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1. INTRODUCTION

The United States Air Force has recontly expressed an interest
in the cloud and precipitation microphysics in the vicinity of the
melting layer in stratiform clouds. This inturest arises from
observations of nose cone srosion, and radio transmission diffi.
culties in this area of the cloud.

The melting layer itself is defined by a "bright band" appearing
on the RHI (range-height indicator) scops of weather radar. This
bright band, first explained by Ryde (13%6), is caused by a sharp
increase in the radar reflectivity of precinitation hydrometaors as
they malt, The acquisition of a liquid coating causes a sharp rise
in the power of the returned signal. Iince mast of the pre~ipitation
melts at the same rate, this causes the appanransae of a "bricvht hana®
on radar., The band is narrow in vertical extent, disappearing when
the increase in fallspeed of the melte! particles causas ther to
become less concentrated.

The degree of radar echo enhancement which is chserved, howsvar,
is far greater than that thch can be explainad by reltiny alane.
Wexler (1752) believes that the enhancement of the radar scho is
caused by coalescence of ice crystals below the -3°C level. He
also indicates that where little supercooled water is available,
additional ice nuclel might come from shedding of snlintars hy

dendritic snowflakes.

Mason (1355), Lhermitte and Atlas (1363), and Gunn and Marshall




2
(1958) have all indicated that aggregation of snow crystals is most.
likely vesponsible for the degree of radar echo enhancement sean

in the bright band.

More recently, Lo and Passarelli (1)32) have developed a now same
pling method for studying the evolution of snowflake size spantra in
stratiform clouds.

Basically, the methed involves a slow, spiraling dessert in an
instrumonted aircraft. The aircraft descend:; at approximate'y tie
same speed as the falling snowflakes, and is allowed teo Irift Yor-
izontally with the mean wind. Thus the airera®t remains in a 1D
region and essentially sanples the sare area of snow as it prows.
This tvpe of flight path has been terred the Adventing 5niral
Descent {ASD).

Snowflake size spectra were roasured continucusly during tha

descent. These spectra took the exponential form
Np = Nge~?P (1)

whore NpdD is the concentration in the size range (D, D+dD), ard
No and A are the distribution parameters (intercapt and distribution
slope, respectively).

By constructing relationships betweon Ny and A, Lo and Fasia-
relli were able to determine a pattern of snowflake evointion in-
volving depositional growth, apgragational pgrowth, and Lreakun of

aggregates,
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It is their contention that the ovclution of the snowflake sizae
spectrum goes through three distinct stages. Frirst, at levels autove
-15°C, or so, growth by deposition dominatas. From appreximately
-15°C to -B°C, or so, the deminant mechanisr is growth by agrraration.
Below -3°C, or so, breakup of tho aggregates is most preiably cecur-
ring, as Ny and A become relatively stable. This seers logical in

light of the fact that aggregates largsr than, say, 7 mm are only

rarely observed.

We have found that a different anproach to the analysis of the
data used by Lo and Passarelli yields further support for the agpre-

gation/breakup machanism in the naar-m2lting lavaer vicinity,

|
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2, OBJECTIVES

The initial objectives of this research were to continue the
effort begun by the author while serving as an SCEEE/UCAF Sumnmer
Faculty Research Fellow, and to refine the simple model of snow-
flake aggregation developed at that time by removing many of the
arbitrary assumptions. Thus, an accurate picture of snowflake size

distribution at the 0°C level.could be inferred.

In addition, during the course of the rasaesarch, it became evi-
dent that it might also be possirle to use data from *ir Force
Geophysics Laboratory research flights to vaerify the accuracy of
this similated aggregation/breakup modal. hsequantly, 1 second
objective, that of confirring the existenza of an aprreration ard
breakup cycle in snowflake eveluticn near the relting layer was

added.




3. EXPznIMENTAL RESULTS

The database for tne research was provided by the Air Force
Geophysics laboratory, AFSC, Hanscom AFB, ¥A. The AFGL's instru-

mented MC-130 cloud physics aircraft rmade a nunher of flights inte

stratiform clouds during the winter of 1979-80. Data from only

two of these flights (Flight 30-10, 25 February:; and Mlight 80-11,

26 February) were used since these were Lhe only flights which descen-
ded to altitudes near the 0°C level. ioth of these flights were

flown in the Advecting Spiral Descent pattern.

usaed to determing the size distributinn o* suowtlakes at 1°7 in-
tarvals of altitude separation as the aircrstt slewly descanded
through the cleud. In all cases, wo ara refarring to emivai

malted diameters.

It is assumed that at any given Lime, the size distribution of

snowflakes takes the ex onential form

Np = Nye™ P (2)

where NpdD is the number of particles in the size range (D, D#dD),

and Ny and A are the distribution parameters (intercent and distrib-

ution slope, respectively). To calculate the total partiecle connnn-

i tration, Ni, at any given altitude, we intesrate 3. (2) from D=0 to 3

D= oo,
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The results of this integration at ambient tenperaturss from =30°2
to -5°C are shown in Fig. 1 for bolh 'iyhts.
Zxamination of rfig. ! revezls a rurber of intorestirs feat ras.
ticie conzentra-

For flight 30-10, the general trend of the total partic.c

tion is upward, fron a low concentration of 0.5 per ce at -74%2 to

a peak of 1,77 por ce at =7°C. TFor Tlirkt 30-11, however, t'e initial
particle concentration is higher, 0.€7 per cc, and actua’lv decreaser,

reaching a value of 0,41 per ec at the ~5°C leve!

Both flights show a number of proncinzed rises and falls in the
g I

total particle concentration, sespacially at terporaturas warner than
-15°C. Since this is the area in whisi arcrasaticn and hraskip are
to be expected, we have exarinad the 1'stribition of rarti=l -« by

size ranre as a porcentage of the totsl partisie concentrat:

The results of this analysis are shown in Ffigs. 22
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terrinate at the ~5 C level slnece hatiw this aititude, aoration of

supercooled droplets is occurring to . Targre axtent.

Tahble 1 shows correlation coeffirionts Tor the various 509 rap,

of the two datasets, as well as that 7 the hL curvas, [t - intar-
esting to note that, while the tolal mrtisie concentration anurves
are not well correlated at all (Correiatinn oot ficient==),14), when
the data are compared in terms of p reuntaye of tetal in a ~iven sire

range, the correlation coafficients are oxtramaly high, rancing fror

0,749 to 0,224, In almost all cases, incraoisas in the porrentage of




particles of a given size range at any swerific terperature occur-
ring in Flight 30-10, are seen to ocenr at the sewa tornarature in
Flight 30-11. Similar bshavicr is seen for decreises ‘a parcantave.
There is no reason to expect such a resnlt, givan that tha total
particle concentrations for the two flishts ar- so digeirilar,

Also interesting is the fact that btoth sots of data, while
starting out with very different size distritutions near the -30°2
level, seem to evolve to a similar size distri“uticrn (i.e. their
distribution parameters are alrost equal). This ray indicate that
the size distribution of particles entoring the melting layer, in
terrms of percentaga of tihe total concentration within a piven size
range, roas rot vary much Trom cloud te elrud, regardless of the
distritution at higher lavels in the 2.4, Parhaprs the nachanisrs
of aggregation and breskup serve to estahlish a size spectrur »°
particles entering the melting layer which is nearly constant

(percontage-wise) from one cloud to the next.

A comparison of Figs. 2a and 2¢ illustratas the rost strik

)de

na
example of the effect of aggregation and bronap on size distribution.
It is observed that increases in the parcentage of partinies ¢f
diameter 2.3 mm are always accorpanied by decrsises in the percantage
of particles smaller than 1 wm in diareter. TIndeed, the curves fer
these two size ranges show an almost parfect nesative esrrelatien

%]

for both flights.

It would appear that aggregation o” snowflakes bngine with par-

ticlaes less than 1 mm in diareter, procreds rapidly throursh the 1-2

b it 2 i T i




mp. diameter range and reaches the lcwar end of tha 2.3 pr [diametar

range with no significant breakip. iiwavar, brealkup appears 4o ‘na

arease sharoly as the particles anprooche 3 pmoin Hapator,  wWonyoar
breakup cccurs, there is a sharp dro» in the porcentaz: o 223 m
diameter particlas and an accomvanyin: rise in the poarcentara of
particles less than 1 wr in diameter. It is intaresting to ncte taat
in Flight 30-10, breakup of 2-3 rr. diareter (an! largsr) part ecles
did not result in signifiecant increisss of 1-2 diameter particles;
hcwever, this was not the case in Flight 30-11, where in~raasas in

1-2 mm diameter particles were seen during oraskup of lapser parti-

cles. This may be an effect related to the wjualization nrocess

1 e oRN Sy

for the distributicn as we near the relti:n; lavor,

indead, the ner-

P o s

centage of 1-2 mm diameter partinias in )

[}

i rieea

1y constant at 23-24% fror the -13

parcentage of 1-2 m: diamaler pirtizioes in

et 0)=10 rorainnd esasantia
rON

dewr b 2577, while thy

FLEAE 0.1 AT nat he-

. ' . N0
come stable at this 23-244 lavel unt:l <19°,
Larger size rangss oxhibited similap B auier (Tip,, Di.o), w th

periods of aggregation indicated by unswinrs
particles accompanioad o sharp deercrsis in
ticles, and pariols of breikup showine just
Cne of the initial problems sncountnre
search was that we had no idea what size th
snowflake would be. Our analysis of tho da
seems to indicate that breakup of snowllake
mechanism when the flakes approach 3 rm in

produce particles mainly smaller than 1 nn

in the percentarg ~C Tarce
the nurhar of srall par-
thn arnosite Yhehavior,

1 at the start of the re-

e fragrents of a brokeneup

ta {rom thase two flirhts

s will become a “owarful

diamnter. The hraeakups

in diamater, with sore
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1.2 mm diameter particles produced as well. iost snowllskes
reaching the critical size will broak up (only ?7-11% of the par-
ticles crossing the =5°C lavel ware 4 m» in d'anetar or larger.

In Flight 80-11, only 7% of the particlys ~n*ering the melting

layer were 4 mm in diameter or laryer).

CR
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L, COMPARISON OFf ASD DATA WITH THEORETICAL MODIL

A simple model of snowflake aggregation and breakup was de-
veloped prior to this research (Newman, 17931). This medel con-

tained a number of assumptions which have now been nodified.

The basis for the model is the equation for snowflake aggre-

gation given by Hogers {1977):
= 2
dm/dt = EMNK"au ()

where dm/dt is the mass growth rats, 3 the mean collecticn efficiency,
M the cloud ice content, R the radius of th- collecting snowlake,

and au the difference in fallspeed 'etween the collectine snow-
flakes and the collscted ice crystals. Mison {1371) has related thae

diameter, D, of stellar dendritic sncwfiakes to their mass hy,
2
m = 0,027D (s
ard, substituting into zZq. (&) vields,
1/ dr/dt = 4.630MT AL @

The initial model assumed a constant value "or Au based on sarlier
rasearch by Magono (1)53) which indicated that snowtlake fallspaed
was essontially independant of size for dendritiz flakes. However,

Langleben (135%) has shown that snowfiake fallspesd is a function of

size such that,

e ema s
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u = 198.353RO'31 (?)

We have further assumed that the collectni ice crystals fall with

constant speed of 30 cm/sec.

. G ded . .
Thus we obtain the expression {(173.73153K A =32) to he suhsti-

tuted for au, yielding,
. - = e De 31
dR/R = 4.63EM M (193,353K -30)dt (2)

If we assume that M 1s relatively censtant, and that the exprassion
in parentheses is constant over a srall intarval of time, t, then

the final aggregation equation will be,

J. 31

R = Hgexp [ 4. 63BN (13,353 -3o)t] (7

This equation can be solved for intervals of t=10 snconds. All
that is required are values of E and M.

In the 1781 model runs, E values of 0.3, 0.9 and 1.0 wera used.
However, Passarelli (1973) has shown that thero is a strong wake
effect associlated with falling dendritic snowflake=. This wake af-
fect makes possible, values of B groater than unity., Passarelli
found a value of 1.42 0,6 to be in gond agreament with observed
aggregation rates. We have used this value of 1.4 in the mode)
runs here.

In addition to the modifications in 4u, we have used the
moist adiabatic lapse rate of -5.33°C/km in thass runs. This is
very close to the obsorved lapse rate for hoth AFGL fligrhts.

The earlier model had merely assured lapsa rates of =, .5, and




[
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«6°C/km. Thus rany of the simplifying assumptions made in the ear-
lier work have been mcdified or elirinited in favor of nore razent
observed data.

Table 2 shows the results of the nodel runs. Values of M were
allowed to vary from 0.5 g/m3 to 2,0 g/m3. Note that for a ecloud
ice content of 1.5 g/m3. the model predicts 3 occurrences of bLreak-
up at 3 mm diameter between -15°C and -5°C. These predicted break-
ups occur at -11.8°C, -8.6"C, and -5.4°C. These temperaturss com-
pare quite favorably with both AFGL flights, where breakup is appar-
ently occurring at -13°C, -10°C, and -5°C. If the critical diameter
is assumed to be as high as 4 mm, 3 breakups will occur at -12.0°C,
-3.2°C, and -6.1°C for a cloud ica content of 2.0 g/mB. Again,

these predicted breakup temperatures compare favorahly with obsarved

data.

it b Al Lok mana




5. SUMMARY AND CONCLUSIONS

Lo and Passarelli (1932) have conducted expariments in strati-
form clouds, dealing with snowflake size distributions. They have
used a sampling method (the Advecting Spiral Descent) which follows
the snowflakes down through the cloud at their approximate fallspeed.

They have defined three stages in the evolution of snow size
spectra:

1) Depositional growth--occurring predominantly at temper-
atures colder than -13 to -16°C,

2) Growth by agpregation--orcurring rredorinanatly at
temporatures batween -1f and -8°C.

3) Breakup of aggregates~-which hegins at ahout -3°C
and continues down to the malting laver,

We have approached this problem in a sorewhat different man-
ner. 3y examining the total partizle nunber ccncentration, and the
percentages of this total of various sizc particles from lass than
1 mn to more than 5 mm in diameter, we have bean able to deterrine
the altitudes at which aggregation and breakup are occurring.

Our analysis of the data clearly shows that when aggregatior is
occurring, the percentage of the total distribution of large parti-
cles increases at the expense of the smaller particles. Convaersely,
when breakup occurs, there is a sharp decrease in large particles,

which is accompanied by a rise in the porcentare of smaller particles,

These fluctuaticns in size distribution are well explained by an
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aggregation/breakup mechanism such as that proposed by Lo and

PR RS ST o - et . i A

Passarelli.

In addition, comparison of the a harent temparatures at which
breakup is occurring in the cloud, to predicted terperatures from
a simple model of aggregation and breakup shows a high degres of

correlation. This would appear to provide further evidence for the

existance of such a mechanism.

The remaining question is-~does this mechanism actually occur?
Unfortunately, there are not enocugh flipght data available to provide
a concrete answer. Further research will be needead to verify the

existence of this mechanism in clonds, near the melting layer.

i
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i
TABLE 1

[
Size Range Correlation Coefficient 3

i
All sizes =0.1040 é
Porcent 1 mm diameter 10,3393 Y
Percent 1-2 mm diameter +0.8336
Percent 2-3 mm diameter +0.9353
Percent 3-4% mm diameter +0.3318
Percent %-5 mm diareter +0,320
Percent 5 mm diameter +0.7233

Table 1. Correlation coefficlients for variocus size ranpe~ hetwsen

datasets 80-10 and 80-11
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TABLE 2
Critical diameter Cloud ice_content Breakup terperature

(mm) (g/m) (c)
3 0.5 =55

1.0 -10.3, -5.5

1.5 -11,3,-8.6,-5.4

2'0 '12'60‘10021‘?080"5'5
b 0.5 -

1.0 3.1

1.5 -11.1,-7.1

2.0 -12.0,-9.0,-6,1

Table 2. Predicted breakup temporatures for critical diameters of
3 and & mm at various cloud ice contents.
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