest is -4°C and the coldest temperature is -30°C for the diameter range of 5.75 mm and 0.1 mm,

In Fig. 2, the region A indicates where the hydrometeors of diameter up to 6.0 mm originate, and the
Tower region, B, the region of hail growth.

NOMOGRAM TO ESTIMATE HAILSTONE SIZES

Prediction of the maximum size of hailstone that can occur in a hailstorm is as important as
predicting the occurrence of hail itself. A nomogram is developed relating the size of hailstone with
cloud base temperature, radar reflectivity and duration. The nomogram in Fig. 3 corresponds to a cloud
base height of 1.5 km. For different cloud base heights appropriate nomograms can be developed.

The nomogram is essentially a graph which consists of hail growth curves for different values
of effective LWC and duration. For these calculations, the growth of the hailstone during its fall,
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FIG. 1. Characteristics of the model cloud. FIG. 2. Regions of hail embryos and hail
The cloud base temperature is +10°C and height aqgrowth in a typical well developed steady
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velocities of the indicated drop sizes at
different heights. Curves (a), (b) and (c)
indicate the freezina temperatures of few
drops, 50% of drops and all drops respectively.
(after Gokhale and Rao, 1969),
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its reduction in size due to melting and evaporation in subcloud layer are not considered. The use of
the nomogram is described with an example. To calculate the maximum size of the hailstones for a
cloud base temperature +10°C and for 15 minutes duration, proceed as indicated by dashed Tine, in Fig.
3.

OCCURRENCE OF HAIL

Atlas (6) reviewed the earlier work on radar reflectivity factor and hail. The duration and
the region of occurrence of this high reflectivity was not considered. Gokhale and Rao (5) have shown
that the region of hail growth mainly Ties between temperature range -4°C and -30°C, the region between
the 1ines Z7 and Zz in Fig, 3. If the radar reflectivity higher than 55 db (10 cm radar) persists for
a duration greater than say 10 minutes in this reagjon, it seems the probability of occurrence of hai)
is rather high. If this high reflectivity value occurs below the height 71 or above the height 75, it
does not indicate the formation of hail. Thus not only the intensity of the radar echo, but its
duration in the region bounded by the lines 77 and Z7 needs to be considered. This particular technique
of forecasting hail limits the forecast time to 10 to 15 minutes and may not be of much importance for
forecasting well in advance, but still i1t may be adequate for hail suppression work.
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SNOW CRYSTAL STUDY OF A LAKE ERIE SNOW SQUALL
Andrew J, He{msfield
The University of Chicago Cloud Physics Laboratory
and
R. G. Layton
Northern Arizona University, Flagstaff, Arizona

Lake effect snow squalls are localized areas of intense snowfall which occur over
and to the lee of the Great Lakes, During the winter of 1968, a project was initiated
bz ESSA to seed the squalls ori§inating over Lake Erie in an attempt to redistribute
the snowfall away from the populous areas.

One of the goals of this project was to decrease riming of the crystals so that the
resulting lighter crystals would advect further inland from Lake Erie.

Five continuously operating snow crystal replicators were designed for the project
by Andrew and Gerald Heymsfield, They were placed in a network near the shore line and
further inland. This network is shown in Figure I.

Though replicas were obtained from many seeded squalls, a particularly interesting
day to analyze the effectiveness of seeding was December 14, 1968 (1), Four snmow crys-
tal replicators were operating in the seeded regicna. Some of these results are shown
in the spage-time conversion in Figure II. The band of snow was assumed moving at 25
mph at 310°, The results indicate that an intense squall was successfully seeded, re-
Sultin% in plane dendrites, plates and aggregates of plates and dendrites near the
shore line, instead of neavily rimed crystals. The lighter crystals advected further
inland to Charlotte Ceater and Randolph, where no snow occurred before and after the
passage of this seeded area, Following passage of rhe seeded area, crystals near the
lake shore returned to heavily rimed stellars and graupel, whereas further inland there
was a decrease in snowfall. The second seeding area resulted in a pulse of snowfall at
Charlotte Center and later on at Randolph, with no change in snow crystal types at the
lake shore. A silver analysis of the snow was made by Warburton (4) in the regions
shown in Figure II, Silver content above background level is indicated. The snow crys
tal analysis agrees quite well with the results obtained by Warburton.

A snow crystal analysis of the reduced data was performed in an attempt to verify
whether the growth equation was valid in the temperature range -7 to -12C. No ventila-
tion of crystals is assumed. Also, when a crystal was only lightly rimed, no change in
terminal velocity from the unrimed form was assumed., The factor K is a constant deter-
mined at the 1000 mb l=vel. The equations to be used are:
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A plot of h vs. D is shown in Figure III. The mean $now crystal sizefor each ten-minute
interval obtained from replica data was used to determine the altitude at which the
mean size was nucleated, This altitude is plotted in Figure IV. The time required to
grow this size crystal was also computed and the mean crystal size was traced back in
time, This is also indicated in Figure I1I. The 957 confidence limits on the mean siz
for each ten-minute interval are indicated. The crystal nucleation altitude and time
agree quite well with the seeding time and altitude,
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NUMERICAL SIMULATION OF ICE HYDROMETEOR DEVELOPMENT

by

Edward E. Hindman, II and Ensign David B, JOHNSON
U. 8. Navy Weather Research Facility
Norfolk, Virginia

INTRODUCTION

Numerical methods have been developed to simulate the growth of ice hydrometeors by
diffusion and accretion. The classical diffusion growth equation relating the rate of
rhange of mass to ice supersaturation, diffusivity, and geometrical shape factors is
widely used., This approach requires the use of empirical mass-dimension relations to
transform the crystal mass into tangible crystaline shapes. Simulations of accretion
growth of falling crystals by continuous collection of supercocled droplets are in gen-
eral use. This paper summarizes an empirical approach to the simulation of crystal dif-
fusion growth which appears more flexible than the classical equation. An expanded forn
5f the continuous collection method for accretion is included. Both growth mechanisms
are combined to describe the growth of ice hydrometeors from ice crystals to rimed crys-
tals, to graupel, and finally to hailstones.

DIFFUSION GROWTH

The following basic relation is used to express the increase in crystal mass by
diffusion:
dm/dt = p dv/dt = p d(0.649 a’c)/dt (1)

The density of deposited ice (p) is assumed solely a function of temperature. Densi-
ty data from Fukuta [1] are used. The term v is the volume of a hexagonal prism or
plate (depending on the temperature); a is the a-axis dimension, and ¢ is the c-axis
dimension., The axis growth was parameterized from measurements of crystal growth in
several water saturated, constant temperature environments. The measurements were from
data compiled by Todd (6] and from recent laboratory data taken by Fukuta [1], The axis
dimensions are expressed as a function of time:

| a = X, (t/t) " and ¢ = Ko(t/ty)" (2)

where t_ equals one winute and K_, K., =, and B are functions of temperature.

The parameterization has sufficfent flexibility to allow for varying conditions of
jtemperature and humidity. The basic equations (2) are differentiated with respect to
‘time to give the incremental growth of the crystaline axes:

1/ 1/8

| ba = =alazk,) /At and Ae = Belo/K) ' Tat (3)
The increments Aa and Ac are summed over a series of time steps while the terms in egua-
tion (3) are continually updated to reflect both the changing ecxystal dimensions and
ftemperature conditions. The growing crystal will thus change its shape as the environ-
ment temperature is varied. Deviations of the growth environment from water saturation
are approximated by multiplying the growth rate from equation (1) by a scale factor.
fhis factor is equal to the guotient of the actual supersaturation with respect to ice,
i{and the ice supersaturation corresponding to water saturated conditions.

ACCRETION GROWTH

The growth of ice hydrometeors by accretion is approximated by the following ex-
pression:
dm/dt = p dv/dt = E « § « AV « Q (4)

The density (p) of tke accreted mass is expanded to be a function of the cloud liguid
water and hydrometeor surface temperature., The density is derived from Macklin's (3]
empirical density relation which is coupled with List's [2] formula for determining the
surface temperature., The volume (v) is initially the same as in equation (1l). This
term is replaced witl the volume of a sphere when the rimed crystal becomes spherical.
The remaining terms in eguation (4) describe the accretion process: E is the collection
efficiency of the type of ice hydrometeor, 5 is its collecting cross-section, AV is the
fall velocity differential between the ice hydrometeor and the supercoocled droplets, and
Q is the liguid water content.
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SUMMARY OF NUMERICAL SIMULATIONS

A preliminary numerical model simulated ice hydrometeors growing in a steady-state
'supercooled cloud with constant temperature and liguid water content. Initially crystals
lgrow by diffusion until large enough to begin growth by accretion. The smaller axis
grows by both mechanisms while the larger grows only by diffusion. If the smaller axis
grows rapidly and overtakes the larger, the particle is assumed to become spherical grau-
gel. The onset of hail is assumed teo occur when the hydrometeor diameter reaches one
centimeter, When the surface temperature of the hail reaches (0°C, the unfrozen portion
bf the accreted mass is assumed to be shed.
| The times required for the development of crystal growth by accretion, the onset of
qraupel, and the onset of hail wexe computed fer a range of temperatures and ligquid water

contents. Specific results are listed in the accompanying table. The uniformity of the
onset time for accretion sug-
emperature (°C) -5 -10 -15 =20 gests that variations in tem-
iquid Water (g m 2) |.1 1 10[.2 1 10]. 1 10]|.,1 1 10| perature and water content have

raupel Onset (min) « J2:10]11% 3 7 15 6 9 times adapted from measurements

ail Onset (min) - 53 17| - 50 10| - 34 - 54 11| at -5C compare favorably with
the modeled results [4]. At

low liguid water contents (0.1 g m™ }, graupel onset apparently is dependent upon temper-
‘ature. Graupel did not form at -5 and -15C but it did form at -10 and -20C. These grau-
pel particles, however, did not reach hail size within one hour. The onset of hail

was observed to depend more on liguild water content

1 0

Eccretion Onset (min)| 2 2 2| 1 1 2|2 1 2| 3 3 6| little effect. Accretion onset
< 5
8

| 2800 than on temperature. As the water content increased,
the hail onset time decreased. Warner [7] has esti-
1000 = J_q e mated that one centimeter hail could develop in rough-

ly twenty minutes. This is within the range of hail
\\\ onset times presented in the accompanying table.
’///f itations to the diffusion growth parameterization.

A separate model simulated the growth of capped
’f,/’:’ The evolution of a capped column is illustrated in the
@ R accompanying figqure. The column grew for 20 minutes

3
T

AXIS SIZE (MICRONS)

columns and spatial dendrites by applying simple lim=-
at approximately -20C. By this time, it had accumu-~

- lated enough mass to settle into a plate growth region
where the rapid growth of the a-axis was limited tc the
1ol- ends of the column,
The diffusion growth parameterization was used in
§ a supercooled-fog clearing model. In this model ice
¥ b TN | . . .|l crystals grow at the expense of the fog liguid water
! (T IRrE w in conditions of varying supersaturation. The model
results were found to agree favorably with several doc-
EVOLUTION OF A CAPPED COLUMN umented fog-clearing operations [5].
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GROWTH RATES OF ICE CRYSTALS GROWN FROM THE VAFOR

by
Denrds Lamb
Cloud Fhysics Group, Atmospheric Sciences Department
Jnivergity of Washington, Seattle, Washington

INTRODUCTION

The growth of ice in the free atmosphere is known to be important to the initiation of precipitation
by the Wegener-Bergeron mechanism. The rates at which vapor molecules are incorporated into the lattice
of a given ice crystal governs the rate of accumulation of mass and also the growth habit. The inter-
dependenca of the habit and the mass growth rate then determines the intensity of the instability implied
by the Wegener-Bergeron mechanism and the fall speed of the individual crystals, These factors ultimate-
ly depend upon the rates of advance of individual crystalline faces which are limited both by the pro-
cesses occurring in the environment and those taking place on the growing surface itself. In order to
better understand the microphysics of cold cloud precipitation, an attempt is made to separate the rela-
tive importance of the various transfer processes.

EXPERTMENTAL APPARATUS AND PROCEDURES

A laboratory study of the linear growth rates®™ of the prism and basal faces of lce has been carried
out. .Ice was grown on ths stage of an optical microscepe in the vacuum chamber shown im Fig., 1. The
chamber was machined as a unit of stainless steel and immersed in a circulating bath of methanol. Two
o-rings sealed the glass plate and a comnection plate to the chamber. A small semiconductor thermo-
electric element was sandwiched between two copper plates. The bottom plate made thermal contact with
the bath and the upper cylinder distributed the heat evenly over the area of the growth substrate. The
electrical current through the thermoelectric slement was controlled electronically to maintain the
temperature of the substrate constant to within tO.OOlQC relative to 4 refersnce chamber mounted in the
primary bath, An independent control of the chamber pressure was effected hy measuring cthe pressure
relative to the same reference chamber containing ice and contrclling the currvent through a stainless
steel heater tape imbedded in the moat ice: Such a "double differential" contreol could provide a net
control of the excess pressure to about 10%. _

Initially the chamber was evacuated toc an estimated pressure of Lx-Hg (about lab) with a mechani-
cal oil pump applied to the vacuum system. After outgassing at sbour 100%C overnight, the bath tempera-
ture was lowered to about 0°C and water distilled into the chamber under vacuum from a8 source of pre-
vicusly distilled water. When snough water had been collected in the meat, the temperature was lowered
further and the liquid frozen. Crystals could then be grown on the center stage by suitably contrclling
the differential temperature and pressure,

The linear rates of advance of individual crystal faces were measured by following the edge of the
face where it intersected the substrate. The orientation of the face was determined by noting the angle
at which the Incident light beam was peflected specularly into the microscope. This allowed the calcu-
lation of linear growth rates normal to the crystal surface.

—
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Fig.! Subsirate Chombaer

RESULTS

By introducing air into the chamber at various partial pressures below 1l atmosphere, it was found
(Fig. 2) that the growth rates tend to follow a 1/P relationship (sclid line) on the average, although
the individual curves are consistently concave upward at pressures higher than about 10 mm-Hg, The
essential features of the data may be explained qualitatively as follows. At very low pressures, where
the inactive constituent (air) makes up only & small fraction of the vapor phase, the growth rate is
largely controlled by surface kinetics and hear transfer and is not greatly dependent on pressure, As
the partial pressure of the inactive gas is increased, diffusive resistance Increases and progressively
diminishes the net Flux cf molecules to the growing surface causing a 1/P dependence of the growth rate
on pressure. This behavior is consistent with the pressure dependence of thé vapor diffusivity. At
still higher pressures convection currents within the chamber tend to offset further decreases of mass
fluxes due to molecular diffusion, leading to a more gradual fall off of the growth rate with pressure.
At least to a first appreximation then the environmental air seems te modify the growth rates by merely
reducing the net flux of vapor molecules which impinge on the surface. Interactions with surface
kinetics can probably be ignoved.

Messurements of the linear growth rates in pure vapor as a functiop of temperature between -49C
and -18°C are shown in Fig, 3, The measuvements were made on Individual crystal faces at constant
excess vapor pressure &8 the temperature was changed linearly with time, This technique preserves the

#The term "linear growth rates" refers, as in many works on crystallization, simply to the time rate of
change of the position of the interface. Linear rates are to be distinguished from mass growth rates.
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identity of the crystal face and tends to minimize the scatter in the data. The thin solid lines re-
present smoothed averages of the various data runs and indicate the likely temperature trends of the
"inherent' growth rates of prism and basal faces. (The "“inhersnt! rates refer to growth governed by
surface kinetics and not by vaper or thermal diffusion.)

Direct extrapolation of these data to atmospheric conditions may not be justified on several
counts, but it is interesting to apply the results tc growth of an ideal hexagonal prism. A simple
integration of the growth rates of prism and basal faces at a particular temperature over the area of
the prism yields a value for the total rate of m2ss accumulation. Repeating rhis spacidl integration
at different temperatures, one obtains the "inherent" temperature dependence of the mpass growth rate
which is shown by the heavy solid line in Fig. 3.

If this hypothetical crystal were to grow in stationary alr by diffusive fluxes of vapor, the
growth rates of all faces would be reduced in accord with a reduced mass transfer ccefficient. At the
same time, however, the non-uniform distribution of molecular fluxes that would be seét up over the
different faces would lead to enhancements in the crystal habit., That is, if at a particular tempera-
ture the "inherent" habit were "plate-like," then, the growth habit in a diffusion field would bacome
even more "plate-like'; likewise, inherently columnar crystals would become relatively longer in the
diffusion field. Considering a range of temperature the effect would be to intensify the remperature
dependence of the habit. Similarly, the overall mass growth rate would be greatly reduced by growth
in a diffusion field, but, because of the intimate link that exists between the crystal habit and the
distribution of vapor fluxes, it is very iikely that the temperature dependence of the mass growth rates
would be enhanced as well.

The concept of such enhancements of habit and mass rate peaks seems necessary to bridge the gap
between surface kinetic processes and environmentsl interactions. A significant point, of course, is
that the kinetics need only account for a fraction of the total effects observed with crystals grown
in a diffusion field. It may be enough, for instance, that the "inherent" growth rates of a prism
face exceed that of a basal face at a given temperature by only & factor of two in order that the pri-
mary habit of an ice crystal grown in air have a leogth to width ratio of 10 to 1.

The ideas expressed here have been purposely simplified by considering the most basic geometry
applicable to vapor grown ice c¢rystals. The enhancement factors would bscome very complicated with
other crystal geometries, but very likely larger and of greater significance. It is not claimed that
the growth rate data used here are strictly applicable to the real atmosphere, but the analysis does
show that inherent mass growth peaks do very likely exist at some temperatures and that these peaks,
as well as the crystal habits, should be enhanced., Relatively small differences in kinetic parameters
on different faces can thus lead to the profound variations in the crystals with temperature and super-
saturation that are observed in the real atmosphere.
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ON THE TUMBLING OF SPHEROIDAL HATLSTONES

Reoland List, P. R. Kry and U. W. Rentsch
Department of Physics, University of Torontc
Toronto, Caneda

1. '‘ROBUCTIOR

The most commonly observed hallstones can be described as oblate spheroids aithough their two majer
axes may differ someéwhat. Simple free fall experiments in water tanks (List, 1959) have shown that
these hydrometeors fall in the direction of the minor axis. The question now arises: why do they have
a symmetry plane perpendicular to their fall direction? What mekes the hailstone turn over and over
asgain to achieve this symmetry?

This led to experiments by Lozowski (1967) and Byram (1969) on the drag and 1ift Forces and
stabilizing torques of sphercidal particlies in a wind tummel. But nothing was inferred sbout tunbling,
mainly because the models were not glven rotstionel fresdom. Therefore, spheroldal hailstone models with
this freedom sbout e verticsl major axes were testsd in a herizontal wind tunnel.

Tre following Pergmeters might determine the resultgnt rotational motion: magnitude of Reynolds
numbers Rej turbulence csused by shadowing due to other similar bodies; turbulence as such; spheroid
axie ratio; particle roughness; asymmetric protrusions and ccllisions with cther heilstones. The last
factor might be the only mechenism for turning over hailstones st lower Reynolds mumbers.,

The experiments described in this peper desl only with angular motiors in free flow and with the
effects of the wake of a disk (shadowing) on this motion.

2. EXPER AL SETUP

The model wes a smooth 17.8 em dimmeter wooden spheroid with axis ratio 1:0.67 whleh was mounted in
a wind tummel with a velacity range 0-50 m/sec snd a cross section of the messuring section of 60 x &0
em. The disk ussd for shadowing was 17.8 em 4in dlameter and pleced 3 diameters in frant of the gphere in
three positions: full shadowing (center of disk and model on axis of turnel), half shadowing (center of
diex displaced one radius to the side), and edge shadowing (center of disk displaced one diemeter to the
side). Fig. 1 shows the velocity and turbulance profiles three diameters behind the disk for full shad-
owing. The profiles are nommalized to the free stream velocity from which ths corresponding Reynolds
nunber was calceulated.

. S OF ION

If left undisturbed, the model maintained its stable equilibrium except in the ceses of shadowing
where small smplitude oseillations (20° peak to pesk) occasionally ccourred spontanecusiy for Fa s b x 15?
Therefore, to initiate motion, the model was deflected by & known engle end released. Three types of
motion could be observed: uni-directional rotation, interrupted rotations, or damped or continucus pscile~
lations. In uni-directional rotation, the model sither rotated (a rotation is & turning through at least
180%), or oscillated with increasing swplitude until it roteted. In the final phsse it either stopped
rotating and oscillated —o squilibrium or continued t¢ rotate, apparently indefinitely. In interrupted
rotations; the model rotated at least once and then oscillated before rotating again, in the same or op-
posite sense. It then either stopped rotating and oscillated t¢ eguilibrium or continued to carry on its
interrupted retating. The third ¢lass of motion was only osecillation, either damped ta equilibrium or to
the small amplitude oseillations which cecurred spontanecusly.

The physical differsnce between these three motions ig the magnitude of the difference between the
amplifying forces and tha damping forces which control the motion. In uni-directionsl rotation this dif-
ference 1s at its greauest.

The frequencies measiired for the osciilstions and rotations varled from 0.5 to 4 hz, but it is dif-
Ticult to assess the friction and bending of the suspension system and fo extraspclate t.he frequency
range to natural hailstones. From movies taken by parachutists when fcllowing freely falling model hail-
stones, it is known that tumbling frequencies in a similar Fe range are of the crder of 15-20 hz (pri-
vate communications by Dr. Charles Knight, NCAR).

L, MOTIONS IN FREE STHEAM

Fig. 2 gives the results of the measurements of the relative ccouwrvence of two classes of motion as
a function of Reynolds number for various deflection sngles in the free stream. Initisl deflections of
259 always led to damped oscillations. In more than 75%_of the cases gnit.ial deflection angles * 45°
initiated uni-directional rotation in the range 1.5 x 10° < Re<l x 10 At the 1awes§ Reynolds numbers
the rotations cessed after one turn, while gt the high Reynolds rumbers (Re > 3.5 x 107) effects due to
the support may have stabilized the spheroid.
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5. EFFECT OF SHADOWING ON MOTION

Fig. 3 demonstrates the effect of shadowing.
Although the motion for edge shadowing and half
shadowing is sustained, the motion for full shed-
owing ended in small smplitude oscillations,
which also occurred spontaneously. The rotation
in the case of helf shadowing and edge shadowing
was caused by the difference in velocities on
each side of the model. The shift to higher
Reynolds numbers of the curve for full shadowing
is due to the fact that the Reynolds number was
based on the free stream velocity and not on the
actual reduced velocity the model was exposed to
beceause of the shadowing. The chief conclusion
to be drawn from Fig. 3 is that shadowing and
essociated turbulence demps out any rotetional

motlon.
§ . CONCLUSTIONS

Static torques on fixed spheroids do suggest
that the spheroid hes one position of stable
equilibrium. However, when the spheroid has &
rotational degree of freedom, there are processes
which can cause spontanecus oscillations or
amplification of oseillstions leading to ro=
tations. Rotations tend to be damped by shad~
owing and the assoclated turbulence. 1In the free
stream, rotations are quite li.kgl.v for sufficient
initial deflection and 1.5 x 10°<Re < h x 107,
Collisions with other hallstones are a iikely
cause of the initial deflections, but there are
conaiderable problems in trying to caleculate
realistic collision rates.

In summary, it cen be said that very large
spheroidal hallstones can tumble in & continuous
fashicn. To what extent this is caused by a
'spring' effect of the weke is pot known at
present. But there is no way yet to explain why
small ellipscidal hailstones alisc dc exidibit =
symumetry reguiring tumbling. It may be that
surface roughness,eccentric protrusions or dif-
ferent positions of rotation axes could explain
tumbling at Reynolds numbers as low &s 2 x 107,
Concerning the validity of wind tunnel exper-
imente for the explanation of the free fall
behaviour, it is our feeling that an improved
suspension system would provide dats not tog
different from free fall,
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Figure 1. a) Velocity profile reélative to & free
stregm velocity of 25.3 m/sec three diameters be-
hind disk for full shadowlng. b) Turbulence profile
for same conditions.
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THE ELECTRIFICATION OF SEEDED AND UNSEEDED CLOUDS

Paul B. MacCready, Jr,, and Donald M. Takeuchi
Meteorolug_‘y Research, Inc., Altadena, California

INTRODUCTION

A summary of domipant electrification mechanisms, with special application to Flagstaff clouds,
is given by Latham and Stow (1969), They concluded that of the various existent theories, there are
only two which are not inconsistent with the data obtained in field investigations at Flagstaff. Both
these mechanisms are related to the development of precipitation. One mechanism is the Reynolds-
Brook process. In this, the development of charged hydrometeors and hence potential gradients is
found greatest when three types of particlées co-exist: supercooled droplets, ice crystals, and larger
ice hydrometeors. The other mechanism, proposed by Miller-Hillebrand, provides enhancement of a
field as small ice crystals bounce off the bottom of falling larger ice hydrometeors. Seeding, by
directly altering the cloud particle situation, would be expected to alter the buildup of electrification.

In the summer of 1969 data on particle types, charges, and potential gradients were obtained
during sequential traverses at about the -10C level for various unsecded and seeded convective clouds
at Flagstaff, Arizona., Interprstation of these data sheds further light on the mechanisms of electrifi-
cation of these clouds, The results are consistent with the conclusions of Latham and Stow and add
more information to supoort inferences about the possible effects of seeding, More details about
instruments, observations, and interpretation are given in the report to the sponsor (Ma¢Cready, P.B,
Jr., and D, M, Takeuchi, Cloud Electrification at Flagstaff, 1965, MRI 70 FR-901, MRI Final Report
to U, 8. Forest Service on Cont, No, 26-2298, January 29, 1970).

A SUMMARY VIEW

Figure 1 provides an overall look at observations in all the eight clouds for which the data are
reasonably complete. The electrification plotted is the maximum vertical gradient over any 300-m
section of the traverse, When lightning is observed, the trace is erratic; then the data points on
Fig. 1 are arbitrarily put at 1000 volts/em. The precipitation factor (CR) is the integrated ice
phase precipitation as aecertained from the aluminum foil impactor on the Aztec aircraft, totalized
from the start of precipitation. The precipitation was primarily gratpel. Tho techniques of handling

this hydrometeor sampler data are given by
[ ® = Takeuchi (1969). CR is derived from (massiX

a s
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} y ! \ {still air falling speed) of the ice particles, with
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diameters exceeding 200 um, at the traverse
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T 1000

altitude, for a circular cloud of the observed
cross section dimension. These ice particles
have grown by riming and rmost are falling, and
so CR can be deemed an approximate measure
of the total riming above the flight altitude. All-
water precipitation was sometimes present but
was relatively rare in the cloud studied.
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the integrated precipitation, CR, with the sugges-

,’ tion of a trend along a slope of 3 for the curves

for the various cases, Based on the limited data

= in Fig. 1, if CR exceeds 2.5 mm, there is light-
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Fig, 1. ELECTRIFICATION V5, PRECIPITATION
FACTOR

Cloud G CR <0.7 mm, PG <1 volt/cm
Cloud H CR < 0.07 mmm, PG <1 volt!_cm
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ELECTRIFICATION MECHANISM

Figure 1 shows that certain clouds required larger CR values than others in order to develop the |
samne strong electrification. Many cloud physics and cloud evolution variables were examined in an
effort to see if there was some obvious factor to explain this: liquid water content, size of ice hydro~
meteors, number of small ice particles, initial cloud diameter, timing between firstice andlightning,
etc. Of all the factors studied, only R', the ratio of the number of small ice crystals (180 to 250 um
dia, ) to large ice hydrometeors (>250 uym dia.), seemed to be capable of explaining the horizontal
spread on Fig. 1 of the four lightning clouds A, B.C, and D. By the Reynolds-Brook or Miller-
Hillebrand theory, the possibility of good electrification would require a big CR value (lots of riming to
permit hydrometeor growth, and a good fall of hydrometeors to separate charge areas); then,if this
possibility for electrification exists, the presence of many small crystals would serve to produce
strong electrification, Of the four clouds with large CR values, Cloud A had the largest R' ratic (54),
while D had the lowest R' ratio (2.1), and B and C were intermediate (18 and 19). Although R' was
large for clouds E,F,G, and H, CR for these was low.

The observations do not permit deciding whether the Reynolds-Brook or the Miiller-Hillebrand
mechanism is the more likely., Each requires the coexistence of large ice particles and small ice par-
ticles, plus the presence of supercooled droplets at some stage in the precipitation development.

Order of magnitude calculations suggest that an ice hydrometeor-related mechanism of potential
gradient development may be adequate to explain the electrification required for causing lightning. The
charges on the hydrometeors on the average are 5 or 10 percent of the maximum such hydrometeors
can carry (see Latham and Stow, 1969, for measurements, and MacCready, 1959, for calculations), and
although both signs are usually found in the same region, there is ordinarily a prepcnderance of one
sign or the other. A net charge of about 0,35 coulombs will be transported per km® by 1 mm of pre-
cipitation. For a 20-km® cloud and 5 mm of cumulative precipitation, with a 3-km spacing assumed
between dipole centers, an electrical dipole of over 100 C km will be established, which is average for
lightning discharges. In the real cloud systemn, some charge centers which are initially separated by
hydrometeor gravity-fall can be expected then to be more rapidly separated by the faster relative con-
vective motions, and influence charges collected at boundaries will be stirred into the cloud system,
Thus a simple precipitation-based hypothesis cannot be expected to give the whole picture with accuracy,
but our evidence argues that a dominant role in the initial strong electrification is played by a mecha-
nism related to the growth and fall of ice hydrometeors in regions with small ice crystals.

SEEDING CONSEQUENCES

Even assuming a Reynolds-Brook or a Miller-Hillebrand mechanism to be the only significant
electrification mechanism, the effects of seeding on the electrification should not be simple to summa-
rize, There are many factors which are involved in determining CR and R' -~ environmental stability,
cloud size, stage of cloud development, characteristics and efficiency of seeding technique, natural
nuclei, etc, Six of the eight clouds studied were seeded (A, B, C, D, G, H), and they demonstrated the
expected complexity of effect. Some of the seeding was too limited and/or too late to cause appreciable
artificial effects (C, D, G), while some of the seeding caused overseeding and almost complete glaciation
(B,H). In the overseeding cases, the electrification was weak in the overseeded region, but was strong
in cells at the edge of this region (B), or strong in subsequent peripheral cells (H).

We conclude that in almost any circumstances, the initial effect of seeding is likely to be an
increase of electrification, as ice crystals and hydrometeors are developed earlier than without seed-
ing. If the seeding is continued in such a way as to overseed the cloud and decrease the amount of
supercooled water to well below the natural quantity, then the development of strong electrification (as
well as precipitation) should be inhibited in that area.
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THE ANALYSIS OF A HAILSTONE

W.C. Macklin', L. Merlivar’ and C.M. Stevenson
Ipepartment of Physics, University of Western Australla, Nedlands, Western Australia.
2Meteorological Office, Bracknell, Berks., England.
3centre d'Etudes Nucleaires de Saclay, Saclay, France,

INTRODUTTION

On 1 July 1968 a severe thunderstorm developed near Cardiff, Wales and produced hailstones whose
maximum dimension exceeded 7em. One of these hatlstones was cut Into thin sections and two adjacent
sections on either side of the growth centre were analysed. UOne section was used to obtain records of
the air bubble and cryszallographic structure, and the isotepic composition of the other was determined
as a function of radius. ¥From the available meteorologlecal datas a sounding was constructed and from this
the pressure and temperature of the cloud base were estimared o be B70 mb and 15.3° C.

RESULTS -and DISCUSSION

A schematic dlazram of the ailr bubble structure of the hallstone section is shown in the top
right of Fig. 1. Outside the central core the stone {s divided inro five main layers of alternately
clear and opague (bubbly) (ce. The [irst opaque layer {4 guite thin while the second 1s much thicker
and denser. The crystal layers, as indicated by crystal size, colncided exactly with the bubble layers
and thére was d change 16 size from & few mm to & fow tenths of & millimetre gs the ice changed from
clear to opague.

The deuterium aad 0L8 composition of the adjacent hallstone section was measured using the
techniques desceribed by Merlivar et a1, {1}, The results of the deuterium analysis are shown in Fig. 1.
The deuterium values relative to Standard Mean Urean Wster, ‘D , are glven in parts per thousand and the
standard error is 20.7 “/oo .

Because of the relativelv large number of variables invelved (droplet vemperature, slze, con-
centration and impact gdseed) it Is possible to glve enly rather bread {nterpretations of the bubble and
crystalline structures. However, the isotopic data does permit a unique {nterpretation 4f it is assumed
that the ascent Is adlanatic. There ls then conservation of each molecular species and it is possible

to show that L
in. + amvtxno

v
4 N <y (§}]
DL - '“v;ﬂmo
where 4D, is the deuterium value in the droplets at a given heighe, anl thar in the Initial water
vapour he%are condensation, a (s the isotopie separation facrer, e = % -1 + m, 4s the mass of

vapour condensed and m, the total mass of water substance in the ascending alr. o 1s known as a
Eunction of temperature and m¥ and my @an be nhtained from the Sounding.

To construct a curve o B, wersus height [t wae asssumed that the lowest 4D value measured
was produced at an air temperature of -35" C. From the data in Fig. 1 a rrajectory for the hailstone
was then determined. This Ls shown In Fig. 2 and Lt (s evident that the stene underwent at least two
ascents In cloud. From the trajectory the rate of pise of the stone was ascertained and updraught
profiles calculated assuming thar the cloud water concentration was adisbatic (Fig. 3). For comparison
theoretical updraught profiles deduced from the sounding using the extended parcel method are also shown.

The bubble and crystalline structures of the hailstone can be broadly fitted inco the growth
history outlined above and are consistent with Brownecombe and Hallett *4(2) scheme for the opacity of
accrated ice and with Levi and Aufdermaur'=(3) experimentsl data on crystal size. Brownscombe and
Hallett suggest that the transition from clear to opaque ice occurs slightly in the wer growth regime at
a temperature of about -220C. This 1& close to the temperatures at which the ice became opague in the
first and second ascents, Near the wet growth limit Levi snd Autdermaur find that the transition from
large (> Zmm) to medium (between 0.5 and 2rm) or small (* 0.3mm) crystals occurs at an ambient
temperature of about -189C. This temperature is not appreciably different from that inferred for the
growth of the first opagque larger (=219 C). The change from medium to small crystals in the second
ascent also occcurs at abour this remperature.

The present analysis has shown that from rhe isotapic composlition of a hailstone it is possible
to infer the air temperature, updraught speeds and approximare cloud water concentrations experienced
by the stone during its growth and hence cbrtain a Urajectory compatible with its inmternal bubble and
crystalline structures. The advantage of the Isotopic method of analysis is that the ambient temperature
ts virtuslly the only variable involved in the interpretation of the data. The analysis ﬁonffrms a re~
cycling process of the nature envisaged in the severe storm model of Browning and Ludlam{ ) and the

caleulated updraught profiles are In reasonable agreement with those Inferred from the extended parcel
theary.
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Fig. 1. The measured values of 4D as a function of hallstome radius. A spherical model of the stone
is shown in the top right corner and the symbols used for samples From the various layers are
as indicated. The opaque layers are hatched.
Fig, 2., The helght of the hallstone as a function of radius showing the two ascents.
Fig. 3. Updraught profiles deduced for the two hailstone ascents. Included are updraughts deduced

from the parcel method. In the lower of the two latter curves no account has been taken

of the kinetle énergy of the inflow while in the upper curve the average speed of the inflow
has been taken to the 15 m sec~l. The fallspeed of the stone at various heights s shown
for the two ascents.

72




ON THE ELECTRIC CHARGE OF LOW SKOW CLOUDS

By Choji Maegono, Tatsuo Endo and Tadashl Shigeno
Dept. Ceophysics, Hokkaldo Unilversity, Sapporo, Japan

Although snow clouds in the winter season 1ln Hokksldo ere fairly low end ateady,
they scmetimes bring out local thunderstorms. It was, thersfore considersd that the
obssrvation of charge distribution of the low snow clouds would give us some infor-
mation about the charge generatich mechsnism in thundarclouds.

Bacausas 1t was expacted that not only charge distribution but other accompanying
proparties of the elouds wers Important te dlscuss the result of the observation, low
anow clouds wera observed by the usa of many methods, 6.g. by releassling slasctric
charge sondas, electrle field sondes, snow crystal sondes and usual radic sondes,
simultansously with taking photographs of the clouds snd with various kinds of surfacs
obsarvations at a seashore of Japsn Sea, Ishikarl Tewn. A westher radar in the Sapporo
Meteorologlcal Dbssrvatory was also availabls,

Steady snow clouds as shown In Fig.l were landing at the Ishikseri Plain thrcugh
30 Jan. 1969. According to ths radar observation, ths clouds wers of single band type
and wsrae steadlly ovar the obssrvatlon point. Sometimes showerly snowfall occurred.

The four kinds of tha sondas were released from Ishikari Town in the afternocon
around 1,00 (JST) within one hour. The results obtalned are shown in Fig.2. As seen
in the left snd of the figura, s tempersture inverslon was existed near 2000 m alti-
tude which coincided with the top of the lower humid layer. Therefore the height of
the clcud top was esstimated as 2000 m. The wvertical distributien of snow crystal
type 1s shown in she center of the figure. It 1s seen that snow crystals of bullet
type wers pradominant in the upper layer, snd plane dendritic snow crystals were
predominant in the lower half of the cloud. Although graupels were not recorded in
the snow crystal sonds, s showerly graupel fall was cbserved at ths surface sbout LO
minutes before the releasing tha snow crystel sonde.

The vertlical dlstribution of charge on indlividusl snow crystals are shown to the
right side of the crystel distribution. White and black dots mean positive and naga-
tive chargea respectively. It 1s seen that poasltive charge was distributed in the
leyer lower then 800 m altitude, and negative chargs ranged from 750 to 1600 m alti-
tude. A var i?al distribution cf slectric Tleld obtsined by an Altielectrograph of
Stmpson type'l) is shown in the right hand of the figure, where white end black areas
on the curves msan posltive and negative [ield respectively. A vertical dlstribution
of space charge was astimated from the fleld distribution which are shown by + end -
marks In the figurse. It may ba scecepted that the distributicn of spsce charge ssti-
mated from the fleld digtribution sgreedsd very well with that obtained directly by
the ealactrlc chargs scnde.

At the surfaca, positive graupels (o) were observed in ths periocd 13M6™ end
1P0™, then negative snow crystals (s) were predominant betwsen 14P13™ and 15hoom,
es shown st the bottom of Fig.3, Aaiuming that the fall velocity of the graupels and
snow erystels was 1.3 and 0,6 m.sec~L reapectively, the correspondence of slectric
structurs of the cloud te the time cl'umga in the precipitation charges snd the slsc-
tric fisld st the surface ere shown In Fig.3. It ls seen that a local positive was
genarstad on graupels in the laysr warmer thsn -10°C by colliding with snow crystals
which were negative, and the positlive graupels fell down to the ground at first, then
the negative snow crystals reachad the ground surface.

It is alsc seen that the mlrror image relation held betwesn the slectric charge
end the surfaces field. At first 13N,0™ when positive graupels were mpproaching the
surface, = positive fleld was observed. Then negstive field was established because
positive space charge was removed from the eir. This forms the mirror image relation,
then ss negatlve snow crystals fell to the ground, iIn other words negative space
charge was removed, a positive field waes establlished st the surface.

Refarance
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Fig.l Side view of a typical low snow cloud which measured.

A mark : observation polnt, Ishikari Town.
30 JAN.'69 ISHIKARI
3 ; Y
g o 2 i
S SRV it i i
g Q » 7 r r +
Laoso Lo & g
o B
. TEMPERATLRE é g? %5 5
- £ (s
5 R oy e % e
z %‘-'¢ : u!. :
= 0 ek e
& g‘:gw a*
¥ Fvoo .t *
{"%.1
4 :: R L
" N " : :ii o
®OO® P} : 2 o -
UD~SONDE SNOW CRYSTAL mn:m} ALYI-ELECTROGAAPH (1403 )
(1448)
Pig.2 Vertical distribution of air temperature, relative humi-

dity, snow ecrystal shape, elesctric charge and electric
Tield of a low snow cloud.

4 S INTHE 4
Tapt 30 JAN'6S
e 7 /--FIELD 1N THE AIR
-
EW
g
x
SO0
%
>
g TvE
i - o
C) |
g BTN 0L
< g oy o%led i L A L 1o Row =
GRALPEL T s Jear e o...\{‘.:_’__/J &
L L T
00 BEGINING OF SNOWRALL FLARES i

Fig.3 Blectric structure of the snow cloud and corre-

sponding time change i1n preclpltation charge
and electriec field on the ground surface.



ON THRE CRYSTAL SHAPE OF SNOW AND ICE CRYSTALS
IH THE COLD TENPERATURS REOION, PART I

: By Choji Magono
Dapt. Geophysics, Bokkaido University, Sepporo, Jepen
It is frequently observed that snow and ioe crystala do not into eingle

crystals but Into polyerystals, e.g. combination of columns or bullets, irregular
combination of columns and plates, and side plane in the temperature region colder
than -20°C. Among them, ths snow ery:tti of side plane type as shown in Pig.l is the
most interesting. Recently Dr. Kikuehi ) found snow crystals of strange types which
were considered to be a kind of sids plans type, as shown In the upper half of Fig.2.

As a first step of study on snow crystals of the complicats polycrystalline in
the colder temperaturs region, it was undartaken to dastermine ths opticsal axis (c-axis
of individual plates of snow cryatals of side plans type, utilizing verious methods as
follows.

1. Polarization microscope.
2. Shsps of thermal atching plts on the plats.
ﬁ. Apparent shape of the plate.
. Cprystal type of branches which extend from the plate.

i As s regult, it was found that thers wers two types in the snow crystal of so
called side plane. COCne is composed of crossed plates whose c-axes are always perpen-
dicular to the plane of the platsa, as shown in Fig.3. In this case, the snow crystal
l1s polyeryastallinse. The snow crystal of this type will be named as "ecrossed platas"
in this paper. The other 1lg composad of & columnar crystal and s side plane which
extands from the prism plane of the columnar crystal. In this cass, the snow erystal
is a single crystal, bacause the c-axls of the sxtended side plans is the same as that
of the columnar crystal, as shown in Fig.li. Ths snow crystal of this type will be
named aa "extended side plans'.

About the formation mschaniam of snow crystals of thoss two types, followlng con-
slderation was mads. If a snow crystel 1s composad of two singles crystals of different
c-axes in 1ts sarly stags, plates develope elong s-axes plans %basll plane), then
"erossed plateas" 1s formed, as shown in Fig.3. The platess cross sach other with sbout
a right angle. If a prism plane of & e¢oclumnar crystals sextends from the column, a
"extended side plane" 1s formed. When the snow crystal is composed of two scrolls in
its sarly stage, the developed shaps will be as shown in Fig.li. In this case, the
anow crystal of oourtz is & polycrystal,

When Dr. Nakaya ) found snow erystals of so callsd sids plane type, he con-
sidered that the side plans waa & extension of a priam plsne of & column, therefore he
named this type as extended side plane. Howsver, aa the example ¢f this type, he
showed snow crystals of "crossed plates typs" in the present psper, as shown in Fig.l.
According to the result of determing c-axes, snow cryatala of slde plane which extended
from grium planes had the shspe as shown in the upper half of Fig.2 or in Fig.l.

atural snow crystale of orcssed plate typs or extendsd side plane type are
obssarved together with eolumns or bullsta. In cass of the lsboratory expsriment also,
snow crystals of those types ars formed on a rabblt hair common to columns or bullets.
It {s, therasfors considersd that the formation condition for the crossed plates or
extendsd slde plane is near the same asm thoss of columns and bullets, meteorologlically.
Very local but unknown factors may be related to thes formation of crossed plates or
extanded side planse.

|

Raferencea

(1) Xikuchi, K., 1969: TUnknown snd peculisr shaps of snow crystals observad at
Syowa Station, Antarctica. Jour. Fac. Sci., Hokksido Univ., Ser.VII, 3,

PP.99-116.
(2) Naknya,sﬂ., 1954 : Snow Crystals, natural and artificlal. Harvard Univ. Preas,
p.63.

75



0.1 MM

Fig.1l Snow erystal with
crossed plates.

Fig.3 C-pxes of a snow
erystal of crossed
plate type.
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Snow crystal wlith extended
side planes which 1s
combined with bullets.

Fig.li C-axes of a snow crystal
2f sxtended slde
plane type.




RUMERICAL MODELING OF HAILSTONE GROWTH

by

D. J. Musil and A, S, Dennis
Institute of Atmospheric Bclences
South Dekota School of Mines and Technology
Repid City, Bouth Dakota

1. INTRODUCTIOR

This paper considers hailstone growth with the 8id of three numerical models describing microphysi-
cal processes, The models do not account for possible feedbacks of microphysical processes upon cumulus
dynamics; nevertheless, they shed 1light upon several aspects of haflstone growth. They also permit an
agsessment of & simple conceptusl approach to hail suppression, nsmely, the glaciation of supercooled
cloud water at higher temperatures than normal for hail-producing clouds.

The three models in order of increasing complexity are: 1) the grovth equations model, 2) the
feeder cloud model, and 3) the hailstone screen model. These models are discussed briefly in the
folloving three sections.

2. OROWTH EQUATIONS MODEL

Musil has d *ved equations governing hailstone growth in the presence of supercooled cloud water
‘and ice crystals 2), as long #s & hailstone is able to dispel all the letent heat of fusion assoclated
with mccreting cloud droplets or raindrops and maintein a temperature below OC, growth occurs in the
dry state and all accreted vater is lncorporated into the hailstons. If the hailstone is colliding
with many liquid droplets and the smblent temperature is not far below 0C, the temperature of the

stone may rise to OC and a film of water appear on its surface, This is the wet growth condition. It
is assumed in the present model that excess water is shed and thal no spongy lattice is formed. In
that case the wet growth rete is dependent solely upon the rete at which heat csn be transferred from
the hailstone to the environment and i{s independent of the liguid water concentrstion in the environ-
ment. Hailstone growth in a mixture of ice crystels and superccoled cloud droplets is faster than in a
cloud consisting entirely of supercooled water, other things being equal, because some of the latent
heat of fueion relessed by the acereting cloud water Ls used to warm the ice crystals from the ambient
temperature up to OC.

The growth equations yield the growth rate for a hailstone of any size in environmentsl conditions,
Both vet and dry growth rates are computed and the smaller of the two is assumed to apply. The maximum
growth rate occurs at the transition point from dry to wet growth.

The model has bean applied to an "unseeded" cloud in which the water content follows the adiabatic
values for & day on vhich hail wvas observed at Rapid ({'i y and in wnich the cloud water freezes between
-20 and -L0OC in & nonlinear fashion suggested by Valil3), fThe maximum growth rate cccurs at tempera-
tures around -25 to -28C, the examct value depending slightly upon hallstone diameter. The temperature
at which the maximum grovth cccuras falle as the concentration of supercocled water increases, so that
in some hail-producing clouds it may occur at temperaturss belowv -30C.

Howell has suggested one mimple conceptual model (among othera) for hafl suppression in which
suppression is achieved by glaciating the supercocled cloud water, thereby slowing hailstone growtbfl) .
Weickmann® has argued conversely that the conversion of droplets to ice crystals might speed the
growth of hailstones, for reasons noted above. Some insight Into the relative merits of the two points
of viev can be obtained by comparing results of the growth equetions model for s 'seeded" cloud glaci-

ated between -5 and -250 to those for the unseeded cloud. The seeded cloud shows three important changes
with respect to the unseeded cloud:

1) The region of maximum hailston= grovth rate ls moved to near -15C, i,e., downward in the cloud.
2) Maximum hailstone growth rate i3 smaller {n the sesded cloud than in the unseeded cloud.
3) Apprecisble hailstone growth rates are limited to s region of smaller vertical extent.

These results suggest that the concept of hail suppression through cloud gleasiation has some merit.

3. FEEDER CLOUD MODEL

It is impossible to calculste from the growth equations model how much & hailstone will grow in
passing upward or downwerd through 2 cloud without teking into mccount updraft speeds and hailstone
terminal velocities to determine the time spent at the various levels, This has been done with a one-
dimensional time-dependent model of a feeder clond. A feeder cloud begins as & small cumilus cloud

*Private comminicntion.
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in the vicmit.y of u I:ulutm and grows Ptpﬂly ss it spproaches and merges with the main storm.
i1 has traced the history of bhail embryos rasging from k0 to 1000 Tigronl dimmeter introduced into
the feeder cloud model at different elevations and at different times(2).

The feeder cloud model can be considered as defining the environment experienced by a hailstone
-slong its trajectory rather then as a description of a cloud. It is equally applicable to embryos
carried inward toward the core of & three-dimensionsl hail cloud and, therefore, subjected to increasing
lupdrms with time. Inwvard motion occurs below the level of maximum updraft in all convective clouds
‘and might also occur on the upshear side above the level of maximm updraft.

' Musil considered glacietion of cloud water to oeccur between -20 and -hOC (an unseeded cloud). We
{have investigated hypothetical effects of seeding by assuming glaciation to occur between -5 and -25C.
r:u:pnring the hailstones produced in this case with those produced in the unseeded cloud confirms
expectations based on the growth equstions model. Bmbryos of most sizes introduced at a majority of
ipoints in the seeded version of the feeder cloud model result in smaller hailstones falling from the
cloud base than they would produce if introduced at the corresponding polnt in the unseeded cloud model. '
Some exceptions occur in the case of embryos reaching the upper limit of their trajectories near the
=10C level in the seeded cloud,

L. BAILSTONE SCREEN MODEL

To this point we have taken no account of competition among hailstone embryos or hailstones. This
lack is less serious than might at first sppear. The growth rate of a hailstone {8 not affected by
those above it nor by thoee located to one side, but only by those located below i{t, The hailstones
below make their presence felt by removing some of the supercocled cloud water blowing upward past them
so that their effect upon a particular bailstone under consideration is completely expressed in the ice
and water budgets.

Consider a screen of hailstones balanced near the top of & cloud with the largest ones at the
bottom of the screen. The decrease of the updraft with height implies horizontal divergence of the air,
which must be shared by the precipitation and the cloud particles present. However, as the hailstones
are balanced by the updraft they do not share in the vertical convergence of the air motion. In a
steady state situation, the only factor offsetting the horizontal divergence is sccretional growth.

One can determine under what conditions accretional growth offsets the horizontsl divergence.
Heglecting the presence of cloud ice and assuming dry growth, this requires

D3 p?
"0 ,n...l'i_.vt.x (1)

(DIV)yy = W «

where (DIV)xy is the horizontal divergence, N is the hailstone concentration, p is hailatone density,

D is hailstone dismeter, Vy is hallstone fall epeed, which in this case equals the local updraft speed,
and X is the cloud water content. Examination of (1) shows that the balance between sccretion and
horizental divergence depends on hailstone diameter snd cloud water content, but is independent of
hailstone concentration. For typical conditions, increases in mass eoncent.ration with time are possible
only for stones under 1 cm dimmeter, and concentrations of larger hailstones decrease with time. This
reduces the possibility of competition among the largest hailatones growing in the updraft, although
stones moving upward from belov the updreft maximum could offset this tendency tc some extent.

Competition enters when conditions at more than one level ere considered, because the concentration
of hailstones at one level controls the cloud water content at higher levels. The situation has been
modeled in a computer with hailstones making their way downward through the updraft eas they grow by
accretion but subjected all the while to horizontal divergence. After each time step, a fraction of
the hailstones at each level are moved downwvard to the next level as a result of growth and the concen-
trations of bhailstones are adjusted for horizontal divergence. Cloud water concentrations are adjusted
for condensation, horizontal divergence, vertical convergence and losses by accretion. The results show
that in a cloud with sdiabatic water content most of the hailstones would exit from the updraft with
diameters around 1 ecm. This agrees with the median diameter observed in many hailstorms. Of course,

a few stones would mske their way downward near the storm core so that the maximum updraft still provides
an indication of maximum hailstone diameter to be observed in s storm.

Work is in progress on the effects of artificial glaciation of the cloud wvater upon the ultimete
hailstone sizes achieved in this model.
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EXPERIMENTAL STUDIES OF FREEZING, WAKE EFFECT, AND BREAKUP
OF FREELY SUSPENDED SUPERCOOLED WATER DROPS

Jdohn D. Spengler and Narayan R. Gokhale
State University of New York at Albany
AMbany, New York 12203

INTRODUCTION

A large vertical wind tunnel (1) was used to suspend 2mm to 5mm size water drops. The inter-
action of these suspended drops and their freezing were studied at ambient air temperatures from +3°C
to -27°C. Thousands of drops have been obsarved freezing and interacting with drops of the same size
or impacted by smaller droplets. Some of the resulting ice pellets were collected, photographed and
measured. Approximately 10,000 feet of high speed movies were taken at framing rates from 500 frames
per second to 2,000 frames per second.

FREEZING OF SUPERCOOLED DROPS

Type of freezing

There are essentially three distinct types of temperature dependent freezing (2).

1. Upon slow freezing in the temperature range 0 to -5°C, an ice shell forms around a drap.
Starting with a frozen disc on the bottom of a drop an ice layer slowly envelopes the entire drop. How-
ever, there is a finite time when the drop has a frozen bottom and a liquid top. During this period a
difference in the manner of oscillations can be observed. The liquid has the appearance of sloshing
back and forth across the ice disc. The maximum amplitudes of escillations do not occur along the hori-
zontd] and vertical axes as in the case of 1iquid drops; but, rather, they cccur at about 45 degrees
from the vertical axis. These ice-liquid drops may encounter heavy turbulence such as the wake of an-
other drop and shed the 1iquid portion of the partially frozen drop. This results in an jce disc which
accelerates upward in a zig-zagging manner.

2. At temperatures betweepn -5 and -10°C drops can obtain a frozen shell of clesr ice which
completely encloses a 1iguid center. While the interior of the pellet is still liquid, the outer ice
shell may be easily cracked upon contact with a hard surface,

3. Rapid freezing occurring at temperatures colder than -=10°C results in opaque ice pel-
lets. Deliberate nucleation by sand, clay, dust or ice crystals produces opaque ice pellets at temper-
atures as warm as -5°C.

Shapes and terminal velocities

Similar to liquid drops, the terminal velocities of ice pellets are determined by their shape.
(Fig. 1 and 2) Upon freezing the resulting ice pellet would either remain suspended at the same termi-
nal velocity (even 10mm diameter ice pellets), or increase its terminal velocity and fall to the Hexcel
on top of the tunnel or decrease the terminal velocity and accelerate vertically and be thrown out of
the updraft. Whether the frozen pellet would change its velocity or not depended on the type of freez-
ing and 1ts resulting shape. ODuring opaque freezing, drops often froze in a state of large amplitude
of oscillation. A frozen oblate ellipsoid would have a larger surface area and hence a lower terminal
velocity than a drop n 1ts mean shape. All the frozen ice pellets which rapidly accelerated upwards
in the wind tunnel were opaque and had an oblate ellipsoidal shape.

The ice pellets which either remained at the same terminal velocity or increased their termi-
nal velocity can be characterized by having a shape similar to the mean shape of a liquid drop. The
pellets were observed to be either very stable, or to rock back and forth, or to fall inverted to the
drop shape with the flat side up and the rounded side down. (Fig. 2) This inverted position of fall was
anticipated by McDonald (3) and Blanchard (2). The center of drag forces for a liquid drop is below the
center of gravity. Upon freezing the shape of the drop is fixed and it may no longer adjust to this
coupled force and it is possible to invert the drop to a more stable fall position.

Coagulation of two frozen drops

! Two ice pellets frozen together were observed many times at various degrees of supercooling.
(Fig. 3) The actual mechanism of fusing two jce pellets has not been determined. However, visual ob-
servation and high speed film give some insight. Frozen pellets have been photographed coalescing with
supercooled drops forming & 1iquid layer on the surface of the ice peliet, Such an ice pellet contacting
another "dryer” ice pellet at a colder temperature could cause freezing at the point of contact and fuse
the pellets together. Close inspection of figure 3 gives this appearance.

On two occasions supercooled drops of millimeter sizes made contact with a larger ice object
fixed in the updraft and froze immediately. The resulf was a protuberance in the shape of the frozen
drup.hiFig. 4) With this mechanism it should be possible for two freely suspended hydrometeors to fuse
together.

A third possible mechanism involves the cracking of the thin ice shell shortly after the
commencement of freezing. This could provide the water necessary to freeze the pellets together.

Nucleation with ice crystals

The wind tunnel was operated several times during or shortly after a snowstorm. Consequently,
a great number of ice crystals were introduced into the updraft. At other times, ice crystals were
deliberately introduced to test their effect on the ability to supercool. At -2°C jce bulb temperatures,
ice crystals were 100% effective in freezing the drops. At -0.5°C ice crystals had a 50% efficiency.
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Fig. 1. Fig. 2.

Falling position
of many ice pellets.
Dimensions 10, 5mm

x 5.85mm
Temperature = -16°C
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diameter

Fig. 3. Fig. 4.

Protuberance on
artificial stone -
note similarity to
supercooted 5mm
drop nearby.

Two ice pellets
frozen together.
Dimension 19mm

length
Temperature = -16°C

Ice crystals were introduced to initiate freezing for high speed movies and produced an inter-
esting effect, The resulting ice pellets had ice crystals protruding from the bottom indicating col-
lection of crystals by the frozen pellets. Under the proper conditions, probably with the surface tem-
perature of the ice pellet near 0°C, ice pellets may increase in mass by accretion of ice crystals.

BREAKUP

It is well known that drop breakup is important for drop diameters greater than 5.5mm. These
studies with the vertical wind tunnel show thatwake effect interactions and small drop impactions on
larger drops are two important additional mechanisms in determining drop size distributions.

Wake effects

Over 200 wake interactions between 4.5mm sized drops were analyzed from high speed films.
During wake interactions drops which were brought into contact exhibited three distinct types of behav-
for. They were said to coalesce when the oscillations produced during contact appeared to be damped out.
Coalescence occurred in 33% of the wake collisions. For 20% of the collisions the drops bounced off
each other. 44% resulted in breakup. Because of the positions of the drops in the field of view, the
remaining 3% could not be accurately Tabeled as either bounce off or breakup or as no contact. The
drops that broke up can be subdivided into 20% bag breakup and 30% fragmentation into several millimeter
size droplets. For 50% of the wake breakups, the drops pulled out a filament producing several small
droplets while maintaining most of their original mass.

Small drop impaction

Initial reviewing of pur films indicates that small droplet impaction on suspended Targer
drops is an important process in drop breakup. Smaller drops in the size range 500 uy to 1.5mm striking
a 5mm drop near the edge pull out a filament of very small droplets while decreasing only slightly in
their velocity. Impactions near the stagnation point of a 5mm drop produce a crown-like splash pattern
with the points of the crown breaking into smaller droplets.
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RIMING PROPERTIES OF HEXAGONAL ICE CRYSTALS
by
Robert D. Wilkins and August H. Aver, Jr.
University of Wyoming, Laramie, Wyoming

INTRODUCTION

Information concerning the collection efficiencies of ice crystals between 100 and 1000y, riming
thresholds, and droplet depositfon characteristics is important in studies of cloud water transport
mechanisms; e.g., graupel and/or hafl formation. Since 1967 replicarion, classification and analysis
of ice crystals has been carried out at the FElk Mountain Observatory (3300m msl}; this location afforded
an excellent opportunity for studying the full spectrum of ice crystals produced by hoth large general
storm situations as well as those ice crystals resultipg from the i{solated cap cloud.

Observations of the minimum dimensions of hexagonal plate crystals necessary for riming to be pos-—
sible have been reporred (1): In a further attempt to isolate some festures of the riming process with-
in natural clouds, this paper will compare the theoretical and cohserved minimum threshold dimensions
of hexagonal plate crystal size necessarv for riming to be possible; in addicion, comparisons will also
be made between the observed and theorerical sizes of the collected cloud droplets., The deposition
characteristics of the accreted cloud droplets will also be discussed.

THEORY

Estimations of collection efficiencies for hexagonal piates have heen obtained utilizing the in-
ertial collection theories developed for thin discs (2, 3). Since inertial collection efficiencies are
a function of Stokes numbers (2), these Stokes numbers have been calculated for various combinations of
crystal sizes and cloud droplet diameters. The resulting theoretical collection efficlencies are
plotted in Figure 1. 1t may be predicted from Figure 1 that a 200y diameter crystal might selectively
rime cloud droplets in the 20u range. For this crystal size, cloud droplets smaller than 15u in diameter
cannot be collected due to inertial considerations; for cloud droplets approaching 25 in diameter, the
negligible differences between the terminal fall velocities of the ice crystal and the droplet accounts
for the declining collecrion efficiency. Furthermore, crystals of 30N=400u in diameter show an in-
creasing tendency to colleer 15y and larger cloud droplets. Also from Figure 1 it should be noted that
a 10u cloud droplet is close tec the theoretical minimum size which can be collected by ice crystals bet-
ween 100 and 1000y in diameter, This prediction s further supported by Ranz and Wong (2), who suggest
no collection of such cloud droplets by hexagonal plates is posaible since the respective Stokes numbers
are less than or equal to the critical value, 0,186 (3).

OBSERVATIONS

Ice crystals observed within the cap cloud were captured and replicated on Formvar coated slides.
Ice erystals within the cap cloud may be replicated at very slow impact speed; and, therefore, the breask-
age of even the most fragile of crystals is nor found. The replicas were then i{nspected under a micro-
scope to determine the riming characteristics, Magnifications of 100-400X were required to insure suf-
ficient resolutioms.

Figures 2-8 illustrate vepresentative hexagonal plate replicas possessing various degrees of
riming. These data suggest a ciming threshold size for hexagonal plates to lie between 200-29%u. Ono
(1) reported the onset of riming was on plane ice crystals grester than 400y in diameter butr mot on cry-
stals less than 300u. The implication to be made is that 200-300u crystals must be carefully inspected
for accreted droplets while the riming on 3N0-400u cryscals is more cbvious due to the higher collection
efficiencies.

Figure 9 presents the mean accreted dropiet specira for various size ranges of hexagonal plate cry-
stals. TFor the range of cryatal diameters between 200 and 1000u, the average number of droplets per cry-
stal reaches a maximum for accreted droplet dlameters near 20u, regardless of the degree of riming.

Since all ice crystal replications were made in a water cloud, the potential for riming due to the a-
vailability of water droplets existed; nevertheless, hexagonal plate crystals less than 200y in diameter
were not found te exhibit any accreted droplets (as demonstrated in Figure 10). Furthermore, no accreted
droplets less than 10y in diameter were found on any size hexagonal plare; however, as the collector cry-
stal size Increases, there {5 a tendeney for the accreted droplet spectrum to broaden towards larger
droplet sizes. These cbservations appear to be in reascnable agreement with the preadictions from the
theoretical collection efffciencies outlined in Figure 1; in particular, the selectivity of 20y droplets
by 200u crystals and the predicted absence of sccreted droplets less than 10u in diameter. The apparent
absence of rimed droplets with diameters greater than 30y appears inconsistent with the predictions from
the collection efficiencies of Figure L. This inconsistency can be explained by the lack of available
droplets within this size range in crographic cloud systems. 1t should be noted that for these droplet
spectra, no adjustment was made for the measured droplet diamerter for the possible deformation due to
impaction. Figure 11 indicates an obvious sphericity and lack of deformation of accreted droplets;

this is in agreement with Brownscowhe and Hallett (4).

A Further inspection of Figures 2-8 Indicates that droplet deposition is most pronounced at the
perimeter of the crystal in the inirial stages of the riming process. As the degree of riming increases,
the droplets may ba distributed acrosd the entire face of the erystal; however, the principle accretional
growth still continues at the perimeter of the crystal, as {llustrated in Figures 6-8.

REFERENCES
(1) Ono, A., 1969: The shape and riming properties of ice crystals in natural clouds, J. Atmos. Sci.,

26(1), 138-147,

(2) Ranz, W. E. and J. B. Wong, 1952: Impaction of dust and smoke particles. Ind. Eng. Chem., 44(6),

1371-1380.

(3) Fuchs, N, A., 1964: The mechanice of zercsols. Perganmon Pregs, London, England, 408 pp.

References cont. next page.

a1




IOE{_)' M
094 ///”lﬂ-
400 5
08+ e
R //
oo
g 300 i
o a6
(%]
“
w 05 X
= i
L]
Y
s 034
8 200 »
024
il
S 10 15 20 25 30 35 @b a5
DROPLET DIAMETER, 4 .
Figure 1l: Hexplate Collection

Efficiencies

3
16 L
> T
EE | Dregrophic  Clowd a- '; .
2 %00-689 p 131) i
) 3 400-459 y (38) 37 :
4 300-399 u (38) - 4 .
r 5 200-299 % (30) B 1 o
ud el ' o« g -
@ 2 E; pz : - . .
%ID- bk~ 4 . .
: L -
- il 1 .
f = { o
S 2 H ca & P
H - $
(- o (G i ?
% " & & 2 Y A
3 P g s
= 1 E Ar3 - L | o“ 2
gld- i i T in4 '
o ; \ - .
o T ’ Ll
'8
5 . E i g s e . ,
{ \ z i
14 ! ‘: LR E . -e .
g ..‘. 3 E - .
s r"\ |
e W PN \_ N i R T !
4 (b 15 25 28 0 35 a0 a5 (50 200 300 400 500 600 TOO E00 3001000
DROPLET DIAMETEAR, u CRYSTAL DIAMETER.
Figure 9: Hexplate Droplet Figure 10: Hexplate Riming

(4) Brownscombe, J. L. and J. Halletr, 1967:

formed by the Ereezing of supercovled water.

Spectra.

Threshold.

Experimental and Field studies of precipitation particles

Nuart.

J. Rov. Met, Soec,, 93(396), 455-473.

This research was made possible by the U.S, Department of the Incerlor, Bureau of Reclamation,
Office of the Atmospheric Water Resources, under contract No. 14=06=D-6002 (July 1, 19656) and No. 14-06-
D-6801 (Julv 1, 196%9) to the Natural Resources Research Institute, Unlversity of Wyoming.




SHAPE, SIZE AND SURFACE CHARACTERISTICS
OF HAILSTONES COLLECTED IN ALBERTA

Brian L., Barge and George A. Isaac
McGi1)1 University
Montreal, Canada
Introduction

Shape measurements of 1915 hailstones have been obtained from 99 hail samples col-
lected on 8 days during the summer of 1969, The measurements were made to determine
hailstone distributions with shape for use in weather radar depolarization studies.
Knowledge of the physical properties of hajlstones is also useful for the development
and verification of hail growth models.

Most of the hail was gathered by volunteer observers who provide data as part of
the hail surveillance program of the Alberta Hail Studies. Precipitation sampling ve-
hicles also callected hail when directed into suspected hail regions detected by the Al-
berta Hail Studies radar, 7o minimize the effects of meiting, hail which remained on
the ground longer than 10 minutes was not included in the analysis,

Method of Analysis

Each hailstone was visually classified according to its shape and surface structure
into one of the seven following categories: oblate and prolate ellipsoids, spheres,
cones, acorns, raspberries, and irregulars. Hailstones resembling acorns were bell~
shaped with a small tip or protrusion at the end opposite the apex, Those similar to
raspberries possessed small surface roughness features or bumps with an indentation at
the base, "Apples" observed by Carte and Kidder (1) (see their Fig, 5h) are similar to
those in the raspberry classification., Artificial haflstones produced by Bailey and
Macklin (2) and shown in their Figs., 3 and 4 resemble raspberries and acorns respective-
ly. Whenever classification of hallstones on the basis of shape and surface structure
became difficult, observations of opacity influenced the classification decision. For
example, many cone shaped haflstones were opaque at the apex and clear at the base,
Haflstones with similar shape and surface roughness characteristics as raspberries were
o;ten opaque at the base (in which a small indentation was always observed) and clear at
the apex.

#he hailstone dimensfons were measured with a vernier caliper according to the
shape classification, Ideally all the shapes in the classification scheme should have
axial symmetry. In reality, hailstones are rarely axially symmetric, necessitating two
base measurements and a height measurement for the cones, acorns, and raspberries, while
triaxial measurements were required for the ellipsofds and spheres, Only the minimum
and maximum dimensicns of irregularly shaped hailstones were measured,

Results

The ratio of the minimum dimension to the maximum dimension, hereafter designated
by MIN/MAX, has been chosen to describe hailstone shape, A distributfon of all hafl-
stones with MIN/MAX is shown in Fig, 1. The minimum value of MIN/MAX was found to be
0,30; the modal value 0,80,

A1l the hailstones with maximum dimensions between 0,75 and 3.75 cm were grouped
into three intervals: 0,75-1.75 cm, 1.75-2,75 cm, and 2.75-3,75 cm. Distributions
with MIN/MAX for each of these intervals are shown in Fig. 2. It 1s noteworthy that
the modal value of MIN/MAX decreases slightly with increasing maximum dimension,

Fig. 3 shows tre distribution for cones, acorns, and raspberries to be remarkably
similar. However, ratios of the average base dimension to the height (B/H) show that
B2% of cones 1n contrast to 14% of acorns and 4% of raspberries have a B/H less than
1.0, Consequently, the hefght of cones is generally the maximum dimension while for
raspberries and acorns, the base tends to be the maximum.

A distribution of hailstones with the ratio of the figure axis to the diameter is
presented fn Fig, 4. 1t was assumed that this ratio, figure axis/diameter, was equi-
valent to MIN/MAX for oblate ellipsoids, while for prolates it was MAX/MIN. Notice
that the modal value of the distribution is at a MIN/MAX (or figure axis/diameter) of
0.69, ?hich indicates that oblates are more deformed than any other category (see
Figs: 3)5

Table 1 shows the percentage of haillstones within each 0.50 cm size interval for
eyery cate%ory of the classification, The most common value of the maximum dimension
of all haflstones analyzed occurs between 1.50 and 1.75 cm. Also presented {s the
distribution of 2all1 hailstones with respect to the classification category and the
maximum dimension. Of all the haflstones analyzed, 71% were e€11ipsoids or cones. From
Fig. 2 one would expect oblate ellipsoids to be the most deformed type of hailstone
since Table 1 indicates the fractfonal percentage of oblates generally increases with
haiistone size, This is corroborated by Fig. 4. The increase in the fractional per-
centage of ellipsoids and raspberries with size, and the decrease in the percentage of
cones 15 in broad agreement with the results of Carte and Kidder (1),




Summary

0f the 1915 hailstones apalyzed, the most common value of the ratio of minimum
dimension to maximum dimensfon was 0.80; the minimum ratfo 0.30, Hailstones classified
as cones, acorns, or raspberries had similar distribution with shape. Those classified
as oblate ellipsoids were usually the most deformed. Distributions of hajilstones with
shape indicate that larger hailstones tend to be more deformed than smaller hailstones.
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Category of Maximum dimension (cm Total
Ciassification 0.50-[1.00-[1.50-]2.00-[2.50~[3.00-|3.50~]4.00-[4.50-| No., of
0.99 /1.49 /1.99 12.49 12,99 [3.49 [3.99 14.49 (5,99 Stones
Oblates 34 39 33 41 52 52 68 64 37 794
Cones 30 29 30 13 8 8 4 14 13 404
Spheres 14 15 10 9 4 7 4 9 193
Prolates 17 7 6 11 8 8 4 4 153
Irregulars 1 6 13 10 6 3 4 9 13 153
Acorns 3 2 3 10 1 14 7 25 118
| Raspberries 1 2 5 6 11 8 9 12 100
| Total No, 110 473 1535 272 1261 159 15 22 8 1915
Table 1. Percentages of the number of hafilstones within each size interval,
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GROWTH AND ELECTRIFICATION
T. G, Owe Berg

T. G. Owe Berg, Inc., 14761 Deanann Place, Garden Grove, California 9<640

It was generally thought at one time that electrostatic charges lack significant abundance and
function in clouds other than thunderclouds. But data have continued to come forth. although sporadi-
cally, and it is now known that ice particles in partially glaciated clouds may be very strongly char-
ged. that the collection of amall particles by falling hydrometeors is affected by electrostatic charges,
and that extensive collection of small particles by hydrometeors takes place in clouds. There is alsc
evidence that electrification is part of the growth process and, more generally. of the exchange between
s solid or liquid particle and its environmental atmosphere, Charged water aroplets have been founa to
have peculiar properties, mainly due to reduced surface tension. A systematic study of this effect
still remains to be conducted. but a few observations have been made. A review of our work is presented
here.

We have develcped techniques for the suspension of & charged particle in still air or an air
current under controlled conditions, e.g. temperature and humidity. and the accurate messurement of char
ge. size, and fall velccity. (1-3) This technique has been used in investigations of charged droplets
with respect to exchange of mass and charge (1) and heat (4) with the air, and of solid end liquid par-
ticles, e.g. Agl and ice (5), with respect to exchange of water and charge with the air. 1t has also
been used in scavenging experiments (3). and in sampling of clouds (£).

When a chargec water droplet evaporates, it loses relatively more mass than charge. Eventusl-
1y its spherical shape becomes unstable, namely when its effective surface tension is zéro. More gene-
rally. instabilities occur when

s = %,——‘- LEr1 ¢ charge, d diameter. ¥ surface tension)
&ng d =
n being the number of the harmonic of vibration. The drop becomes metastable for
1 m- mé/!
6 = "2 3
m -1

and may then split into m equal fragments. Such metastability is shown only by drops larger than 150v.
Smaller metsstable droplets behave as unstable dropletss they eject invisibly small droplets. Meta-
stable droplets recover almost all the charge ejected, but unstable droplets recover only part of the
charge. The recovery of charge may be a space-charge effect. Typical plots of g, d%, end & against
time are shown in Figure 1.

Evaporating charged dropleta are not cocled by evaporation and do not exchange heat with the
airi they retain the initial temperature.

Charged droplets of salt solutions lose solute as well as solvent in their evaporation. Such
8 case 1s shown in Figure 2.

The evidence thus indicates that charged droplets shrink by ejecting small droplets that then
evaporate. The activation energy is compatible with evaporation, which indicates that the rate is de-
termined by the removal of the ejected droplets, notably by evaporation and diffusion.

When charged solid or liquid particles are exposed Lo exchange of water with the air (sorption
or desorptien), they become charged and the air becomes ionized. This apparently applies generally and
to growing ice in particular. Under circumstances the charge increases exponentially with time, and
very large charges are then acgquired. 1t appears that the rapid electrification takes place in thunder-
storm clouds, and that the electrificaetion in other c¢leouds is slower. Flots of q and d© against time
sre ghown in Figures & and ¥ for a droplet and a solid particle.

The collision efficiency E for a falling uncharged drop of diameter D and velocity Y5 with re-
spect to a particle of terminal velocity Voo ig {7)

oy EB

V¥
E= Eo e Dipe

where E  and k are constents. For a charged drop the image force of the drop charge in the particle
predominates over the aerodynamic force of repulsion when the drop charge is above a certain limit
/e

Qo 5 (jii Q D?v D) { 1 viscosity of air)

For drops charged above this limit the collision efficiency with respect to very small particles is uni-
ty or larger.

The mechanism of electrification of a single particle by exchange with the zir has not yet been
studied, A comparison with other cases of electrification. e.g. in friction (8). suggests an electro-
chemical process. The methanism of charge separation; i,e. the transport of ions away from the particle
has not been studied.

The growth of ice particles in a partially glaciated cloud is accompanied by electrification,
and electrification promotes growth by collisions. Electrification is part of ths growth process. The
study of these phenomena, growth and electrification, appears as one of the moat urgent tasks in clouds
physics.
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Figure 3. A dry CaCl  particle was suspended in an air current
eof T3°C and 40X relative humidity. The plots show d
and g (arbitray units) as functions of time. The char-
ge leveled of{ when the particle became liquid at time
O minutes.
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ICE CEYSTALS GCROWN WITHIN THE NCAR ICKE NUCLEUS COUNTER
by
John R. Middleton and August H. Auer, Jr.
Unfversity of Wyoming, Laramie, Wyoming

INTRODUCTION

The ability to detect the ice forming capability of the atmosphere is essential to many studies in'
cloud physics. In this regard, the NCAR ice nucleus counter has assumed a prominent role. This counter,
developed at NCAR and made commercially by E. Bollay and Associates, Inc., is based on an acoustical
particle counter as & detector. The principles and operation of the NCAR counter are described in (1, 2).
The cloud chamber temperature profile has been investigated by (3), while 2 summary of cloud physics
parameters describing the cloud at various chamber temperatures within the NCAR counter was given by (4).
To date, however, there f£s no known published data concerning the characteristics of ice erystals grown
within the NCAR counter.

The purpose of this paper is to examine the crystal types, sizes, and structures and compare these
observed values with predictions from the appropriate temperature and humidity habitats, resident growth
times and theoretical growth equations, In addition, concentrations of repiicated crystals will be
compared with concentrations of erystals detected by the acoustical counter.

PROCEDURES

A small insulated box containing & slide exposure mechanism was inserted through the observation
port of the NCAR counter. This insulated box served to condition the Formvar coated (1-2% solution in
methylene chloride) slides to the chamber temperature prior to and after exposure within the center of
the NCAR cloud chamber. Ice crystal replicas were collected during exposure times of 60-90 seconds.
This method of replication did not appear to disturb the normal operation of the counter.

Except at very cold temperatures (<-25C), infinitesimal awounts of silver iodide smoke (prepared
with sodium fodide) from an acetone butngr were introduced into the cloud chamber to increase ice crystal
concentrations above background levels since the observed ice crystal concentration detection threshold
for the Formvar slides was below the background concentration.

The reported deficiency (2) in the counting of ice crystals by the NCAR counter was rectified by
improving the quality of the audible signal produced by the ice crystal passing through the acoustical
sensor (5). Thus, the resulting ice crystals were replicated and the indicated concentrations as
determined by the acoustical counter-rate computer system were noted.

RESULTS

Representative photographs of chamber crystals are presented in Figures 1-6., For indicated chamber
temperatures between -10 to 200, the principal type of crystals observed were hexagonal plates. This
agrees with accepted habitats, with the possible exception of -15C, where dendritic crystals should be
prominent. Some hexagonal plates found at -15C did exhibit dendritic extensions (Figure 4). This form
may indicate that the crystal grew as a hexagonal plate in a warmer region in the upper part of the
chamber (3) before falling into the dendritic growth region. Added support for the possibility of
differing growth regimes due to varying temperature habitats within the chamber is also suggested by
observations of columnar crystals and hexagonal plates with sector like extensions between indicated
chamber temperatures of -10 to -20C.

Since, as a first approximation, the threshold detection size using the acoustical sensor is
directly proportioned to air density (6), the threshold erystal diameter for the elevation at which the
counter was operated (2200 m msl) is 188 . The percentage of total replicated crystals with diameters
greater than 18! {s presented in Table 1. Table 1 suggests that slightly over one-third of the crystals
within the counter grow to & minimum detectable size at -10C while the percentage of crystals reaching
the threshold size is a maximum (88%) at -15C. 1Ice crystals with double crystalline structures and
frozen droplet centers (Figures 4-6), similar to those observed by (7, 8), were found within the NCAR
chamber following small injections of silver iodide smoke, The percentage of detectable crystals
(d 2184) with frozen droplet centers is also shown in Table 1, These percentages are somewhat lower
than those found by other c¢loud chamber nucleation studies (7). Thus it would appear that when AgI
smoke 1s introduced into the NCAR cloud chamber, ice crystals growing to detectable size are nucleated
by both deposition and droplet freezing modes.

Teble 2 shows the average and maximum crystal sizes and respective calculated growth times for
detectable lece crystals. These growth times are inferred from simple deposition growth theory at water
saturation (9). These predicted residence times, as shown in Table 2, are slightly greater than the
20 seconds suggested by (1, 4) during measurements of first response to AgI seeding by the NCAR chamber,
The data for maximum crystal sizes shown in Table 2 are in general agreement with the suggestion of (1)
indicating a more reasonable residence time of 60 seconds. Thus, the observed ice crystal diametrers
appear in accordance with expectations of resident growth times between 20-60 seconds.

The observed concentrations of crystals of detectable size (d> 18i) were compared to concentrations
indicated by the NCAR counter rate computer. The results presented in Figure 7, suggest agreement within
a factor of two for the range of chamber temperatures and concentrations considered. WNote that concen-
trations 1000 1iter ~! were observed during periods when the rate computer indicated "overlead".

TABLE 1
PERCENT OF TOTAL CRYSTALS »18u AND PERCENT OF THOSE>18u WITH FROZEN DROPLET CENTERS
Percent Of
Temp. CJ No. of Observed Crystals INo. of Crystals with (da18u)|Percent | Detectable Crystals (d218y)

-10 179 68 38 27
~12.5 128 82 64 35
=15 111 98 88 30
-17.5 248° 174 70 30
=20 T3 — 765 R 39
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Fig. 1
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TABLE 2 . &
]
AVERAGE CRYSTAL SIZE >18u, MAXIMUM CRYSTAL SIZE PREDICTED GROWIH =ot .
TIME FROM THEORY , :‘_ .
Temp. C Average Growth Time Maximum Growth Time 4 EE;;
E s ' s
-10 28 25 15 10 i s
-12,5 36 30 75 68 ¢ 'l ¥
-15 36 27 80 60 i : 7
-17.5 38 30 75 69 ; //
=20 38 31 85 79 f . 7
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CHARACTERISTICS OF A LARGE NUMBER OF HAILSTONES FROM A SINGLE ALBERTA HAILSTORM

L.N. Rogers
Research Council of Alberta
Edmonton

INTRODUCTION

On August 4th 1969 a thunderstorm in Albarta produced hail of up to 7.5 cm diameter over a six mile wide swath
extending more than forty miles from Pigeon Lake to northeast of the City of Edmonton. Some 300 samples of hailstones
were collected by members of the public with o sample collection density of up to 40 per square mile. Analysis of these
samples was divided into the study of the global properties of the whole stones and the study of their intemal structure.

GLOBAL MEASUREMENTS

Global measurements were performed on 407 hailstones from 17 samples. Fifteen samples ware from Edmonton, one
from the beginning of the swath and one from east of Edmonton. Ten of the samples were reported to be biosed towards
the larger size of stone, 1 was said fo be a representative sample and no Information was available on the other samples.

Mass and density
e measured masses of the stones ranged from 0.521 g 1o 112,406 g and the densities, obtained from bouyancy

measurements in varsol , ranged from 0.853 g/cc to 0.920 g/cc with o mean value of 0.884 g/cc. The samples from
Edmonton showed no significant variation of density across the width of the swath and no variation was apparent along its
length. The blas towards larger hailstones precluded the formulation of o size distribution of the stones.
Shope measurements

The lengths of the three parpendiculor axes of the stones wos measured ond the shopes of the stones characterised by
the shape factors 51 = 2¢/(a¥b) and S, = ¢ /a where ¢, b, c are respectively the lengths of the major, intermediate and
minor axes. The factor S, is a measure of the sphericity of the stones and finds application in fall speed and growth
studies, and S 5 is a measure of oblateness which is of importance in radar polarisation work. The values of S, ranged
from 0.372 to 0.983 with o mean value of 0.744 ond a modal value of 0.73. The vaolues of S, had an extreme value of
0.26 and a modal value of 0.67 as faken from the smoothed histogram. The detailed histogram suggested o second peak
at 0.8,
Cross-correlation of the parameters

The global dato were punched onto IBM cards and a computer cross-correlation was performed. The results are
shown in Table 1.

Table 1. Cross-correlation of global dats
Mass Density  Major axis Intermediate oxis Minor axis Shape factor S

Mass 1 -0.093 0.807 0.904 0.904 0.165
Density -0.093 | -0.109 -0.116 -0.19% -0,231
Major axis 0,807 -0.109 1 0.972 0.844 -0.106
Intermediote axis 0,904 -0.116 0.972 ] 0.893 -0.010
Minor axis ©.904 -0.199 -0.844 0.893 1 0.402
Shape factor S, 0,165 ~0.23) -0.106 -0.010 0.402 1

As expected the mass correlates highly with the oxial lengths. The density has o small negative correlation with
the mass and a negative correlation with the other parameters. The shape factor correlates positively with the mass.
Discussion of results

The measured masses were unexceptional but it is of interest to note that only one stone had an equivalent spherical
radius of more than 3 em despite the large number of reports of stones of this size. The meosured densities were similar to
those found by other workers, the lack of any low values being due to the absence of soft hail in the samples. The
negative comelation with the mass is not thought to be significant because of the spread of values.

The values of the shape factors may be compared with those found by Barge and Isages Yand by English® Barge and
Isaacs made measurements of S gon stones from 15 Alberta storms and found an extreme value of 0.3 and a modal value of
0.8, This modal value is significantly different from that of 0.467 found for the Edmonton storm, although it is the same
as the secondary peak in the Edmonton storm. The radar depolarisation ratios appropriate to these modal values are 0.01
and 0.02 respectively. English made measurements of 5, on stones from a single storm over Montreal and found the
values to lie betwaen 0,24 and 0.95 with a modal value of 0.63. English adjusted her mathematical model of o
thunderstorm (English %) to take account of the shape of the stones and found that a stone with a shape factor of 0.8 could
grow to twice the weight of a spherical stone starting its growth at the same point. The higher modal value for the
Edmonton storm suggests that this effect was not so important as for the Montreal storm. Further, the positive correlation
between shape factor and mass for the Edmonton storm shows that the larger stones tend to be more nearly spherical than
the smal ler stones and thus the growth enhancement due to shape does not apply to these stones.

INTERNAL STUDIES

One hundred hailstones were selected for study of their intemal charocteristics. Density measurements were not
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performed on these stones 50 as to avoid varsol contamination. The emphasis in these studies wos based on the nature of
the growth embryos and the crystal structure of the stones.
Initial growth embryos

gi the 100 %Flsionas which were sectioned 40 were found to have growth centres of clear ice, 33 had conical
graupel centres and the remainder had centres of opaque spheres or ellipsoids. The majority of the stones were sectioned
perpendicular to the minor axis and generally the graupel centres were found to have the direction of growth lying in, or
close to, this plane. The clear centres were spherical ond ellipscidal and between | mm ond 8 mm diameter. On two
occasions the stone was composed of clear ice up to 4 cm diameter with radial air bubbles of 1 mm or 2 mm diameter
radiating from o spherical shell of about 1 cm diameter. The clear centres often showed rings of air bubbles similar to
those observed by Kidder and Carte *in water drops frozen in the laberatory (their Fig 12a), and they often also showed
central accretions of air bubbles, On three occasions diametrical chords of 5ir buks ey were obsecved similar to those
observed in the laboratory by Johnson and Hallett® (their Fig 30,b). Kiader and Corre * state thal their water drops were
always supercooled below =5°C before freezing basing this statement on the criterion of Hallett” that large single crystals
form at lesser degrees of supercooling.

These results may be compared with those of other workers. List” found that B0% of large hoilstones in Switzerland
originate as conical graupel; Carte and Kidder ® found that in the Transvaal between 10% and 20% originated as clear
embryos while Macklin, Strauch and Ludlam® observed over 90% clear centres in o storm over Englond.

Fractured embryes

Gd‘e ond Kidder ® presented photographs of a stone which had breken in mid=gir and then continued to grow.
Browning " presented data from Oklahoma which showed that more than 109 of the stones from one storm had fractured
and then continued to grow, In the present study 7 out of 100 stones had fractured and then cantinued to grow. As found
by Browning breakage could occur at any stage in the growth, the limits for the Edmonton starm being o 4 mm diameter
embryo and o 2 cm diameter stone. Fracture could occur along either o diamerer 2r a chord of the stone.

Multiple and double embryos

In addition to the 100 stones mentioned abave 5 other stones were sectioned. Of these 4 showed the presence of
secondary growth embryos situated in one of the middle rings of the stones and | had o centre composed of two connected
clear embryos. The multiple embryo stones came from two samples picked up within a mile of each other. The good
sample density for the Edmonton storm hos allowed this phenomenon fo be isolated in this area.

Crystal structure

The crystal structures of the sectioned hailstones were observed under polarised light, Measurements of crystal area
were made for 23 stones. In general changes in crystal structure correlated with changes in opacity, small crystals
corresponding to opeque layers and large crystals to tronsparent loyers. This was not always the case and, in perticular,
a sample from the beginning of the swoth was found to be entirely composed of small crystals although the normal layer
structure was apparent., A study of the clear-centred stones showed thot in 21 out of 40 coses the centre was a large
single crystal. According to Hallett this infers that these water drops were nucleatad above -5°C.

Meosuremenrs of the average areas of crystals in the various loyers showed the areas to range from 2.1 x 10=*cm
to 2. 7 x 10=" em®. As pointed out by Schoefer > these sizes are generally larger than those of cloud drops. Kidder and
Carte * hove suggested an explanation of this in tems of the infiltration of liquid water into a low density region.
Cantin ** has observed a carrelation between crystal area and loyer density such that crystals of orea less than 17 x 10™*
cm* are associgted with apaque layers while larger crystals are associated with clear layers. This correlation has not been
observed in the present work, probably becouse of the use of mere thun one sample.

Discussion of results

The most important result presented here is that 40% of the hailstone growth embryos were frozen roindrops of which
half were nucleated abeve -5°C. If this is generally true for Alberta storms then it must be borne in mind in considering
seeding of the storms.

2

REFERENCES

1. Barge B, and Isaacs G. Shape, size and surface characteristics of hailsiones collected in Alberta. Submitted to
AMS Conference on Cloud Physics Fort Collins, Colo. 1970.

2. English M. Private communication.

3. English M. Report MW-52, Stormy Weather Group, McGill University.

4. Kidder R.E. and Carte A.E. Structures of artificial hailstones. J. de Recherches Atmospheriques 1, 4, 1964,

5. Johnson D.A. and Hallett J. Freezing and shattering of supercocled water drops. QJRMS 94, 4-02, 1968.

6, Hallert J, Discussion of Douglas' paper. Met, Mono. 5, 1963,

7. List, R. Kenzeicher atmospharischer Eispartikeln, Z. Teil: Hagekorner. Z. arg Math. Phys. 9a, 1958.

8. Carfe A.E. ond Kidder R.E. Transvaal hailstones. QJRMS 92, 393, 1966

9. Macklin W.C., Strauch E. ond Ludlam F.H. The density of hailstones ccliected from a summer storm Nubila 3,
1960,

10. Browning, K.A. Hallstones breaking in mid-air. Weather, August 1967.

11, Schaefer, V.J. Hailstorms and hailstones of the Western Greol Plains Nubila 3, 1960.

12. Cantin, J.G. Structural properties of o hailstone sample. M.Sc. Thesis University of Toronto.

a0




A CAMERA FOR PHOTOGRAPHING ATRBORNE ATMOSPHERIC PARTICLES

by
Theodore W. Cannon

National Center for Atmospheric Research
Boulder, Colorade 80302

One approach to obtaining information for studies of in-cloud water drops and ice crystals is to
make in situ photographs of them. Photography is a desirable approach since it can glve the particle
size distribution as well as the special distribution and identity of the particles. If the components
of the camera are sufficiently far removed from the in-focus volume, the sample should be relatively
undisturbed and give a representative picture of the actual cloud,

The problem for che cloud particle case is made difficult bv the fact that the in~focus volume is
very small at the necessary magnifications. Furthermore at airplane speeds above stall speed some
motion compensation as well as microsecond flash duration lights must bhe used to chtain sharp images.

As low magnification as possible must be used in order to have enough in-focus particles to pget meaning-
ful information.

By using very fine grain film along with some recently developed high speed lishts. a camera has
been successfully demonstrated for photographing particles 15 microns in diameter and larger at reasnn-
ably low magnification. The camera uses very fine grain microfilm rated at 250 lines per miliimeter at
test-object contrast of 1000:1. A 135 millimeter focal length lens is used at l:] magnificacion, and
in-focus particles about 360 millimeters in front of the lens are photographed. Lishts with flash dure-
tion of 4.5 microsecond at 1/3 intensity level are used. Dark field illuminaticn is emnloved, Two
lights are normally used with their beams aimed from off the optical axis toward tre in-focus “olume ard
in the direction of the film plane. A light trap is placed beyond the in=focus welume so thar Tiaht
only eénters the lens when a particle or particles are present. Images of transparent particles appear
as the two refracted images of the lights, while tramslucent particles appear in their ictual shiare.

Photographs of particles in clouds at ground level near the hot pools in Yellowstone Park and in
winter ground clouds near Boulder, Colorado, show particle distributions in space. The shallow depth
of field has the advantage of showing only those particles which lie in a very thin slice of cloud,
Photographs of clouds near the hot pools show very interesting swirls and clusters of droplets. Such
special distributions would have a different effect on precipitation formaticn than the usually assimec
random distributions if they exist in clouds in the free atmosphere.

The camera is calibrated for water droplet size determination by photographing transparent sphercs
of known size at known distances from some reference point in the camera. The retracted images of tue
two lights appear as two resolved dots on the film i1f the sphere is considered to be in focus. '"hen the
two dots merge or disappear they are considered to be out of focus, The calibrated camera has been used
to photograph clouds in the laboratory and their drop size distributlons measured from the negatives,
Depth of field is dependent on drop size, being typically 500 microns for 25 micron dlameter spheres.

Extreme care in installation of the camera and in processing the Tilm and data must be used. The
ights and optical system components should be preclsely and rigidly fixed. The fllm should normally
be handled in cléan room conditions to avold contamination by dust particles.

An Interesting ground and laboratory application of the camera ls determination of particle trajec-
tories, Recently a series of lights has been developed which will generate microsecond durdtion pulses
4t rates up to LOOO Hz. These units have been used to make multiple exposure photographs of moving
parc! les, Trajectories of the particles may be measured from these photographs and these .are 6F in-
terest to cloud physicists doing drop collection efficiency studies as well as determining <harges on
drops by electrostatic deflection.

At alrcraft speeds, it is necessary to provide mechanical motion compensarion since the high sneec
Ilghts currently avai.able do not have short enough light pulse durations to prevent blurring ef the
images. 4 version of the camera incorporating a rotating mirror with electronic speed control has beer
mounted in the NCAR sallplane and will be tested in flight in the near futura,




A CONTINUOUS CLOUD SAMPLER

J. Pena, R. de Pena
R. L. Lavoie and J. Lease

The Pennsylvania State University
University Park, Pennsylvania

The most reliable and accurate technique for gathering cloud drop population data is still direct
sampling by collection and replication. While there is increasing promise for fibre optics and laser
scattering techniques, it appears that the conventional sampling methods will continue to fill an im-
portant need. In spite of the relarively tedious data reduction problems, the replicating devices have
the potential of being simple, reliable and inexpensive.

We have recently expanded upon a device in use at Penn State for several years to sample clouds
from ajircraft. The previous system (1) used a modified 35 mm slide changer that exposed gelatin-covered
glass slides briefly to an airstream, Water droplets impinging upon the slide dissolve the gelatin,
leaving a crater about zwice the size of the drop. Provided the slides are kept warm, ice crystals
leave their own characteristic impressions upon the gelatin. However, the mechanical action of the
changer and slide storage were limiting factors in collecting nearly continuous data over extended
intervals. The new device uses a conventional 16 mm movie projector to transport gelatin-coated film
over a cylindrical collector.

The drive motor and the supply and take-up reels (with 150 m capacity) are housed in a pod of
volume of approximately 55 liters which is suspended from the aircraft wing as shown in Fig. 1. The
film passes out through a 125 ecm long aluminum tube to the cylindrical probe located well in advance
of the wing. Exposure to the airstream takes place only as the film passes over the 0.8 cm diameter
cylindrical roller at a speed of about 25 cm sec™l. A cut-away view of the probe assembly can be seen
in Fig. 2. A film transport distance of 340 e¢m is provided between the sampling point and the take-up
reel to allow the collected droplets to evaporate before the film is stored. Collection efficiencies
exceed 0.3 for cloud drops larger than 2 um radius and reach 0.9 for 7 pm drops.

The instrument has been used with considerable success in maritime cumulus over the Caribbean. The
most notable deficiency appears to be overexposure of the gelatin film in clouds of high liquid water
content (LWC). Overexposure is achieved even before impacting droplets begin to overlap each other, and
appears to result from a general softening of the gelatin coating by the absorbed water which makes
crater walls less distinct. With the above-mentioned cylinder size and film speed, the cutoff LWC in
maritime clouds is about 0.35 gm kgm~1.

Figure 3 demonstrates the general agreement that was observed between LWC values computed from
droplet populations measured on the gelatin film and values recorded from a Johnson and Williams hot-
wire instrument. The response times of the two instruments are of course quite different, The film
samples represent an average over 3,25 m of penetration distance through the cloud while the J & W
ingtrument generates a value representative of a 100 m interval. The agreement between the two sets of
data encourages the view that the c¢loud structure 1s reasonably homogeneous on a scale of tens of meters.

It can also be seen from Fig, 3 rhat no film samples could be studied in regions where the J & W
device indicated LWC greater than about .35 gm kg~l, In these regions the film gave the appearance of
being '"washed out".

Figure 4 provides a more extensive comparison between the continuous sampler and the J & W measure-—
ments. The simultaneous data points were selected from three separate cloud penetrations in such a way
as to provide a full range of LWC, The points have been plotted in order of increasing J & W values
for convenience, The trend of the two sets of data agree reasonably well although calculations based on
droplet populations produce somgwhat lower LWC on the average. The discrepancy becomes quite marked at
values greater than ,35 gm kgm‘l,

The limitations imposed on the sampler at high LWC can be amerliorated in several ways. It could
of course be flown