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1. INTRODUCTION

The United States Air Force has recently expressed an interest

in the cloud and precipitation microphysics in the vicinity of the

melting layer in stratiform clouds. This int,,rest arises from

observations of nose cone erosion, 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) scope of weather radar. This

bright band, first explained by Ryde (1)46). is causei by a sharp

increase in the radar reflectivity of precipitation hydrometeor! as

they melt. The acquisition of a liquid coiting causes a sharp rise

in the power of the returned signal. 5!nce !-o!t of the preoipit-tinr!

melts at the sate rate. this causes the a7,nrvree of a "britht bar;A"

on radar. rhe band is narrow in vorticil ext.ent, isii)pearing when

the increase in fallspeed of the meltul' p-irt.icles causes they to

become less concentrated.

The degree of radar echo enhancement which is observed, however,

is far greater than that which can be explainid by me)tinf; ilone.

Wexler (952) believes that the enhancement of the radar echo is

caused by coalescence of ice crystals below the -30C level. He

also indicates that where little supercooled water is available.

additional ice nuclei might come from shedding of solintors by

dendritic snowflakes.

t4son (W55), Lhermitte and Atlas (1)63), and Gunn and "arsh4l1
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(1958) have all indicated that aggregation of snow crystals is most

likely responsible for the degree of radar echo enhancement seen

in the bright band.

More recently, Lo and Passarelli (1),32) have ieveloper a n,3w eam-

pling method for studying the evolution of snowflake size !3n-tra in

stratiform clouds.

Basically, the method involves a slow, ;pralinf desort in rn

instrumonted aircraft. The aircraft doscond:, at : proxmvt,

same speed as the falling snow.flakes. and Is 'lLowed to lrft hor-

izontally w-ith the mean wind. Thus the alir rnft rer-iir.- irr, 1-1

region and essentially samples the s-rre area rf snow as it fr,ws.

This type of flight path has been terred the Adveitinr 5)?ir2,]

Descent (A3D).

Snowflake size spectra were n'9astred continucsly durin, the

descent. These spectra took the exponential form

ND -eAD 8

whore NDdD is the concentration in the size range (D, D~dD), an,

No and A are the distribution parameters (intercept and distribution

slope, respectively).

By constructing relationships between N. rind A , Lo and Fas,,-

relli were able to determine a pattern of snowfliike evo[l'itin in-

volving depositional growth, aggrejiational growth, and break~ir Cf

aggregates.
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It is their contention that the ovelution of the snowflake sizse

spectrum goes through three distinct stages. F'irst, at levels at;ove

-15*C, or so, growth by deposition dominatos. Froin apprcx~r.,itely

-15*C to -80C, or so, the dominant mechan;7r is growth by agur,--ition.

Below -36C, or so, breakup of tho aggregatqs 'i most prK! ably occur-

ring, as No and A become relatively stable. This seers logicai in

light of the fact that aggregates larg.)r than, say, 7 myr 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 agrre-

gation/breakup rochanism in the nqar-r-eltin,- lav3r vicinity.

I
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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/UZAF Sum.er

Faculty Research Fellow, and to refine the simple model of snow-

flake aggregation developed at that tin:e by removing many of the

arbitrary assumptions. Thus, an accurate picture of snowflake size

distribution at the OC level.could be inferred.

In addition, during the course of tbeA resqarch, it became ev.-

dent that it might also be possible to use data from Iir Force

Geophysics Laboratory research flightc to verify the accuracv of

this simulated aggregation/broakup olfl. -3'iiequontly, a second

objective, that of confirming the existen!e or an af-roi-:aion ar

breakup cycle in snowflake evolution near the v,'eltng Inyer was

added.

______
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3. EXPI4m iAL RESULTS

The database for ti.e research was provided by the Air Foroc

Geophysics Laboratory, AFSC, Hanscom AFB, !A. The AFGL's Anstru-

mented MC-130 cloud physics aircraft rrde a nu.ber of flights int,

stratiform clouds during the winter of 197)-RfO. Data from only

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

26 February) were used since these were the only flights which descen-

ded to altitudes near the OC level. '3oth of these flights were

flown in the Advecting Spiral Descent pattern.

Data gathered from PYIS I-D cloui and pre 'pitat.ion probes were

used to deterrino the size distrihU t inn on," .f , rwt'ake- It 1 "  n-

tervals of altitude separation as the ii:-cr'-;t sltewl-7 r ec'.-e:

through the cloud. In all -!ases, we a ref ,r'ini to e ,uir,

melted diameters.

It is assumed that at any given time, thn size ,istrini.tif.n of

snowflakes takes the exponential form

-NDND = Noe 
(2)

where NDdD is the number of particles in the size range (D, DOdD),

and No and A are the distribution parar.nters (5ntercept and distr'i-

ution slope, respectively). To calculate the total particle conoen-

tration, Nt, at any given altitude, we integrnte C. (2) fro, D) to

D=o.
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N t J~ -'
0

The results of this integration at airAent, to~inpor-turr::~~~3

to -5*C are shown An Fig. 1. for 1both ~Wh,

Examination of Fig. 1 revoals a f fect .ren.

For flight 30-in, the -genernl. trend or thett!'io~ or'eta

tion is upward, fror, a low concentr'ition u!' 0.5 per cn it-?I to

a peak of 1.77 per cc at -70C. For f- t -3- 1,. however, t'o ini tial

particle concentration is higher, 0.5/:. per c2-, -ind a(-t:<lv 3ere-lspn

reachingy a value of 0.41 per cc at. the -50]LOM

Both flights show a number of pcrnno'-:n:no1 ri soi an:' f-411 ~n t-

total particle concentrrition, 3sp,)cia' i1, nt tm ratfir),; w:2r~r.r th-ar

-150C. Sinie this is tho arna in w -'; -in~i n n~ ri Y are

to be expected, we have exarinerl the U- tribhit~nn of :art'-I b7

size ran-e as a porcenta-a of the tot-;i irirt". e con-cotri '3Z .

rhe results of this analysis are shown, in F~fs. 2a - 2f. n~*

terrinate at the -50C level sinceo hi- t. th is -;tt'i,) rto f

supercooled droplets is occurrini, to 1n rj,. -;xton..

Tah"Ie 1 shows correlation coetffi ' n r "r the Y-ar1i;u .- r.u;1. t

of the two datasnts, as well, a,; thait !'tli a1 i.v' C!1,, t*- intir-

esting to niote that, while the tutUi 1-~rtYr-i e concez.tr-it; n-i rves!

are not well correl ated at all (Correa.;-rn ofict~~.!.) w -.en

the data are compareil in terms of p ~ro'ntwt U ,!, trtaii ?n -1 ~ nSi:'e

range, the correlation coefficients aro oxti-roy h'j-h, ranwnr frnir

0.)49 to 0.724. In almost all ca ses, incro3ln')'i in thV-) eia~eo

..... ... .
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particles of a given size range at any s:)eenifi temperature occur-

ring in Flight 30-10, are seen to ocir at, the s1,n t'nr rture in

Flight 30-11. Similar behavior is seen for pqrr':Oe n rcentaze.

There is no reason to expect sunh a rerrislt, i,;.n that the ttil

particle concentrations for the two f~i,:ht:; !ir- so dls-lr, iar.

Also interesting is the fact that }'oth sots of 4,ita, whke

starting out with very different size dlstrilutions near the -3'0:7

level, seem to evolve to a similar size distr.*butir. (i.e. their

distribution parameters are alr'ost equal). This ray indicate that

the size distribution of particles enterirc the .reltin: laver, in

terms of percentak.ge o the total concenfriticrn within a given size

range, does not vary much from clo!r! tc' cir-ud, re.ar-esn o' the

distribution at hf-her levols in the c>P.A. Perhar! the oechOnis-s

of aggregation and breakup serve to est'-.lish a s9ze spectrur of

particles entering the melting layer which is nearly contint

(percentage-wise) from one cloud to the ne.t.

A comparison of Figs. Za and 2c flluntrate:; the rnt str'kin

example of the effect of aggregation rin br,. '-ip -,rn size d(istribuLon.

It is observed that increases in the prcentage of particles cf

diameter 2-3 mm are always accompanied by decre-ase.; in the percentage

of particles sm:aller than 1 mm in diameter. Tndeed, the curves f(r

these two size ranges show an almost p!rfect negativo correl-Iticn

for both flights.

It would appear that aggregation o' snowflakes hngimn with par-

ticles less than I mm in diameter, proceeds rapIdly throu!-h the 1-2
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mr. diameter range and reaches the (1w-,r end rf the 2-3 r', -ii.netrir

range with no signi ficant bre.ak p. ':' 'er, 1 r'enkup app, .- r-i tr n-

crease sharply as the partin , " 3 - *"n 1 ,q.r. ' ), o 3r

breakuo occurs, there is a sharp iro, r the t;.;rc,.ntac, - " 2- ,

diameter particles and an acco.lani-:i,- r. ie f" the porentag:e o'

particles less than 1 z,. in diameter. It -s Inf.3re.tini, to ncte tn:t

in Flight 3-10, breakup of 2-3 r--, dia!rnter Kar'A largnr) part mnIs

did not result in significant increises ,f 1-2 diamet,r prt~clen;

however, this was not the case in Flight '30-11, where 4n-!'ea.cs 1.n

1-2 mm diameter particles were seen durinf ,reaku, of >Iar,,r parts-.

cdes. This may be an effect re.late-i to t.Th .. tua1iz-th,n rro.e;n

for the distribution as we near the :, Ut1, 1:v,'. n9 .d, the per-

centage of 1-2 nIT. diameter partie; n I" i .-iO r,:', nrl e:; e-otr -

ly constant at 23-2'4 frorr the -I ' ' .& ,h, t1 , -

percentage of 1-2 mr. diameter part',.,.: in i1 " O 70 - .A! not e-

core stable at this 23-2-4 level re, t 1I )

Larger size rangos exhbited ,;i r ir te,.,i, r

periods of aggregation indicated by it.:;w1nr:-t,'r t.e tt ""

particles accompanied b', sharp decr;-si ii tho nirh:er osf r-i..l r.ir-

titles, and oriols ot ,re-ikup shnwltni- ju;t. the a?-";'te 1,,.haior.

C-ne of the initial problems ,ncountn-rer at the start of the re-

search was that we had no idea wh4at size the fragrents of a broken-up

snowflake would be. Our analysis of the data from these two flights

seems to indicate that breakup of snowfl.akos will become a "owerful

mechanism when the flakes approach 3 ,,r. in dlUnmrter. The breakups

produce particles mainly smaller than I .n" in diameter, with sore
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1-2 mm diameter particles produced as wall. i-o!;t snowflakes

reaching the critical size will bro.k up (only 7-I% of the par-

ticles crossing the -5*C lervel were 4 in V uCater or largor.

In Flight 30-11, only 7% of the particl ,-ntrrng the trnotinr

layer were 4 wm in diameter or larger).

I
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4. COMPARISON OF ASD DATA WITH TiIEOIerTCAL YGDL

A simple model of snow;flake aggregation -ni broikup was de-

veloped prior to this research (Newman, 1)3i). Thi; ivdel con-

tained a number of assumptions wh,.ch h. now been m.oni fied.

The basis for the model is the equation for snowflake a,-gre

gation given by Rogers (1979):

dm/dt = Mk2 A ()

where dm/dt is the mass growth rate, the mean collection efriciency,

M the cloud ice content, R the rndius of the no ee ctin< snow'lake,

and Au the difference in fallspeed Ietween the colloctinf- snow-

flakes and the collected ice crystals. Mt ison (1971) has r-Iitod the

diameter, D, of stellar dendritic sn(wfinkns to their rass bY,

.O-027D (5)

and, substituting into Eq. (4) yields,

1/R dr/dt = 4.63MTma (')

The initial model assumed a constant value 'or Au baned on earlier

research by 1'agono (1)53) which indicated that qnowtli.ke a!L.speed

was essentially independent of size for dendritvc flakes. Howevr,

Langleben (1954) has shown that snow'iake fallispeed is a funntion of

size such that,
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u = 193.353H
0 3 1  ()

We have further assumed that the collect,l ice -rystals rall with

constant speed of 30 cm/sec.

Thus we obtain the expression (1)3.353k -3')) to le substi-

tuted for au, yielding,

diR/ = 4.63 M-K (193.353R 0 "3 1 -30)dt (B)

If we assume that Y is relatively constant, and that the exprqssion

in parentheses is constant over a sr-a]l intarvil of time, t, then

the final aggregation equation will be,
I . -'. -C

Riexp [ 4.6TDn(13.353Li ' -30)tj (9)

This equation can be solved for intervals or t:71C9 srconi5;. All

that is required are values of and M.

In the 1081 model runs, E valuns of 0. , 0.9 and 1.9 were user!.

However, Passarelli (1973) has shown that therq is a rtrong wake

effect associated with falling dendrStic snowflake-. This wake ef-

fect m akes possible, values of H greater than unikty. Pn ssareAli

found a value of 1.4 ! 0.6 to be in Food igreeorent with ob3erved

aggregation rates. We have used this v:lue of 1.4 n the rodel

runs here.

In addition to the modifications in Au, we have used the

moist adiabatic lapse rate of -5.33OC/km in these runs. This Is

very close to the observed lapse rite for both AFiGL fltrhts.

The earlier model had merely assured lapse rates of -4. -5. and

i
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-6*C/km. Thus rany of the simpliCying assuirptions made in the ear-

lier work have been modified or elluirnvted in favor of r're recent

observed data.

Table 2 shows the results of the .odel runs. Values of M were

allowed to vary from 0.5 g/M3 to 2.0 g/m3 . Note that for a cloud

ice content of 1.5 g/m3. the model preiicts 3 occurrences of break-

up at 3 nm diameter between -15'C and -5*C. These predicted break-

ups occur at -11.8"C. -8.6*C, and -5.46C. These temperatures com-

pare quite favorably with both AFGL flights, where breakup is appar-

ently occurring at -130C, -10*C, and -50C. If the critical diameter

is assumed to be as high as 4 mm, 3 breakups will occur at -12.06C,

-).9"C, and -6.10C for a cloud ice content of 2.0 g/m3. Again,

these predicted breakup tempiratures comPare favorably with observed

data.
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5. SUMMRY AND CONCLUSIONS

Lo and Passarelli (1932) have conductoi exp-rimentr in strati-

form clouds, dealing with snowflake size distributions. They have

used a sampling method (the Advecting 3piral Descent) which fullows

the snowflakes down through the cloud at their apiiroximate falispeed.

They have defined three stages in the evolution of snow size

spectra:

1) Depositional growth--occurring predominantly at temper-

atures colder than -13 to -1()C.

2) Growth by aggreg.tion--o, curring rreti nntly at

temperatures between -Vf and -80C.

3) Breakup of aggrogates--whic* bog, .- at ahiut -90C

and continues down to th . veltni layer.

We have approached this problem in a sor.ewhat different an-

nor. 3y examining the total partiilo nn irer ccncentration, and the

percentages of this total of various size particles fron, tess than

1 mm to more than 5 mm in diameter, we hvo been 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. Conversely,

when breakup occurs, there is a sharp decrease in large particles,

which is accompanied by a rise in the percentage of smaller particles.

These fluctuations in size distribution are well explAined by an

.... ._ _ _ I.
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aggregation/breakup mechanism such as that proposed by Lo and

Passarelli.

In addition, comparison of the a ,arent temporatures at which

breakup is occurring in the cloud, to predicted terperatures from

a simple model of aggregation and breakup shows a high degree of

correlation. This would appear to provide further evidence for the

existence of such a mechanism.

The remaining question is--does this mechanism actually occur?

Unfortunately, there are not enough flight data available to provide

a concrete answer. Further research will. be needed to veriry the

existence of this mechanism in clouds, rear the melting layer.

L ... . ....... * ,. .
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TABLE I

Size Range Correlation Coefficient

All sizes -0.1440

Percent 1 mm diameter

Percent 1-2 mm diameter +0.8336

Percent 2-3 mm diameter +0.9359

Percent 3-4 rwi diameter +0.3318

Percent 4-5 mm diarieter +0-3244

Percent 5 mm diameter f-0.7233

Table 1. Correlation coefficients for vwrious size rarf-e- between

datasets 80-10 and 80-1i

______________
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TABLE 2

Critical diameter Cloud ice content Breakup terperature
(mmmi) (g/mn3 ) CC

305 -5.5
1.0 -10.3. -5.5
1.5 -11.3,-3.6,-5.4
2.0 -12.6,-10.2,-7.8,-5.5

4 0.5 --1.0 -9.1
1.5
2.0 -12. 0, -9. o,-6.1

Table 2. Predicted breakup temperatures for critical dAameters of
3 and 4 rmi at various cloud ice contents.
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