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EXECUTIVE SUMMARY

This report covers one phase of a continuegearch project to improve the understanding
guantitativedescriptionof aircraft icingconditions in the atmospherd&he project is the first of
its kind sincethe late 1940’s when researchers from the U. @ater Bireau and the National
Advisory Committee for Aeronautics (NACA) oiirgally collected flight data on icingonditions
aloft. Thoseearly daa form the basis for the icing-related, engineering design information
currentlycontained in the ééleral Aviation Reglation, Part 25 (AR 25), AppendixC. Thefirst
two phases of the current research project have moralthdedthe original amountof flig ht
data and have led to improved descriptions of the ieitmgosphere. Theseare intendedto
supplement or perhaps revise theserg desigh data in AR 25, AppendixC.

The FAR 25 document also requires all-weather certified aircraft to be capablengfttiyoudh
“falling andblowing snow”, but to date no suitable engeringdata on snow conditions aloft
have been available. Thethird phaseof theonging research project atempts to fill tha void by
providing a large database of select in-flig measurements of snow ande crystal
concentrationssizes, and mass accumulations at Hlialtitudes. To this end, data from 50
researchflights in a variety of wintertime and hidn-altitude clouds up to 30,000 ft (9 km) and
temperatures down to -80 havebeencollectedfrom six different researchrgups. Some 7600
nautical miles of sdect qudity daa have been compiled into asinde, computeized daabasefor
use in developinghe desired information for aircraft @ngeringpurposes.

This report summazes these results and presents anumbe of graphical andyses to illustrate the
observedcharacteristic®f ice and snow particle populations primardg a function of altitude
and emperatre.

The engneerng significance of he resuks are hat generaly the worst ice particleand snow
conditions are at altitudes below about 20,000 fkr(§. Notableexceptionsare thunderstorm
anvil clouds where lagy particles and mass accumulations can be carried up to altifides
30,000 ft (9 km) or more.Below 20,000 ft (6 km), snowflakeas large as 10 mm and mass
accunulations up ® 3 gams per culi meter of air (o¢/m*) maybe found in some storm stgms.
Above 20,000 ft, particle st are smaller than 2 mm and particle mass appears to lbdass
0.2 gm®in the cirrus clouds and the upper reaches of deep winter storms that arefoandkt
these levels.In the thunderstorm anvils, however, 10 mm particles and massegmot tambe
found.

As a result of these anabs, an altitudergduated tablef ice/snowcloud propertiess proposed

for defining the “falling...snow” requirement in AR 23.1093, AR 25.1093, AR 27.1093, and
FAR 29.1093.

Xi/Xii



INTRODUCTION

Flight through aheavysnowfall or other ice particle clouds is known to sometimes be a hazard to
aircraft, especiallys it can affect the enges. Somehelicoptersandlight aircraft are knownto

have crashed or eguted ememncy landing due to enge failureaftertakeoffinto snowstorms.

It has been reported tha sometransport jés have had difficulty regaining full power after
cruisingthroudh high-altitude cirrus or anvil clouds.

Although federal aviation regulations FAR 23.1093, AR 25.1093, AR 27.1093, and
FAR 29.1093[1] requireall-weather aircraft to be capable of flighroudn “falling and blowing
snow”, no quantified specification of snow has been available formesgingpurposes.That is,

no information on snowor ice paticle masses or sizes & afundion of dtitude or ar tempeaature

has been promusted. To overcome this deficiency data compilation anahalysis effort was

undertakenas part of a larger project to improve the understandiagd characteraion

(engneerng specficaion) of icing condtions n the amosphere.The resusk are epeced D be

applicable to various aviation-related concerns such as meteoebldgsign specificationsand

improved forecastingf icing conditions.

The informationrequiredfor aviation engieeringpurposes is the raagand probable values of
snowand ice particle sizes, masses, and numbes for dtitudes from sa level up to d least 9 km
(30,000 ft). No compilation of such data has been previoashilable. A considerableamount
of knowledg has beenaned over the past several decades, however, and the pedaspeats
are reviewed in the BACKGROUND section.

BACKGROUND

WHAT ISALREADY KNOWN ABOUT SNOW AND ICE PARTICLES.

TYPES OFPARTICLES. Somegeneaa categorizdions ae given hee to hdp simplify the
understandin@f the apparentlgomplexpicture of particle shapes and theacurrencesyoth of
which depend on the ambient temperature, available moisture,otinedt environmental
influences. Most of this informationis condensed from chapter 7 of referenceThe reader is
also referred to thelgssaryfor some of the basic definitions.

Basicdly, frozen paticles ocur ather in the form of synmdrica crystals, in which case thar
shape is referred to as a “habit”, oriaggular or amorphousparticlesresultingfrom riming
and/or agregation of synmetrical crgtals.

The symmetricalcrystals resultexclusively from the condensation of ambient water vapor onto
an ice particle nucleus or other “seed” (i.e., particlemexgf). There are onlyhreebasichabits

for ice cngstals [neddes, phanar crgtals, and heagonal columns. The phnarcrystals exhibit the
greatest number of variations, ramg from thin, hexgonal platesto the elaboratedendrites
(branched crstals) popularlybroudit to mind at the mention of snowflakegery smal crystals
have simple habits such as platesand prisms; elaborate habits like dendrites are not found
smaller than about 2Q@m (0.2 mm) in diameter.



Certain crgtals, includingneedles, stellars, and dendrites, form ailgrnearwatersaturation.
At tempeaatures less tha 0°C, water sauraion genealy occurs only in the presence of
supecooled waer droplds. In this @se, riming is dso likdy if the ice paticles are larger than
about 200 m.

Simpler, more solid habits (plates and columns)rgw below water saturation (RH<100%) but
above ice saturation.

The ambient tempeature dso deermines which aystal habits will grow, & summaized in the
table below.

Air Tenperatire CC) Predominait Crystal Type
Oto-4C Plates
-4 to -10C Columns (or malge some needles)
-10 to -20C Plates, thick plates, stellars, dendrites
-20 to -40C Columns, plates, bullets

These rdationships en behdpful in dedudng the crystal types present duringmeasurements in
an ice cloud but onlyf the sampled portion of the clousl uncontaminatedy other types of
particles fallingin from above or beingroudt in on updraft§rom below. Suitablecasesvould
include shallow clouds where the temperatures are entuigiyn one of the four ranges shown
in the table or near the tops of deeper but nonconvective clouds.

The various forms of irragar or amorphous particles arengrallyknown as gaupel, sleethail,
or snowflakes. They are all formed byiming and/oraggregation, neither of which are very
effective until the maxmum dimension of a cgal exceeds 20@um or more Tha is, aystals
smaller than 20Qim are usuallwimple, unrimed plates or columns.

Graupd paticles (se glossay) are usudly white and friable, but someare morelike solid ice.
Theyare found in convective clouds where sufficiestisongupdrafts maintain the supercooled
droplet supplythat is required forrgwth byriming, againstthe depletingeffectsof the growth of
precipitation. Graupel or other rimed particles are called hailstondseif arelarger thanabout

5 mm.

Ice paricles may alsoform from the freeang of supercoad dropéts. Sleetis a conmon nane
for frozen raindrops.

[1 Water sturation refers to the ordirary 100% relatie humidity (RH) cordition where ro more water vapor can
be added to a gven volume of space at tk exsting tenrperatue. Any increase bwater vapor will immediately
corderse ou asliquid dropkts, forming a cbud.

**  |ce satuation refers to the candition (tenperature or atsdute humidity) at which ice particles will j ust begin to
grow via cordersation of the anbiernt water vapor. At tenperatues farther below freezirg (0°C), this can
occu at relative tumidities farther below100%, ad therefre ice particlesanform and grow in humidities too
low for water droplets toform.



The nost important type of accrabn is that of snow crgtals to form snow flakes. Close
examination of snowflakes reveals that thegy consist of tendhundredspr eventhousand®of
individud ice crystals, rather than of a sinde, large, daborae but synmdrical crystal as is
popularlyimagned. In the mid latitudes, 50% or more of the snow is in the form greggtes.

At altitudes above the freezingvel a gven cloud volume is usuallgither all supercooled
droplets or all froen particles. There is seldom mixture of both, excepttemporarily sincethe
mixed condition is an unstable stat&.parcel of supercooled droplets is rapidgpleted if any
ice particles are present, because the ice particles reaaiyupon the commasupplyof water
vapor to feed theirrgwth. The supercooled droplets bedo evaporat@assoonasthey seethe

air around them becomindrier. This preferential condensation of water vapor onto the ice
particlescauseshem to gow rapidly at the epense of the supercooled droplet§he cloud
becomes daciated and ma dissipde as the growing ice paticles bain to fall out. This is
commonlyseen with shallow cirrus or altostratus clouds as the wispgipitation trailslevelop
below them. Evidence of taciation in largr clouds, like toweringumulus, for eample,is the
conversion of parts of the cloud from billogauliflower) shapes indicative ofveaterdroplet
cloud,to afeaturelesscotton candy appearance indicative of an ice particle cloitbst clouds
reman in the form of supecooled droplés until tempeatures approah -20°C or so, unless
frozen particles have been introduced from colder parts of the cloud or have falees in
precipitation from a lgciated cloud above.

PARTICLE SIZE DISTRIBUTIONS. Ice particles mape found as small asun or so inlength

or diameterandsnowflakesmaybe aslarge as 2 cm. A number of technical reports and papers
published since the 1940’svg data on measured snow or ice particle digtributionsfor one

or more casestudiesat particular locations. The first measurements atognd level were
reported in 1948 barshall and Palmer for raindrop3][andin 1958 by Gunnand Marshall
for snowflakes 4]. Doudas reported on the observedesspectra ofhailstonesin 1964 [5].
Early measurements of ice particle size distributions abftfladtitudes were reported in 1971 by
Simpson and \iggert [6].

Thesemeasurements show that theesdistributions are all enerally exponential, i.e., of the
form

n(D) = n, exp(-AD),

where D s the paricle diameter and g andA are theintercept and slopepaameers, respectively.
Thus n(D)dD gves the number of particles in the esinterval D to D + dDobservedat a
particular time and locationA number of subsequemstudieshave shownthat n, andA are
variable, dependingn temperature, csial type, and the stagof particle growth (deposition,
aggregation, and breakupy], for example.

MAXIMUM PARTICLE SIZE. The maxmum possible sizof aprecipitationparticle depends
on the type of particle (p. 28, reference 8pnowflakes are usuallgmallerthan2 cm, althoudn
most snowflakes have diameters between 2 and 5 Buoth rimedandunrimedparticles(singe
ice crystals, graupd particles, and ice pdlets) usudly have maximum dimensions les tha 5 mm.




This mans tha Paticle Measuring Systans Inc.’s (PMS) onedimensiona precipitation paticle

size spectrometer (1D-P) and two-dimensional precipitation particle imgagrobe (2D-P),
probes thd cover sizes up to 6 mm or morewill usudly be adequéae for obtaning complee size
distributions.

The maxmum dimensions mentioned above are mdstyn observationat or neargroundlevel
where makmum gowth has usuallnlreadytaken place duringhe fall from hidp altitudes. At
high dtitudes, sm#er maximum limits mg aoply dueto tempeature effects, a shortaye of water
vapor, or a lack of agegation processeskor example, a number aftudiesof cirrus cloudshas
shownthatthe meanlenghsof the ice particles were between 0.1 and 1.0 rior.these cases a
PMS 2D-C probe that covers up to at least @0may be sufficient.

Tempeature (Altitude) Dependence. Air tempeature and aystal shape play dominant
roles in agregation, the process bwhich large snowflakesare formed. Observationshave
shown thathe maximum dimensions of snowfliaes are largest near 0°C, and thd the probability
of aggregation decreases with decreasing tempeaature (increasing dtitude). The shae of the
component crstals is important tooAggrecates of columnandneedlegendto staysmallwhile
aggregates of dendritic crystals tend to beome large. Dendrites form onlyin the tempeature
rangg of about -10 to -2@€ and are therefore not found at cirrus leveldessthey are
transportedherefrom lower levels, as in thunderstorm anvil®]. Only column-like crgtals
form attemperatires ess han -20C, so thaboth cystal shape and lack of aggregation will limit
the maxmum patrticle sie to relativelysmaller values at temperatures below aboutG20

MAXIMUM PARTICLE CONCENTRATIONS. All particle countingor siang devices are
sensitive to only a limited range of paticle sizes, and therange is different from onetype of
device to another. Since small ice particles are eperally much more abundant than larg
particles,devices responsive to the smaller sizes willsty the geater number of countslhis
means tha any reported vdues of totd particle concentraion (no./lite) will be strondy
influenced bythe siz rang it represents and especidbly the lowersize threshold. In orderto
make meaningful compaisonsof totd particle coneentraions, it is theefore necessay for dl
valuesto representhe samesize rang or at least have the same lower size lindilthough no
formal ageement is followed in the scientific literature, the lower limit is often founteto
around 100um or 150um for various pradtal reasons usulgl assocated with the avaiable
probes. In this report 10Qum (0.1 mm) will therefore be adopted as the lower size limit to be
consideed when reportingtotd particle concentrdions.

Temperature (Altitude) Dependenckee particles mape present in angloudwherethe
tempaature is bdow 0°C, althoudp it is known that the thinner the cloud (verticalgnd the
warmer (lowesttemperatire geaer than -10C) the less likely the presence ofce paricles.
Nevertheless, in a stuay 162 clouds of various peswith lowesttemperaturesangng from -2
to -32C, Hobbs and Rango (figure 2 of reference 10) observed ice particle concentrations
(>0.2mm) up to 200 per liter falemperaturesiown to -30°C and up to 300 per liter at -32°
The trend was to increasing ice paticle concentraions with dereasing tempeaature down to
-32°C. Heymsfield (figure 6 of reference 11) reports concentrations (airi) up to about120
perliter in a numberof stratiformice clouds. This peak value occurred at about*@0and the




maxmum valuesdropped rapidlyto less than one per liter with decreasiegiperature between
-30 and -53C, the lowest teanmpeaature in his dda sd. This gpaent decrease in paticle
concentation attemperatires bwer than -30C is probaby because ahese émperatiresmostof

the particlesaresmallerthan0.1 mm, the minimum se&zunder considerationOther researchers
have reported concentrations occasionatig brieflyreachingup to 330 per liter at -5°C [12],

and nearly400 per liter at -17C [13]. Taken bgether, hese rests indicaie tat except for
occasionaland momentary bursts to perhaps 300-400 per liter in some convective cells,
maxmum particle concentrations(>0.1 mm) are gnerally less than about 250/liter for
temperatures down to about °80) and they decrease to only a few pe liter a tempeatures
bdow tha.

MAXIMUM TOTAL MASS. Often reerred to a the ice water content (IWC), the totd ice
paticle mass onaentraion (TIPM) is thesum weght of dl ice particles in a unit volumeof air.
It is usuallyexpressed in units ofrgms of ice substance per cubic metemiof g/m®, or the
equivdent unit of milligrams pe liter, mdliter.

Reports of TIPM in the literature are rare compaed to regorts of paticle sizes and
concentrationsHeymsfield [11] obtained about a hundred measuremenidiM in a variety of
stratiformice clouds. The maxmum total masses observed in sever&Cl@mpeatureintervals
are sbulated bebw.

Maximum
Tenperatire €C) Obseved Totd Mass (dm°)

-10° to 0° 0.8

-20° to -10° 1.5

-30° to -20° 0.5

-40° to -30° 0.25

-50° to -40° 0.04

-60° to -50° 0.008

In convectivecloudsthe total mass can be laeg and indeed Heysfield [9] finds values up to
1 gm? in a thunderstorm anvil at about 87 Total ice particle masses up 3.5 g/m® have
been reportedl4] in the center of Swiss thunderstorms at temperatures of al3Qut -9

Valuesof TIPM aloft canalsobe estimated from precipitation rates observed at thargl. The
relationship

R(mm/hr) =5(TIPM)**°

was originally establishedfor aggregate snow bySekhon and Srivastavalq] in 1970.
Heymsfield [11] showel tha the same equdion aso worked for ice particles measured aloft in
synoptic scale cloud syems. Werner (pag 36 of reference 16) usdiis equationalongwith
dataon extreme24-hoursnowfallsin the United States to deduce a value for the 99th percentile



TIPM of snow as a function of the (surface) temperature at the time of observdisoresults
are:

Tenperatire CC) 99th Pecentile Snow TPM (gdm°)
-9 1.6
-4 1.9
+1.5 2.1

Thusit maybe anticipated that PM’s aloft will not exeed these values, @pt occasionally
particularlyin some thunderstorms.

INSTRUMENTATION.

All of the ice particle data compiled here were obtaifrech one or more of four laser-based
probes manufacturedby Particle Measuring Systems (PMS), ric. [17]. These probes are
desigied for airborne samplingurposes and have been in popular use since adbeimercial
introductionin the mid 1970’s.The probes make use of a low-power, closed-path laser beam to
illuminate individual cloud or precipitation particles passitgoud the eyosed sensitive
volume of the beam duriritjg ht.

One tye of probe desig known aghe one-dimensiona|lD) probe,instantaneouslgetermines
the siz of the passingparticle byelectronicallycountingthe number ophotodiodesthat are
momentaily covered by the paticle’s shalow. This minidure linear aray of ddecting
photodiodes is necessar#dligned perpendicular to the thgpath. Thisresultsin ameasurement
of only the paticle dimension tha is pependicular to the flight pah. Typically, the particle is
assigned to one of 15 s&zbins distributed evenlgver a sie rang of about50-300um for the
cloud particle (1D-C) probe, or 0.3-4.5 mm for the precipitation partidieP) probe. After
every 15 secondsor so of flight along a path containingce particles within the s&zrang
covered bythe probe, a particle gaistribution can balevelopedrom the numberof counts
accunulated in eachof the 15 size bins. In turn, he bta mass (gm°) of the ice paticle
population can be computed from the measuree digtribution. Specific methods for
computingthetotd particle mass ae desaibed in afollowing section.

A second version of these probes incorporates additional fast electtormesord multiple,

sequentl measurerant, or tme sices, of he paricle width as t traverseghe beamat aircraft

speeds. This permits a two-dimensional reconstruction of each shadoereby yielding

information on theshae of the paticle in addition to its size These two-dimensiona (2D)

probesusuallycovera larger rang of particle sies than their 1D counterpartslypically, the

2D-C and 2D-P probes cover the raadp0-80Qum and 0.2-6.4 mm, respectivelyn some 2D-P
models, the upper limit is near 9 or 10 mm. Typical particle imags (shadowgms) are
illustrated in figure 1.

In the dasbase, e probes fromwhich the dah were obained for each masurerant are
indicated by the variable caled PROHEE_ID. The maimum paticle size (in mm) tha was



measurablevith the probe(s) isigen bythe variable MAXDAM. The predominant particle
habits, if known, areigen bythe variable XTAOYPE. The orignal particle size information
has been stored in the form of a coarse ammassdistribution,asfurtherexplainedbelow, but
the individual shadowgamsare not kept as part of the databadeeference the appendigr a
further explanation of the retained variables.

SOURCESOF DATA.

All of the daa compiled hee come from dather publisheal reports or from digital data tapes
providad by several agendes (univesities or g@venment research organizaions) whose
instrumenteaircrafthavecollectedusefuldatain various types of ice cloudsThe field research
projects from which daa were obtaned are desaibed bridly to familiarize the reader with them
and to indicate the scope of the atmospheric conditions that are represented.

1. The Air Force Geophsics Laboratory(AFGL) Cirrus Project, as the name implies, was
conductedo measurdce particlesizes and mass loads in cirriform cloud3he project
employed a lockheed MC-130E aircraft instrumented with PMS 1D-C aDeP probes
for a smallnumber of flidnts duringthe fall and winter months of 1977-197%elected

portions of the datafrom seven fligpts, as tabulated in a series of technical reports

[19-25] have been incorporated into the databaske flights weremostly over New
Mexico andranged in altitude from about6 to 9.5 km (20,000 to 31,500 ft) above sea
level (ASL). The cirrus clouds were mosthassociated with jet streams and frontal
systems.

2. The AFGL Large Scale Cloud $yems (ISCS) Project made use thie sameprobesand
aircraft to studythe microphgical changs in limited portions of eensive, cglonic
winter storms as thegeveloped and moved from the central to eastern United $tades
a period of 3 to 4 day Selected portions of the data frond&ys (two storm systems)
during March 1978, have been used her&he data are from published tabl@6{27]
Onestorm wa followed from Nev Mexico to Ddaware with ice paticle daa from 3to 9
km (9500 to 29,500 ft). The second storm was followed from Oklahoma into

Pennsivaniaat altitudesfrom 1.4to 7.4 km (4600 to 24,000 ft) in the northeast quadrant

of the storm.

3. The Cooperative Convective Precipitation X¥periment (CCOPE) was amajor,
summertime, weather modification research project cosponsordéagebpepartment of
the Interior (Bureau of Rclamaton) and he Natonal Center for Atmosphere Research
(NCAR). The projectinvolved sixor more aircraft and an observimgtwork in the
vicinity of Miles City, Montana, duringVlay to August 1981. Tabulateddata[9] have
been teken from the NCAR Sdrdiner flight in the spreading awil of an airmass
thunderstormon August 1, 1981. The flight ranged from 8 to 9.3 km (26,000 to
30,500 ft).

4. The Colorado Orogaphic Seeding Expeaiment (COSE) was a multiyear weather
modification projectin mountainous northwest Coloraddlabulated data2g8] from 2



aircraft on 2 winter days in 1979 have been used in the databaBke flights were in
local orogaphicor wide area cloud sgems with snow.Flight altitudes rangd from 2.5
to 6.6 km (8000 to 21,500 ft) ASL

The New Endgand Wnter Storms (NEV8) project was ommized at the Massachusetts
Institute of Technologto studyprecipitation bands and frontalstgms in theBoston
area. Radar, arcraft, and surface datwere ob&ined n 20 sbrms during three wnters
from 1981-82 to 1983-84. During December 1982 andaduary 1983 the project
enmployedNCAR'’s BeechcrafQueenAir aircraft with a M S 1D-P probe 6 colectsnow
and particle sig data aloft. Digital data tapes were obtained from NCAR aatected
daa from six of these flights hae been incorporded into thedaabase Ice particle daa
were obtained from the surface up to 5.5 ki8,000ft) in and below a variety of
stratiform and taciated lagrs, and in some snow bands.

The OklshomaKansa Prdiminary Regiond Experiment for STORM-Catrd (O-K
PRE-STORM) took place in Mayand dine of 1985 29]. It wasone phaseof a large,
multiyear project called STormsele Opeaationd and Research Meteorology (STORM),
recenty organized to study large sbrm systems in the Unied Sates B0]. O-K
PRE-STORM investgated the stucture and dganics of mesosca¢ convedwve s\stens
(MCS), thosemajor summertimethunderstorm comples which occur onleast of the
RockyMountains. Cloud cover imagy from weather satellites easilgveals the MCS’s
characteristic hig-altitude cloud shield, showingp as verydark (cold) in the infrared
imagery andoften coveringan area the s of Kansas or lamgy. Selected data from one
flight near Wchita, Kansas in portions of an M@®& June 10, 1985, were obtainedon
digital tape [31]. The aircraft was one of lte Natonal Oceant and Atmosphert
Administration’s(NOAA) research planes, aotkheed P3 with PMS 2D-C and 2D-P
probes aboardlce particle data were obtained at altitudes frb@to 5.2 km (13,000to
17,000 ft) in the trailingstratiform, precipitatingegon of the etensive MCS.

Thethree “Snow Growth”flights wee from theAFGL LSCS and idng research flig hts of
Februaryand March of 1980.Theywere so named because of their spesmaphasion
studyng the evolutionof particle gowth in snow producinglouds. The three took place
in winter cyclonic sbrms [twd off the coasbf Washington sate and oneff the coastof
New Hampshire. The slow, descendirgpiral flight paths were at the apprmate fall
speedof snow, about 1 m/s, which allowed thewth of snow particles to be monitored
astheydescended and went thrdugtags of gowth by vapor deposition, agegation,
andeventualbreakup. Data for three spiral descents are available in condensed Torm [
and have been included in the databas#itudes rang from 6.9 to 2.3 km (22,700
7600 ft).

Thelargest,singe sourceof data has been the Sierra Cooperative Pilot Project (SCPP) in
centrd Cdifornia. This wa amultiyear, wintertime weather modification exercise over
thewindwardslopesof the Sierra Nevada mountain37]. The Universityof Wyoming's
Beechcraftking Air, the primarycloud phgics research aircraft for the project, flew a
numberof missionseachwinter from 1978 throug 1984. Digital magetic tapes of the



datafrom onboardPMS 2D-C, 2D-P, and other probes were obtained from the data
archives maintained bthe Bureau of Reclamation, the principal sponsothaf project.
Datafrom 28 selectedlights over5 years (the 1978-79 to 1983-84 winter seasons) have
beenprocessednto the databaseAll major cloud and weather siems tpical of the
regon are representedlhese include banded, widespread, andramgcallyinduced or
enhanced clouds associated with major frontal passagllow-pressurecenters. Flight
altitudes rangd from 1.2 to 6.7 km (4,000 to 22,000 ft).

Table 1 lists the individual projects and the amount of data (in terms lof rfides) contributed
by each of them to the databasMost of the projects werselectedfrom a group surveyed
earlier [18] to deermine the availability of existing daa suiteble for usein building a snow ad
ice paticle daabase

TABLE 1. CONTRIBUTORSTO THE SNOW AND ICE PARTICLE DATABASE

Project Agency Data Miles (nn) Evens
AFGL Cirrus:77 USAFAFGL (C-130) 100 20
AFGL Cirrus:78 USAFAFGL (C-130) 585 113
AFGL Cirrus:79 USAFAFGL (C-130) 105 5
AFGL LSCS:1978 USAFAFGL (C-130) 238 38
CCOPE:1981 NCAR (Sabreliner) 99 23
COSE-1:1979 CIC (Learjet) 43 10
NCAR (QueenAir) 48 19
NEWS:1982-83 NCAR (QueenAir) 1596 265
O-KPRE-STORM:1985 NOAA (P-3) 90 7
Snow Growth:80 MIT/AFGL (C-130) 520 52
SCPP:1978-79 U. Wyoming (King Air) 688 137
SCPP:1979-80 U. Wyoming (King Air) 703 169
SCPP:1981-82 U. Wyoming (King Air) 1268 279
SCPP:1982-83 U. Wyoming (King Air) 722 207
SCPP:1983-84 U. Wyoming (King Air) 826 281
For Entire Database 7631 1625

RESULTS

BIASES N THE DATA.

CLOUD TYPES Since ice particle clouds are mainly wintertime and higaltitude
phenomenon, the emphasis in this Database has been on data from thesen@ eig there
that aircraft are gposed to more verticallgnd/or horiontally extensiveice cloudscomparedo
thewarmseasons.Thus,winter clouds of all tges, especiallgnowstorms, have been sbtgn
addition to cirrus.The result has been that 66% of the data are froen tdguds(St, Sc,Ns, Ci,
As, Ac) and only34% are from stricticonvective clouds (Cu, C&b, Or). Someof the layer
cloudshaveincludedembeddedonvectivecells, however. Nearly all of the convective clouds
happenedto be presentduring winter season researchights assocted with the Serra




Cooperative Pilot Project (SCPP) over the windward (western) foothills and sibfhesSierra
Nevadamountainrange in central California. These clouds are representative of wintertime
conditionsthere, but it is only one geographic location and it is charactextz by orogaphic
influences and maitime air masses.

Thunderstorms and otherpigal warm season clouds have beéweq low priority and are
therefore poorlyrepresented in the databas€he two notable representativeswsdirm season
clouds, thoudh, are a thunderstorm anvil and the trailisgatiform regon of a mesoscale
convective sgtem (MCS) 29]. Interestinty, both of these cases have providsuneof the
greatest particle coneentraions (no./liter), paticle sizes, and paticle masse (gm?) of anyclouds
in thedaabase

For purposeof analyses,the data are often divided into &yand convective pes. Choosing
the proper catexyyy is sometimes difficult or arbitraryFor example,the thunderstormanvil has
been classified here as a convective cloud to stress ilsgpaghoud the shapeandmotionsof
the anvil maybe more stratiform.On the other hand, the trailirggratiformregon of the MCS
was categrized as a lagr cloud althoud it, too, is associated with definitely convective
system. Orogaphically induced or enhanced clouds are also classified as convetiives
because ofheir forced upward mtion.

ALTITUDE AND TEMPERATURE RERESENTATION. The representativeness of the data
can beseen quantitatively in tables 2 and 3. These tables illustrate, pecentage-wise and in tems
of measurement miles, how well the various dtitude and tempeature intervals have been
sampled. Table 3 showsthat abouthalf of the data were obtained in the°COtempeaature
intervalbetween -2.5 and -126. The-10°C level is a favorite one in cloud seedstgdies and
the large amount of data at this level reflects the emphasis of wiahg flights. Table2 shows
that these occurred in the 5,000 ft (1.5 km) altitude interval between 7,500 #n(2.8nd
12,500ft (3.8 km). About 20% of the measurements are spreadnly over the lower
temperatures from -17t6 -47.5C correspondingo the hidper altitudes of 17,500 to 32,500
(5.3t0 9.9 km). Fifteen percent of the data are from altitudes below 7,500 ft (2.3 o).
surface datare ncluded.

TABLE 2. DISTRIBUTION OF OBERVATIONSWITH ALTITUDE
Entries represent each 5,000 ft (1.5 km) altitude interval centered at the listed altitude.

Abowe Sea Led
Altitude (ft) Intenal (km) Data Miles (nn) Percent of Total
0 0.0 145 2.0
5000 1.5 996 13.0
10000 3.0 3788 495
15000 4.6 1301 17.0
20000 6.1 495 6.5
25000 7.6 426 5.5
30000 9.1 480 6.5
7630 100.0
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TABLE 3. DISTRIBUTION OF OBERVATIONSWITH TEMPERATURE
Entries representach 8C tempeatureinterval centered a thelisted teampeaature

Tenperatire (C) Data Miles (nm) Pacent of Totd
0 602 8.0
-5 1843 24.0
-10 2468 32.5
-15 1170 15.5
-20 396 5.0
-25 251 3.5
-30 323 4.0
-35 198 2.5
-40 186 2.5
-45 149 2.0
-50 42 0.5
7630 100.0

TEMPERATURESAND ALTITUDES

The tempeatures and altitudes represented by the daabase are additiondly illustrated by the
scatterploiof datapointdn figure 2. Envelopes boundinthe temperature-altitude combinations
thatarein use for supercooled stratiform and cumuliform cloudsutég 1 and 4 of reference 1)
are shown for coparison.

Two derived curves and the standard atmosphere lapse3@tdidve also been drawn on
figure 2. The curvelabeled “Average Tenmperatire” connecs the avera@ of all thetenperatres
recordedin each 1000-ft (0.3-km) altitude intervalLike similar curves in use for supercooled
clouds (figure 4 of B4], and figure 1-16 of B5], it may be usefulfor selectinga mostprobable
tempeaature at a given dtitude when environmentd values are needed for engineering design
purposes. The curve (figure 2) labeled “Averag Altitude” connects the averagof all the
altitudes at which each temperature was obseried. seen to be a robhgapproxmationto the
standad lgpse rate and mg be usal for assigiing a representaive dtitude to any vaue of
temperaturefor ice particle clouds.Note that the two curves Avemltitude and Averag
Temperatire are dferentfor this daBbase wherehie dah are tuncaed at0°C.

ICE PARTICLE MASS.

COMPUTATION OF THE PARTICLE MASS. The computation of particle mass is perhaps the
mostimportant but least precise procdure in this rgport. There are several ways tha paticle
masscanbe computedirom the recorded sizspectra, but each method has its own deficiencies
and uncertainties, as described beldwe most commonlysed methods are reviewed here.

SimplePaticle Shaes. For paticles of simplegeomdric shaes (i.e., sphees, g/linders,
or disks), the mass of an individual particle can be computed from the simple formulas
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m = (/6)pD* or m = (/4)pDL

for a sphere and tigder or disk, respectivelyHere,p is the dengy of ice and D s the dameter
of a sphere, dinder, or disk, and lis the lenth of a cyinder or the thickness of a disk.

Unfortunately for nonspherical particles the PMS probeseagally record neither D nor
L, but some value in-between, dependimgthe orientation of thparticle asit passeshrough
the laser beamln addition, the density is highly variable, dependingn thehabitof individual
crystals, the ambienttemperatureand on the amount of riming In anycase, the method is
limited to the relatively infrequent situdgions whee simple shgpes dominde. Dendrites,
agyregates,and irregilar particles are common shapes that require other methods for estimating
thar mass.

Size-to-MassRelationships A number of studies have discovered proportionalities
betweenthe measured mass, m, of varioupety of particles and their last dimension, glx
[36, 11, and 37] It has beeffioundthat plots of dn« Versus m for most pes of particles can be
fit by equations of the form

m =A (dma)® (1)

wherethe valuesof A and B depend on the particularptg of particle (e.g columns, plates,
conical graupe] agyregates of unnmed dendries, et.). These are siple equaitons andare
therefore convenient for computirgarticle masses frormeasurementsf maxmum particle
sizes. Figure 3 contains plots for a number of ice particfee/from reference 36.

In principle, then, only knowledg of the particle fye and a measurement of its ksg
dimensionis necessary If the particle tpe is known, one maselect the appropriate curve and
very simply computepaticle masses and sum the to get thetotd ice paticle mass (TPM), or
“icewater” content, from the ske distribution indicaied bythe avadiable PMS probe. In pracice,
severalproblemsarise. Firstly, the particletype may not be known unless a PMS 2D probe or
some other imagg device was in use.Even then, several particlepgs maybe present
simultaneously, and the available daa usudly includes dl particle types together. Tha is,
separatesize distributions for each particlegg are usuallyot available.Secondly the machine
recorded paticle sizes ae geneadly not the maximum dimeasion of thepaticles, but the
projection of thepaticle dimension tha hgppens to bepapendicular to thelase beam a thetime
of measurerant

If the paricles are randoiy oriented in the ar, then for he 1D probes anyay, arange of
paticle sizes from g t0 dhin Will be recorded even if al the paticles of agiven type have
exactly the same dimensions. The 2D probe dlow the use to sdect the largest of two
projections (one parallel and one perpendiculartite laser beam), but random particle
orientations still result in gopaent sizes sméler than dq5 Most of theime.

One hdpful factor is the tendency for many precipitation sizel paticles to fdl with a
preferredorientationdue to aerodyamic effects, dependingn both their sig and shape.For
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example, small (i.e., Reyplds number < 100) thin plates fallably with the plate horizontal.
Larger plates,thoudh, begn to glide and/ortumble. Columns and needles tend to fall with their
long axes horiontal. Some researchers have mounted their PMS probes with theb&sesar
pointing vertically to take advantagof these preferredrientationsso that the longest particle
dimension will beobseved moreoften.

Bulk Density Method This method makes use of observed radar reflectivities to
“calibrate” the particlesize distributionsrecordedn flight throudn the cloud volumes viewed by
the radar 38]. The method assumes that tlaelarreflectivity factor, Z, canbe computedfrom
the recorded particle ®distributions usinghe standard formula

Z=pInD

wheren is the nunier of paricles recordedn each of te 15 or so ge channed in the M S
paricle sizing probe, and Dd the noninal paricle size (diameter) assocated with eachsize
channel The averag dendy, p, for the precipitation paticles is obtaned by substitutinginto
this equdion the vadue of Z measured directly from the radar reflectivity. For spheicad
raindrops,p = 1 g/cm®, and the values of D trulyrepresent spherical diameterdsor non-
spherical ice particles or snowflakes, howeyeis only an effective or apparent densigsthe
nomind diameters, D, ae still usal for simpligty and theactud shaes of the paticles are not
takeninto account. This apparent densifysometimes termed the bulk density temperature
dependent and has values in the eswfg).04to 0.1 g/cm® at temperatires bebw -3°C (figure 23
in [38]). True ice densities are usuallythe rang of 0.3to 0.9 g/cm?® (tables 2-3 and 2-4 08]).
In the mdting layer (-3 to +1°C) the bulk densitcchangs rapidly from 0.1 g/m® at -3°C to 1
glem® at +1°C. By usingtypical values of the bulk densjtpne can compute a valtfier the
TIPM from therecorded paticle sizedistribution with theequéion

TIPM(gm®) = (p/6) Z n D,
where D s simply the noninal bin diameter.

SELECTION OF A METHOD. Methods 2 and 3 were both tried singe method was soin
which would servesatisfactorilyas a universal method for all flitgg from all sources of data.
The crucial factor was the abilityf the method to ige (1) computedTIPM’s in reasonable
ageenent with thosecomputed by the orginal auhors (sources) ofhe varous daa ses and
(2) redlistic values of maximum, event-averaged, totd ice paticle mass (EVATIPM) for the
dozen or so events whichetded the largst values of EVATRM in the entire database.

This second criterion is somewhat subjective in that onéohdecidewhata realisticmaxmum
value of EVATPM is. In the BACKGROUND discussion of Marum Total Mass, various
pieces of evidence seemed to point to a value of abatm®ag a realistic maximum EVATIPM
to be epeckd attemperatires betveen 0 and -ZIC. Occasonaly, EVATIPM’s as é&rge as 3.5
g/m* maybe found in unusual circumstances, such as in the center of a thunderstorm.
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In trying out method 3, the bulk densityethod, it was found that computed EVRW's ranged
up to 8 to 16 fn° ove severa, sepaate, 3 nm intevals in thetwo flights with the largest
EVATIPM’s. Thesewere flights by the Universityof Wyoming on March 27, 1979, and
February 15, 1984, duringhe SCPP project in centr@lalifornia. Suchlarge EVATIPM'’s are
obviouslyunrealistic and, if retained, would call into questibecredibility of all the computed
particle massesWith this method there is little leeway adjusting theequationor particlesize
spectrum to achieve smaller values dPWI. For this reasornmethod3 wasdiscardedn favor of
method 2.

With method2, therearea number of sie-to-mass curves to choose from, as shown imréc.
This gves soméeflexibility in computingTIPM. The most s#isfactory sizeto-massrelationship
for universalusa@ appearsotbea combinaton of the curveslabeled “rA” and“rC”. Thechosen
curveis representethy the parameters A = 0.037 and=BL.9 in equation 1, with m pressed in
milligrams and dy in millimeters. This is gproxmately the equaion for both airves “rA” and
“rC” in figure 3, andit very neary represerg sone of the oher nearbycurves, such as “Snd
“UA”, as wel. These curves are apprmately colinear anddgether hey representmost of the
commonlyobservedoarticles(except for gaupel) that are lagy than about 1 mmThe chosen
curve has been used here for particles of aéissithat is, from 5Qum to 10 mm, t&ing the
nominal bin diameters for,@. In most caseshe conputed TIPM’s conpare favoraly with
thoseprovidedalongwith the orignal data. One notable eception is the mesoscale convective
systan (MCS) dda, denoted by the plotting symbol “M” in someof the figures to follow. The
MCS EVATIPM’s computed here are all about /g larger than the values obtained from radar
reflectivity methods $6]. Otherwise, the mamum EVATIPM computedor anyof theflightsis
about 2.5 gm°, in reasonable agement with epectations. The rang and distribution of the
computael EVATIPM’s can besen in thescatterplots of EVATIPM vs. dtitude or tempeature,
figures 4 to 11.

ICE PARTICLE MASS VERSUS PARTCLE SIZE. A second practicallecisionconsistedof
dividing the overall sie range of 0-10 mm into several coar$e.ed subrangs ratherthantrying
to work with 15 size bins which will vary from probeto probe Speificaly, the chosen
subrangs are 50-100 m, 100-300 m, 300-1000 m, 1-3 mm, 3-6 mm, and 6-10 mm.The
reasonmng is that for engneerng assessent of the effecs of ice and snow pades on aicraft
engineinlets, dc., theimportat thingis how mué mass is preent in asesizeranges sud as
these. The finer scale distribution is of less importandesmall number of standard subraag
Is dso hédpful in keeping printouts of thedatabase more readable. Both the recorded paticle
concentations andhe conputed nmasses are satl nto these st size intervals, asindicaedin
table A-1 of appendiA.

Table 4 showsthe percenage of the btal mass hatis contained n each of lte ske intervals in

ice particle clouds.These values are aveesgfor theentire database.The first threecolumns
revea tha oveall, the largest contribution to pdicle mass ®mes from the 1-3 mm size range
irrespective of cloud fye. Considerable contributions also come from the adjacent intervals of
0.3-1mmand3-6 mm. There is some dependence on altitude (temperature), howeeknns

five andeight showthatat altitudes above 20,000 ft (6 km) or temperatures less tha@,-2
greatest contributor to the total mass is the 0.3-1 meirsierval.
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TABLE 4. PERCENTAGE DETRIBUTION OF ICE PARTICLE MASS AMONG
SIX SIZE INTERVALS

Size All Convective | Layer Altitude Range® Tenperatire’
Interval Clouds | Clouds Clouds | High Mid Low |Low High
50-100 pn 0.2 0.2 0.2 15 0.2 0.02 |1.2 0.2
100-300 pm 4.7 4.5 5.0 12.0 4.5 0.4 10.4 4.4
300-1000 ;m | 23.8 21.8 25.6 43.0 23.1 19.4 | 45.9 22.5
1-3mm 41.4 41.0 41.7 36.8 41.4 48.0 |36.4 41.6
3-6 mm 25.9 28.1 23.7 6.2 26.6 27.6 |5.7 27.0
6-10 mm 4.0 4.4 3.7 0.5 4.2 4.7 0.4 4.2

a. Altitude (ASL) ranges are: kph is aboe 20,000 ft (6 k), Mid is between 5,000 an@0,000ft
(1.56 km), Low is below 5,000 ft (1.5rk).

b. Temperature rangs are: Hig is from0 to 20°C, Low is less than20°C.

TOTAL ICE PARTICLE MASS VERSUS AOITUDE. The ice paticle mass tha may be
present & different flight dtitudes is oneof the primay interests in this nely assenbled
database The event-averaged, totd ice paticle mass (EVATPM) is obtaned by summingthe
masses corputed for each oftte sk coarse ge intervals for he event Theseintervals spanthe
particle siz range of 0.05 to 10 mm.

Figures 4a-4f show thedistribution of EVATPM with dtitude for dl the events in theDatabase

The largst values of computed EVARV are 2.5 to 3 gn° and are fronfayer-type cloudsbelow
20,000ft (6 km) (figures 4e and 4f). These were from some nimbostratus clouds (frontal
rainbandswith embedded convection) durinbe SCPP project in central Californiaefffuary
15, 1984) and from the trailingtratiform regon of a mesoscale convectiggstemover Kansas
(June 10, 1985)[31,56). As was mentioned earlier, the compute®@MIs shown here maie
somevha overestimaed. TIPM’s deived from ralar reflectivity measurements d the time are
about 1 ¢m® smaller p6].

The apparent shorta@f particle mass at altitudes below 3,000 ft (1 km) A&Hue mainlyto a
shorta@ of flight data there Only 10% of all the data is from altitudeglow 7,000t ASL, and
measurementat ground level are also presentlyacking in the database.Similarly, altitudes
above 23,000 ft (7 km) AShre represented pnly 12% of the collected dataBut there,the
lack of EVATPM’s geaer than 1 ¢gm® is moreredistic dueto theinherently restricted growth
rates at the prevailingpw temperatures, as reviewed in thAKGROUND sectionof this
report. In fact, as is the case here, EVRWI's larger than about one-tenth of g per cubic
meter appear @ reach lhese hahts only by being transporéd there from lower levels in
thunderstorm anvilsIn figure 4f, the larg particle masses shown between about 25,000 ft and
31,000 ft (7.5 to 9.5 km) AShkre from the NCAR Sabreliner fhgs in the spreading anwff a
hail-producing airmass thunderstorm over Montana (the CCOPE projectysadg 1981;9]).
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Figure 4b shows thesane daa as in figure 43 but theplotting symbols indi@te the soure of the
data. Most of the EVATPM's larger than 1 gm® are from theUniversity of Wyomingflightsin
the SCPPproject. The rapid increase in marmum EVATIPM below 20,000 ft (6.1 km) is
probaly indicative of the onsé of dendritic growth, riming, and aggregation at these altitudes
and emperatrres.

TOTAL ICE PARTICLE MASS VERSUS TEMPERATURE Computed values of EVAPM
are plotted in figres 5a to 5e as a function of the in-cloigmperatureat flight level.
Examination of these figires sugests several gneral conclusions. The largest values of
computed EVATPM were found at temperatures betweé&h and0°C. At temperatires bebw
about -25C in layer clouds (figire 5e), the eéxeme EVATPM's are less than 0.2/m°. These
coldercloudsincludecirrus tyes and upper levels of deepgloyic, winter storms.(Figure 5b
shows that all of these laycloud measurements at temperatures less tha -2f froma
sinde source [ihel AGL C-130 flights [19-27). The rapid increase imparticle massfor
temperatires geaer than -25C is probaly indicative of the onsé of dendritic growth, riming,
and agregaton in this temperatire rang.

In convective clouds (figre 5d) the marmum computed EVATRM’s are about 1.%50 2 g/m* and
alsooccurat temperatires bewveen -15 and . These etteme vales are &lfrom convecive
or orogaphically enhanced clouds near or over the windward slopethefierra Nevada
mountain rang in California. The entries between -30 and °B5are al from the one
thunderstorm anvil sampled duritige CCOPE projectThe Databaseontainsno measurements
attemperatires &ss han -35C in convective clouds.

To charaatrize the emperatire dependence for eingerng applcations, one coul concude
from figures 5a or 5b that for all cloudpigs togther, exreme particle masses of 2.5 t@/Bn®
may be exyeced occasinaly in the emperatre rang of 0 b -200C. From -20to -35°C,
extreme valies of ¢e paricle mass can reach ¥m° in thunderstorm anvilsin cirrus andn the
upper reaches of deep, wintertimeclopic storms, (i.e., at temperaturesm -35 to -50°C),
extremevaluesof particlemasswill be less than about 0.2rg°. Because thunderstorm anvils
andportions of mesoscale convectivesigms can carrgelatively large amounts of ice particle
massto high altitudes, ekreme values mapometimes eceed 0.2 gn°> when these clouds
penetrate into temperatures between -35 antiC:50he dashede in figure 5e $ sugyested as
a tentative envelope bounding the apparent limit to total particle mass as a function of
temperature aloft in lay clouds that are not associated with deep convective activity

ICE PARTICLE CONCENTRATONS

CONCENTRATIONS VERSUS ALTITUDE. The number®f ice particles(dya > 100 m) that
have been recordal per liter of air as a fundion of dtitude are shown in figires 6a6f. Severa
conclsions can be drawn frothese fgures. The geakestconcentatons of te paricles atany
altitude appear to be associatedwith either mesoscale convective sems (MCS) or
thunderstorm anvils. Both are warm season phenomena and both am-tige clouds
assocated wth strongy convectve systens. In general the geakst concentatons may be
expected at altitudes between 10,000 and 20,000 ft (3 to 6 km)(A@lre 6f). Maximum
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concentrations there are about 200 particles per literepexor the lone MCS casewhere

concentrations between 200 and 400 per liter were fouklgbve 20,0001t (6 km) ASL the

maxmum concentrations appear to be less than about 50/liteepex thunderstornanvils

whereconcentrationsip to about100/liter have been observedt these hify altitudes and low
temperatires, &rger nunbers of exrenmely small ice parcles (dhx <100 um) may occur, but

thesewill accountfor a nedjgible amount of mass and are therefore not empédhsiz this

report.

CONCENTRATIONS VERSUS TEMPERATURE Ice particle concentratiorage plottedasa
function of temperature in figes 7a-7e.The casdor all cloud typestogether (figures7a-7c)
may be chara@rized bya gadualincreasen maximum concentatons agemperatiresincrease
from -50 to -10C and hen a deche as ¢émperatires approach°@. The ncreasds probaby
due to the growth of inaeasing numbes of theextremely smdl particles into thesize range
dmax > 100um under consideration her&he declinebetween10and0°C is presumablygue to
aggregation and the fallout of precipitation-sized paticles in this tenpeature range. Pesk
concentrationsare found at about -1@ for both convective (figre 7d) and lagr clouds
(figure 7e). At temperatures less than 2 layer clouds have less than about g&rticlesper
liter. Except for the anvil cloud, the database contains no measureimeotsvectivecloudsat
tempeaatures less tha -27°C. The available convective cloud data do sheomuchwider range
of paticle concentraions d tempaatures from -20to -35°C than is possible for lay clouds. As
with particle mass, ésemes in particle concentration appear to reside in MCS and anvil clouds.

ICE PARTICLE SIZE.

SIZE VERSUS ALTITUDE. The nonconforminghature of anvil clouds stands out most clearly
in plots of maimum paticle sizeversus #itude or tempaature Fgures 8a8d show thesvent-
avera@d maxmum dimensions plotted according altitude. The maxmum particle dimension
(MPD) is deermined from thehighest PMS probechannd to contan at least one paticle per
cubic meter in agivendatrecord. The everdaveragd MPD is the averag vale of he record-
by-record MPD’s ove an entire event. Figures 8aand 8b identify the anvil daa (plotting
symbol, A) standingalone at altitudes well above the rest of the convective cloud &atzept
for the lrge paricles avalable in the anvi, there & otherwise an indicaion of a decreasan
maxmum particle size with altitude above 15,000 ft (4«f%) ASL (or AGL) for both the
convective (figire 8b) and lasgr clouds (figire 8c). It is also evident that the MCtailing
stratiform clouds(plotting symbol, M, in figures 8a and 8c) readifyrovide some of the laggt
paticles in theDatabase As in othe dtitude plots, thegppaent asence of large (5-10 mm)
particles below about 3000 ft (1 km) AG4 attributed to a shortagf measurement®r those
dtitudes.

SIZE VERSUS TEMPERATURE Figures 9a to 9¢ show mimum particledimension(MPD)
plotted against tanpaature Thetrends resemble thoseseen in the plots of MPD versusaltitude
in thatthere s a rend b larger MPD’s astemperatiresincreasdrom -50°C up to about -1Z.
This is no doubt a result of increasedrogvth by riming and agregation at the higer
tempeatures, as well as the appearance of stdlar and dendritic crystals & tempeaatures greater
than about -20°CAs before, the anvil data stand alondgha range of -25to -35°C and ekibit
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anomalouslytarge particlesin contrast to all other clouds at the same temperatdres.dashed
line in figure 9c is sugested as a tentative envelope boundingapgarentimit to particlesize
as a function of temperature aloft inéaglouds not associated with deep convective activity

HORIZONTAL EXTENT.

The horizontal extentof ice particle clouds is an important factor in assesairgyaft eyosures
in this environment just as it is with supercooled cloutts.this report, horiantal exents are
equated to the distance flown on a more-or-less constant hehobogh sequentiakventsuntil

a particle-free interval of one nautical mile or more is reachdtkse goups of oneor more
events are termed an encounter.

Thedatabasat this writing is composed of 1625 individual events coveffie@2 nautical miles.
This givesan averag of 4.7 nm per eventThese events combine into 571 encounters with an
avera@ lengh of 13.4 nm, and the loegt beingl00 nm.

In most research fligs the aircraft samples clouds in a local area rdki@rin a crosscountry
typeof flight plan. As a result, the indicated hooiztal exents are usuallpot a measure of the
actual exent of the cloud stems, which are often consideraltdyger. Rather, thecompiled
horizontd extents are morerepresentative of arbitrarily limited pases throudp local portions of
anavailablecloud swtem. Thus, the horiantal exents compiled from the database here should
not be understood as necessatylyical of the cloudexposuresthat a cross-countnyflight may
endure. Neverthelessheyare helpful for obtainingome idea of the gwsures that are possible
and for lookingfor anycorrelations of total ice particle mass with avargglistance.

AVERAGE ICE PARTICLE MASS VERUS HORIZONTAL EXTENT. In supercooled
clouds,theamount of liquid water content that is possible as an ageyagr a pass is known to
decrease with increasirttprizontal exent of the passFigures 10a-10d have been prepated
look for anysimilar behavior in kgciated clouds.These figires do show aegerally similar
behavior in lagr clouds. The largr total masses occtor encountershorterthan 20 nm or
perhaps up to 30 nm in MCS stratiform cloifigure 10c). For longer encountersthe averag
total mass is less than about/igfor all clouds. In contrast tasupercooledtlouds,wherethe
largest values of liquid water contentsWIC's) are found in convectivelouds,glaciatedclouds
appearto havetheir greatestparticle massesn layer clouds. Also, in supercooled clouds the
largest LWC'’s are confined to verghort horizontal eeents of lesshanaboutonenauticalmile.

In glaciated clouds the laegt encounter-avered) total masses can Weund over horizontal
extents up to 30 nm.

HORIZONTAL EXTENT VERSUS AITITUDE. Figures 1la-1lshowthe horizontal extents
computed for each altitude (ASL There appears to be no mifjcant dependence on
atitude [londy encounters can be found at aalitude up to 30,000 ft (9 km).The longest
encounter (100 nm) was duringn AFGL flight in cirrostratus clouds associatedwith a
subtropical jet stream at about 25,000 ft (7.5 km) Afsker Colorado. Otherlong encounters
(70-90 nm) are tabulated below.
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TABLE 5. THE LONGESI ENCOUNTERSN THE DATABASE

Horizontal | Cloud Altitude (ASL)
Agency Ext. (nm Type Circunstances Feet (km) Location | Events

USAF/AFGL 100 Cs Subtropical 25,000 | (7.5) Colo. 20
jetstream

USAF/AFGL 72 Cs Short waw, 300 | 29,000 | (8.8) N. Mex. 36
mb jetstream

U. Wyoming 79 OrSt | Widespread 7300 (2.3) Calif. 13
overcast

U. Wyoming 69 OrSc | Widespread 13,500 | (4.1) Calif. 10
overcast

NCARMIT 74 As Widespread 12,000 | (3.7) | Mass. 2
overcast

NCAR/MIT 86 As Snowfall below | 2700 (0.8) Mass. 7
cloud

CIRRUSCLOUDS

The observed patrticle characteristics of cirrus clouds are sunethasa separatdopic here
becausef the possibleinterest in these clouds in relation to hngltitude flight. Cirrus clouds
are understood toegerally occur above about 20,000 ft kfn) ASL and at temperaturesess
than about -2TC in tempeate climates.

TOTAL ICE PARTICLE MASS. The 790 nm of cirrus cloud measurements containdte
databasendicatethat for altitudesabove 20,000 ft (6 km) ASlor for temperatures less than
-25°C, TIPM’s are less thambout0.1 g/m®. By way of comparison, these results are ood
ageementwith thoseof otherairbornestudies of cirrus cloudsFrom 20 hours of samplinm
cirrus generatingcells, Heymsfield and Knollenberdg39] found averag TIPM’s of 0.15 to 0.25
g/m®. Another major studwas conducted over ti&ovietUnion [40] duringthe years1976-82.
In 25 hours (about 6000 nm or about 11,000 km) ohffldata invarioustypesof cirrus, the
largest TPM observed byhe Soviets was 0.3 to 0.4n’. Theyfound that 95% of the PIM’s
were less than 0.2m® and 90% were less than 0/ing The meanandmedianvaluesof TIPM
were about 0.03/m°. At tempeatures less tha -40°C, TIPM'’s were less than 0.0Xng®. Table
6 gves other reported mamum TIPM’s for altitudes above 30,000 ft (9 km).

The cirus neasurerants preseniy in the dadbase appedp beadequadly represerdtive of mid-
latitude cirrus at least and cirrus not immediatsbynected with stromg convectivesystems
such as hig-altitude anvils (or blowoff) from thunderstorms.

MAXI MUM PARTICLE SZE. The Database indicates tha the maximum paticle dimension
(MPD) in cirruscloudsabove 20,000 ft (6 km) ASis about 3 mm.The recent 8viet study]40]
found a MPD of 4 mm in cirrus (unspecified altitude), but 95% of the MPD’s were less than
2 mm and90% were less than about 1.5 mritable 6 gves other reported MPD’s at altitudes
above 30,000 ft (9 km) ASL
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HIGH-ALTITUDE CIRRUS In the present contexhigh-altitude cirrus refers to clouds above
30,000 ft (9 km) ASLor at temperatures less than about°€50 The high-dtitude cirrus,
therefore, are clouds above the maxm altitudes currentlpvailablein the database.The only
known references to airborne measurements ih-aftifude, mid-latitude cirrus indicate that
maximum particle dimensions are 2 mm or less andimam TIPM’s are 0.004 n° or less.
Table 6 shows th@etinent ddails.

TABLE 6. SUMMARY OF HIGH-ALTITUDE, MID-LATITUDE CIRRUS

MEASUREMENTS
Maximum Maximum
Altitude Range Temperature Particle TIPM
Reference | Location (At Sea Level) Rang (C) Dimension (g/m’)
41 U.S.A. 36,000 ft (11 kn) -50 to 53 1.6 M 0.004
41 U.S.A. 33,000 ft (10 kn) -55 to 60 1.0 mm 0.002

TROPICAL CIRRUS As for thehigh-dtitude cirrus, fav references are available for paticle

size measureranss in tropical cirrus. The daha that are avdable gve the following resuts.
TIPM's of at least 0.4 fgn* appear to be possible in dense cirrus anvil outflows from active Cb
cells [42], but otherwise, TIPM’s are less than about 0.Imj. Data from the available
references are sunarized in table 7.

TABLE 7. SUMMARY OF TROPCAL CIRRUS MEASUREMENTS

Maximum
Altitude Range Temperature Particle Maximum
Ref. | Location (ASL) Rang (°C) Dimension | TIPM (gm°) | Cloud Type
42 Tropical 26,000 to 43,000 ft| < -55 0.5-1 mm 0.30.45 cirrus anvi
Atlantic (8-13 km)
42 | Tropical 30,000 to 39,000 ft| < -55 0.5-1 mm 0.10.15 not awilable
Atlantic (9-12 km)
42 Tropical 33,000 to 39,000 ft| < -55 0.5mMn 0.050.07 tenuous
Atlantic (10-12 km) layer
43 Not 36,000 to 43,000 ft| -40 to 58 0.6 M 0.003 agng cb
available (11-13 km) blowoff
44 Kwajalein | 46,000 to 53,000 ft| not awailable | 0.15 mm 0.0001 tenuous
(14-16 km) layer
45 Marshall 53,000 ft -83 0.05 mMm 0.0001 tenuous
Island (16.5 km) layer
46 Panam 52,000 ft -80 0.15 mm 0.003 agng anul
(16 km)
46 Panam 52,000 ft -80 1mm 0.03 cirrus anvi
(16 km)
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THUNDERSTORM ANVILS.

As with cirrus clouds, the observed particle characteristics of anvil ckmedsimmaried asa

separatdopic because of their possible effects onhiadfitude fliht. They can contain larg

concentationsof ice paricle mass and can covearbe volumes of fight space amid and hgh

altitudes. Anvil clouds are understood here to be the upper level outflow thoimderstorms
which have risen to the level of the tropopaus€he strongtemperature inversion ahe

tropopause @nerally prevents further verticalrgwth of the thunderstorm and, alomgth any

upper level winds, forces the risiag (and cloud}o spreadout horizontally. Anvil cloudsmay

be deep and widespread and rttsgrefore cover some of the higltitude airwag for hours.

MID-LATITUDE THUNDERSTORMS The base of these anvil clouds generally above
20,000 ft (6 km) ASL Very few anvil clouds have been studied with particlengjprobesand
mostof those appear to be the leigeported byHeymsfield et al. 9, 39, and 47] These cases
demonstratéhatanvils may containlarge TIPM’s compared to other cloudpis (mostlycirrus)
atthe samealtitudes. Only oneanvil cloud P] has been included in the database at this writing
it producedmaxmum TIPM’s of about 1 fm*. No siz distributions or particle concentrations
were given in reference 47, but pass-aveedgTPM’'s were frequentlyup to 1 gm® and
occasionallyup to about 3/gn®. Although the aircraft penetrations werepiyally conducted in
guiescentregonsremoved from convective towers, sificant updrafts, liquid water contents,
and aircraft icingwere occasionallgncountered.The TPM’s greater than Iym® occurred i
regons containingipdrafts of 4 m/sec or more.

TROPICAL THUNDERSTORMS Anvil clouds are also a prominent feature of some slyong
convective weather systems of subskgoptic size in both thecontinentd and maitime tropics
[48-51] Inthesecasegheanvil often refers to a thick lay of precipitatingnimbostratus clouds
extending from the 0°C level in the vicinityof 15,000 ft (4.5 km) to neahe tropopauseat
40,000-50,000 ft (12-15 km).These anvils are found #nding far behind squall lines of
convective towers (figre 12a), or as a @ging outflow from nearby stationary towers
(figure 12b). The anvil cloud usualljorms several hours after deepnvectionfirst appears.It
can becomequite extensivewith horizontal dimensions of the order of 100 to 300 km (50 to
150nm) andmaypersistfor upto 20 hours 48]. The precipitation from the anvil remn is often
widespreaduniform, long lasting and has been estimated to account for as much as 40% of the
totd rainfall in the tropics.

Horizontdly uniform preipitation like this in the mid-latitudes is usuby assocated with
extratropical cglones or frontal cloudiness and neith convective systems,except for the
summertimemesoscale convectivesggms (MCS).One of these mid-latitude MCS casé&4|
has been included in the database and theelgpgrticle sies, concentrations, and AHM's
associateavith it have alreadyeen pointed out several times in this RE$BLsection. This
association of the widespread nimbostratus with convective clusters hadedftenit being
called a“mesosa@le anvil”, especiadly in thetropica sdting.

Particle sie measurements have been rare in thessoscaleanvils too, but the available
evidence indicates tha theice paticle characteristics ae similar to mid-laitude anvils. The few
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high-dtitude measurements have already been indudal in téble 7 & cirrus awvil data. They
show that 1 mm particles andPM’s up to 0.03 gn° can be found as Higas 52,000 (16 km)
ASL and -80°Cin active tropica anvils [46]. In the asence of actud particle size
measurements, radar reflectivity daa has somémes been usel to estimate the TIPM in tropicl
anvils. Thus, TPM’s up t00.9 g/m® were deduced for altitudes near 23,000 ft (7 km) in the
stratiform regon of one cloud cluster in the tropical Pacid®]. In anothercase[48], valuesas
high as 3 ¢m°® were estimated from radar data just aboventiedting layer in the vicinity of
15,000 ft (4.5 km) over the tropical Atlantic.

The most recent studjp7] of thunderstorm anvils includaseasurementérom the Central
Equatorial Pacific Egeriment (CEPEX) of 1993These include ice particle measuremengs$o

14 km (46,000 ft) and temperatur@swnto -60°C. Thus, thee daa extend to geater dtitudes
andto lower tempeatures than in figures 4-11 of this reort. The CEPEX d#afill in someof the
data-sparse areas indigs 4, 5, and 8, and theylarg the envelopes of geme values of
TIPM at altitudesabove6 km (20,000 ft). Nevertheless, these new data do not seem to ehang
anyof themainconclusionof thisreport. Maximum reported T’M in anvil clouds is about 2.5
g/m®. Exact compaisons béwveen thedaa in [57] and tha in the present pger will require the
measurements irbf] to be processed in the same vaayin this report.

SNOW MEASUREMENTSNEAR GROUND LEVEL.

The database&levelopecherecontainsno entries at the moment from amgasurements near the
surface. This deficiencycanbe renedied b sone extent by examning avalable repors with
information on recorded snowfafates or actial TIPM measurerans. One canthen at least
estimate the typical and likedy maximum vdues of TIPM tha may be expected near runway
heights. One such estimation wasvgn in the B\CKGROUND section othis reportwhere
Werner (page 36 of reference 16) was quoted as estima@8¢h percentile values of FM at
about 2 ¢m® for tenpeatures in the vicinity of -4 to 41°C. His estimates wee basel on the
surface weather observation records fdresre 24-hour snowfalls.

There have been s@major, longterm, snow research pmgs in which TIPM’s weremeasured
directly. Stallabrass g2, 53] measured RM at roof-top heilgt in snowfall episodesover a
6-year period at Ottawa, CanadaOf some 770 samples, the nmaxm TIPM was about
1.7 dm°. The observed cumulative frequencies of occurrence for this datavsethg following
percentile values of TIPM [53]:

Pecentile TIPM (gm°)
50 0.15
90 0.6
95 1.0
97.5 1.25
100 1.7

A curve fitted to these observed frequencies of occurrenaestagavalue of about2 g/m? for
themaximum likely TIPM.
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Stallabrass sugsted that these results wer@ital of manyregons of Canadaandthe United

States,with the posdile excepton of (a) coast regons andn the ke of he Greal.akes where
more of the largr TIPM’s maybe found and (bin the coldersubarcticandarcticregonswhere

fewerof thelarge TIPM’s would be eyectd. He ako noed hatthe lrgestTIPM’s occurred at
ambient temperatures between -10 andC14

Anothea multiyear snow haracterization project has been the 5-year seies of SNOW (Saenario
Normalization for Operations in Witer) field exeriments led byhe U.S. Armis Cold Regons
Resaarch and Engneering Laboratory (CRREL). Thee are a seies of daa reports and synposia
proceeding published byCRREL References 54 and 55 are recent samples of e@bhse
were multiagncy, cooperative projects conducted in Vermont and Mexhiuring the winters
of 1980-81 throuly 1984-85.A review of the data reports andhgyosiaproceeding revealsthat
the largest TPM'’s observed were in the ramgf 0.6 to 1 gn° a the sanpling hdéghtsa few feet
above gound level.

These resis from large nunbers of near-surfaceeasurerants indicatk thatthe frequences and
maximum vdues of TIPM ae similar to thosecomputel from arborne measurements up to
about 10,000 ft (3 km) AGL

RECOMMENDATION

SUGGESTED CHARACTERFATION OF SNOW AND ICE PARTICLE SIZE AND MASS
CONCENTRATIONS TO 15 km (50,000 ft)

Table 8 provides a logal and natural wayo characterig snowandice particle size and mass
concentrations for aviation purpose3he values listed in the table are basedthe results
presented hae, augmented by the anvil data in [57]. The latter extend thetempeaature limits to
-60°C and the TPM rang to 2.5 ¢gm® for anvil clouds. Table 8 categrizes the data according
the predominant cloud pes to be found above or bel@km (20,000ft). This breakpointin
altitude reflects the observed natural tendeiocysmallerice crystals to dominateabove6 km
(exceptfor the specialclassof anvil clouds) and for snowflakes @ggates if ice crgtals) to
form and grow larger in therelatively warmer, moiste air bdow 6 km. This dtitude division is
alsoconvenient for specifgg ice/snow conditions affectinigelicopters or other aircraft limited
to altitudesbelow20,000ft. Theycan be treated separatélgm aircraft that are able to reach all
dtitudes.

This téble is sugested & a possiblesd of citeria for the “faling and blowing snow”
requirementor turbine engne ice protection in paragph 1093 of ARs 23, 25, 27, and 29 and
asapossibleimprovement to the provisional set of ice stay conditions gven in table 3 of the
Joint Airworthiness Authoritis guidance document ACI419 B8].

An accepéd setof desgn and ést variables, as shownni table 8, would help modernze and

harmonize the Anmerican and Europeanraiorthiness speftiicaions for snow andce paricles in
flight.
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TABLE 8. PROPOSEDCE/SNOWTEST SPEMFICATIONS FOR N-FLIGHT
CONDITIONS

1. Anvil Clouds (Above 25,000 ft ASI

Range of Varables Represerdtive Values

Altitude 25,000-50,000 ft ASL 25,000-35,000 ft ASL

Temperature -25 to -60°C -251t0-35°C
lce mass  upto2.5¢m’ 1.0 gm®
Max Dia. 1-10 mm 1-10 mm
Horiz Ext. undetermined 5-20 nmi

2. Cirrus Clouds and Deep Wter Storms (Above 20,000 ft ASL

Range of Varables

Represerdtive Values

Altitude 20,000 - 50,000 ft ASL 20,000-35,000 ft ASL

Temperature -20 to -50°C -20 to -50°C
lce mass  0to 0.2 gm° 0.05 gm?®
Max Dia. 0-3 mm 1 mm

Horiz. Ext. 5-100 nm
Horiz. EXt. 100-500 nm

20 nm (for cirrus)
100 nm (for deep winter storms)

3. Other Snowite Clouds (below 20,000 ft AL

Range of Varables Represerdtive Values

For teanpeaatures from 0 to -30C -51t0 -25°C

For tempeaatures from 0 to -20C:

lce mass  0-3gm’® 0.6 gm® (for Horiz. Ext. < 30 nm)
lce mass  0-1gm?® 0.4 gm? (for Horiz. Ext. > 30 nm)
Max Dia. 1-10 mm 1-8 mm

For tempeaatures from -20 to -30°C

lce mass  0-1gm?® 0.2 gm® (for all Horiz. Extents)
Max Dia. 1-5mm 1-4 mm

Note: 1. This tade does not include hail or heaw rain. Recanmended values br those canditions are found
elsswhere. Nor doesthe table iclude gauel or other large particleswhich canbe found in the updrat
cores d thunderstorms.

2. Valuesfor this table are gbmitted byR. Jeck AAR-421 (FAA William J. Hughes Technical Center) based

on aralyses of 7600nm of selectice paricle measirenents in a \ariety of cloud typesover the U.S. at
altitudesup to 30,000 f ASL.
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Agglomerate

Aggrecate
Condomerate

Crystal

Crystal habit

Datamiles

Database

Deposition

Encounter

Event

Glaciated

Graupd

Ice crystal

Ice paricle

GLOSSARY

A clump or random accumulation of particles that hrasvg by collision with
other particles.

(see aglomerae).
(see aglomerae).

A sinde ice particle which hasrgwn by vapor diffusion and condensation
only and has a symetrical shape (e.gneedle, heagonal plate, stellar).

The shape classification (needle, plate, dendrite, etc.)

The numbe of nautical miles ove which usdle flight dda have been
obtained.

Refers to thecomputeized compilaion of ice paticle daa desaibed in this
report.

The growth of ice particlesby the condensation of water vapor from the
ambienthumidity of the surroundingair or which has diffused to the ice
particles from nearbgvaporatingsupercooled cloud droplets.

An averagng interval consistingof one or more events added sequentially
until a cloud-free distance of one nautical mile or more is reached.

A variable flight time or distance interval over which the measured quantities
are avera@d during a given cloud penetration. The interval duration is
sekctked accordig to the ruks in table A-3 in appendi A.

Composed entely of ice paricles.

An ice paticle rimed to the extent thd the features of the primary ice paticle
are onlyfaintly or no lon@r visible. Such particles have a white, opagaed
fluffy appearance dueto the presence of alarge numbe of capillaries or ar
spacesn the ice stucture.

A crystal or particlethat is smaller than 0.3 mm in maum dimension (as
contrasted with largy snow particles).

The general term for any piece or nass of cy subsénce observakl as an

individud, suspaddl, or fregly falling entity, regardless of size shape or
number of components.
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Riming
Snow
Snow fl&ke
Snow pellet
Soft hail

Supercooled

Supeacooled droplds mlliding with and freezing on an ice paticle.

A crystal or particle that is lagy than 0.3 mm.

Usudly an aggregate of crystals or paticles; somémes asinde crystal.
(see gaupel).

(see gaupel).

The condition of remaininfiquid at temperatures below the freegpoint.
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Plotting Symbols Indicate Number of Occurrences:
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FIGURE 6d. EVENT-AVERAGEDICE PARTICLE CONCENTRATIONS (LOG SCALE)
VERSUS A TITUDE (AGL) FOR PARTICLES LARGER THAN 0.1 mm
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FIGURE 7b. EVENT-AVERAGEDICE PARTICLE CONCENTRATIONS (LOG SCALE)
VERSUS TEMPERATURE FOR PARTCLES LARGER THAN 0.1 mm AND
FOR ALL TYPES - ICE PARTICLE CLOUDS
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FIGURE 7d. EVENT-AVERAGEDICE PARTICLE CONCENTRATIONS (LOG SCALE)
VERSUS TEMPERATURE FOR PARTLES LARGER THAN 0.1 mm AND
FOR CONVECTVE CLOUDS (Cu, Cg Cb, Or)ONLY
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FIGURE 7. EVENT-AVERAGED ICE PARTICLE CONCENTRATIONS (LOG SCALE)
VERSUS TEMPERATURE FOR PARTCLES LARGER THAN 0.1 mm AND
FORLAYER CLOUDS(Ns, S, ¢, As, Ac, Ci, Cs) ONY
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APPENDIX A LEXPLANATION OF THE VARABLESUSED IN THE DATABASE
DATA MANAGEMENT PHILOSOPHY
The data orignally obtained from various sources (tid tapes, tabular reports, and journal
articles) have been computetzin a condensed, standaetiZormataccordingto the following

scheme.

AVERAGING INTERVALS.

Modern, electronic, and electro-optical cloud by probes andensorsprovide digitized
measurements ycally once per second or more duritlight in clouds. A reel of data tapenay
therefore contain 3600 or more individual readouts from each sensor per hourtoNBgurally
these larg numbers of samples have to be reduced in somdonalytain a managbleset of
datato work with. The data that are available from technical reports or journal articles have
alreadybeen condensed to aveeagover some arbitratyime or distance intervalg-or thehigh-
resolutiondaa available directly from thedigital tapes, thefollowing averaging scheme has been
devised.

Eachvariable(LWC, air temperature, droplet number dens#yc.) is averagd over continuous,
uniform portions of clouds as indicated in table A-Theseaveragng intervals are termed
events. If the aircraft is still in continuous clouds at the end of one event, thew averagng
interval (event) is immeliately begun and continued until the next significant change in cloud
propeties ocurs. Othawise the next event is not bgun until the arcraft enters anothe
continuous, uniform section of cloud.

This averagng scheme has a number of advaetag
. Inflexible, fixed intervals such as 1-minute avezagor averaggoverentirecloud passes

are avoided. (These are undesirable if theash out useful detadtherwiseavailable
with modern, hig-resolution measurements.)

. Theeventscanbe short enoul to resolve angignificant changs in cloud characteristics
along the flight path [i.e_1the natural variability in clouds can be preserved and
documented.

. Intervals of uniform, constant conditions within clouds can be preserved whtieiso

durations and characteristics can be documented without thelatylbigt would occur
if the averag included vods or adpcentparces havng significanty differentor variable
properties.

. The averags can reswk exremes of paticle mass concentations or other variables
without dilution.



. The averags can preserve altitude dependent cemmg cloud propertiesobserved
duringascents or descents thrbugouds.

. Theschemecanaccommodate broken or scattered cloud conditions as well as widespread

continuous clouds.

. Not only are data available on theterts of individual, uniform, cloud intervals, but the
overall horizontalextent of continuous or semicontinuous icir@nditions is available
simply by summingthe extents of @nseutive events.

DATA MILES AS A MEASURE OF FREQUENCY OF OCCURRENCE

During the early phasef this project it becane clear hatusa@ of nunber of cases or numer
of events, as is conventionaljjone to represent the frequenafy occurrenceof any of the
variables, was unsatisfactoryThe deficiencywas twofold. Firstly, momentaryicing events
would incorrecly carryjustas nuch satistical weight as bnglasting evens. Thus, here was no
way to emphasie the statistical importance of antemded encounter with anteemevalue of
particlemassfor example, compared to a relativehsignificant, brief encounterSecondly the
reader would have no informaion as to whehe a given numbe of events represented 5 miles or
500 miles of in-flignt measurements.

Data miles weae therefore chosen as the most informéve measure of frequency of occurrence.
The term is ddined &s the distance flown (in nautical miles) duringan individud icing event.
This convention automaticallyweights each icingevent (or measurement pérticle mass,for
exanmple) byits duraton or exent. The oher prncipal advanage is that the reader caeasly
judge the stdistical significance of adaa seé by thenumbe of daa miles it represents.

DATA FORMAT.

Table A-1 lists all of the variables that have been selected to describe the events.

The enire datbase of everaverag@d varables is avalable on dgital magneic tape. The data
are codad in ASCII for simpliaty of use A sample printout of d the variables assodated with a
few representaive events is gven in teble A-4.



TABLE A-1. DESCRIPTION OF THE RRINCIPAL VARIABLES

MISSION IDENTIFIERS

Variable

Type

Explanation or Eample

PROECT

Char

CCOPE, SCPP, NE®W COSE, etc., (see table 1 intex

DATE

Num

MMDDYY that the flight took place

AGENCY

Char

U. WYOMING (King Air), NRL (P-3), etc., where the pe of
aircraft is gven in parentheses.

LOCATION

Char

Name of the nearest city airport, includingts 3-letter code,
such as DEN, BO, STL, et.

SURFELEV

Num

The elevation of the local surface in feet above sea level.
Special missinglata indicators are M, U, E, V, for
mountainous, unknown, estimated, and variable values
(consult EIEVNOTE for additional information).

ELEVNOTE

Char

For example, an entrgf “5000-8500” indicates that the
surface elevation raeg between 5000 and 8500 ft in the
nearbydownwind vicinityof the measurements.

ALT_CONV

Cha

ASL, PA, or AGLindicate tha al the haght or dtitude daa
are in terms of helg above sea level, pressure altitude, or
height above gpund level, respectively

CLOUD INFORMATION

Variable

Type

Explanation or Eample

CLOUDGRP

Char

A letter, A, B C, etc., denoting goup of similar tpe clouds
being sampled.

CLOUDNUM

Num

A number, 1, 2, 3, etc., denotiadnich cloud in COUDGRP
contributed to the data for the present observation.

CLD_PASS

Char

A number, 1, 2, 3, etc., indicatinghich pass the current
observation represents thrdutie cloud identified by
CLOUDGRPand CIOUDNUM.

CLOUDTYP

Char

Conventional cloud fye abbreviations such as Cu, Sc, (see
table A-2).

CLD_DIST

Char

Descriptive words, such as broken, scattered, etc., to indic
the prevailingcloud distribution.

hte

CLDSTATE

Char

Coded notation indicatinthe state of the cloud particles
sampled byhe aircraft. For example: W= all water droplets,
| = al ice paricles, et., (seedble A-2).

PRECP

Char

Conventional notation indicatinge type and intensitpf
precipitation, if anyobserved at fligt level from the aircraft
(a/c) or on the pund (gnd) below the cloud under studifor
example: S- = light snow, G+ = heavgraupel, etc., (see
table A-2).

XTALTYPE

Char

Predominant particle pe(s) or crgtal habit(s), if known. &r

exanmple: Br = bulet rosetes, R = plates, et.
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TABLE A-1. DESCRPTION OFTHE PRNCIPAL VARIABLES (Continued)

CLOUD INFORMATION (continued)

Variable

Type

Explanation or Eample

CLDBASHT

Num

Numerical values such as 3650, 12000, eteing cloud base
height in feet accordingp the convention defined by
ALT_CONV for the flight in question.Special missinglata

indicators are U, V, and E for unknown, variable, or estimajed

values (consult CDBHNOT for additional information).

CLDBHNOT

Char

Additional information on the cloud base haigFor example,
the entryCLDBHNOT=11000 (alongvith CLDBASHT=E)
indicates that the cloud base is estimated to be at 11,000 f

bet.

CLDTOPHT

Num

Numerical valuesiging cloud top heipt in feet at the time of
the observation(Other usag is the same as for OBASHT
above.)

CLDTHNOT

Char

(Same usagas for CDBHNOT above.)

CLDBAS_T

Num

Numerical valuesiging cloud base temperature in degs
Celsius. Special synbols for missinglata are U, V, and E as
above.

CLDBTNOT

Char

Additional information on cloud base temperature when
CLDBAS T=Eor V.

CLDTOP_T

Num

Numerical valuesiging cloud top temperature in degs
Celsius. Special synbols for missinglata are U, V, and E as
above.

CLDTTNOT

Char

Additional information on cloud top temperature when
CLDTOP T=EorV.

WEATHER FACTORS

Variable

Type

Explanation or Eample

AIRMASS

Char

Conventional air mass abbreviations such as: mT = maritin
tropical, McP = modified continental polar, etc.

WEATHER

Char

A coded description of the weather conditions associated \
the clouds under studA list of the code aybols are tyen in
table A-2. For example, “Lc 200nm W& Ws Pr(S-)” means “g
low pressure center 200 nautical miles to the west and
widespread precipitation (g snow).”

vith

MEASUREMENT-REIATED VARIABLES

Variable

Type

Explanation or Eample

ST TME

Cha

Thetime, HH:MM:SS, & thebeaginningof thesanple

TIMECONV

Char

Time 2one code applicable to ST ME. For example, GMT =
Greewich Mean Time, MDT = Mountain Digght Time
(USA), PST = Pacific Sandard Time (U8).

PROEE_ID

Char

Identifies which PMS probes (1D-C, 2D-C 1D-P or 2D-P)
were in use duringhe flight.
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TABLE A-1. DESCRPTION OFTHE PRNCIPAL VARIABLES (Continued)

MEASUREMENT-REIATED VARIABLES (continued)

Variable Type Explanation or Eample

DIACUTOF Cha Thelargest paticle size(mm) mesurable by theavailable
PMS probes.

MAXDI AM Num The averag value of the lamgst particle sig (mm) detected by
the avdiable PM S probe(s).

DURATION Num A number indicatinghe time duration (in seconds) of the
cloud sample.

DISTANCE Num A number indicatinghe distance (in nautical miles) traveled
by thearcraft during the sample.

EVENTDEF Char A letter code, A, BC, etc., to indicate whihe sample was
terminated.The code is iyen in table A-3.

MANEUVER Char A description (level, slant, spiral) of the aircraft fligoath
duringthesanple
AVERAGED VARIABLES

Variable Type Explanation or Eample

TAS Num Average True Airspeed (knots) duriipe sample.

ALT Num Average altitude (feet) durinthe sample, accordirtg the
convention defined bALT CONV.

TEMP Num Averace ouside (tue) ar temperatire CC) duringthesanple

JWLWC Num Average value of the liquid water contentify) indicated bya
hot-wiretype of LWC mder. (Usudly theLWC meer is a
Johnson-Wliams model, but occasionally CSRO-King type
is used.).

FLWC Num Average value of the WC (gm) computed from the droplet
sizedistribution indicted bythe PMS, ASSP, oiFSSP pobe

CONC Num Averag value of the droplet number dengity./cm) indicated
by the FSSP orASSP.

CONC_1D-C Num Average vdue of thepaticle numbe density (no./liter)
indicated bythe PMS 1D-C (200X) probe.

CONC_2D-C Num Average vdue of thepaticle numbe density (no./liter)
indicated bythe PMS 2D-C probe.

CONC_1D-P Num Average vdue of thepaticle numbe density (no./liter)
indicated bythe PMS 1D-P (200Y) probe.

CONC_2D-P Num Average vdue of thepaticle numbe density (no./liter)
indicated bythe PMS 2D-P probe.

C50_100 Num Average value of the particle number dengit./l) in the 50-
100um range of the PMS probe(s).

C100_300 Num Averag value of the particle number dengity./l) in the 100+

300um range of the PMS probe(s).
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TABLE A-1. DESCRPTION OFTHE PRNCIPAL VARIABLES (Continued)

AVERAGED VARIABLES (continued)

Variable Type Explanation or Eample

C300_1K Num Average value of the particle number densiho./l) in the
300-1000um range of the PMS probe(s).

Cl 3 mm Num Average value of the particle number dengjho./l) in the
1-3 mm rang of the PMS probe(s).

C3_6 mm Num Average value of the particle number dengjho./l) in the
3-6 mm rang of the PMS probe(s).

C6_10 mm Num Average value of the particle number dengjho./l) in the
6-10 mm rang of the PMS probe(s).

M50_100 Num Computel mass (gm?) of particles in the 50-100m rang
of the PMS probe(s).

M100_300 Num Computel mass (gm>) of particles in the 100-306m rang
of the PMS probe(s).

M300_1K Num Computel mass (gm>) of particles in the 300-100thurang
of the PMS probe(s).

M1 3 mm Num Computed mass (m°) of particles in the 1-3 mm raa@f the
PMS probe(s).

M3_6 mm Num Computed mass (m°) of particles in the 3-6 mm raa@f the
PMS probe(s).

M6_10 mm Num Computed mass (m°) of particles in the 6-10 mm rae@f the
PMS probe(s).

MASS1CT Num Computed mass (o) of paticles in theentire range of the
PMS 1D-C probe.

MASS2CT Num Computed mass (or°) of paticles in theentire range of the
PMS 2D-C probe.

MASS1PT Num Computed mass (gr°) of paticles in theentire range of the
PMS 1D-P probe.

MASS2PT Num Computed mass (o) of paticles in theentire range of the

PMS 2D-P probe.
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TABLE A-2. DESCRIPTION OF ECONDARY VARIABLES

WEATHER CODE ¥MBOLS

Al = Along

Ao = Ahead of
Am = Airmass

B = Bards

Bt = Betveen

C = Convergnce
Cd =Cold

Cf = Cold front
Cl = Cloud(s)

Cu =Cut(off)

Cv = Convection
Cx =Compl

Cy = Cylone, cylonic flow
D =Dense

Dy = Dry

d =dueto

E = East

Em = Embedded
Ey = Easterly

F = Fdlowing

Fl = Hight level

Fm = Fast moving

Fr = Font, Fontal

Fw = Far weaher

g = genedly

Hc = High pressure ceat
Hp = High pressure regn
Ht = Heaing

| = Inversion

Js = Jetstream

L = Layer

Lc = Low-pressure ceat
Le = Lake effect

Li = Ling(s)

LI =Low leve

Lp =Low-pressure ragn
M = Moderate, medium
MCS=Mesosale
Convectve System

MI = Mid level

Ms = Moist

Mu = Multiple

N = North

Ny = Northerly

nm =nautical miles

O =Over

Oc = Occuded

Of = Occluded front

Or = Orogaphic

Ot = Outside of

Ovc= Overcast

Pa = Passagpassing

Pg = Pressure tadient

Po = Possiblypossible

Pr =Precipitation

R =Ridge

Ra=Ran

Rb = Rainband

S = South

Sa = Sable air

Sh =Stale, staility

Sc = Scatered

Sf = Stationaryront

Sh = Short

Sm = Slow moving

Sn = Snow

Sq = Squall

Sr = Strongdeep

St =Staionay

Su = Surface

Sv =Severe

Sw = Shower(s)

Sy = Southerly

S = some

T =Thin

Tb = Turbuénce

Tn = Tornado

Tr = Troudh

Ts = Thunderstorm

Ua = Unsable air

Ud = Updraft

Uf = Upslope flow

Up = Upper, upper level,
upper part
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u = usually

W = West

w = with

Wf = Warm front

Wi = Wind(s)

Wk = Weak

Wm =Wam

Ws = Widespread

Wv = Wave

Wx = Weaher

Wy = Westerly

Z =Z0ne

* = Estimded vdue follows
? = Amount or tye uncertain



TABLE A-2. DESCRIPTION OF ECONDARY VARIABLES (Continued)

AGENCY CODES(for use as plotingymbols)

PRECIPITATION CODE ¥MBOLS Agency One-Letter Code
A = Hail AFGL (C-130) A
E = Seet CIC (Leargt) C
L = Drizzle NCAR (Sabrelner) S
R =Rain NCAR (Queen Air) Q
S = Show NOAA (P-3) P
SP =Snow pdets U. Wyoming (King Air) W

ZL = Freemgdrizzle
ZR = Freeingrain

+ = heavy
- = light
w = showers
CLOUD NAMES
Layer Clouds Convective Clouds

Ac = Altocumulus
As = Altostraus

Ln = Lenticular

Ns = Nimbostratus
Sc= Strdocumulus
St =Stratus

Cb = Cumulonimbus

Cg = Cumulus ongestus
Cu = Qumulus

TCu= Toweringcumulus

TABLE A-3. RULES FOR DEFNING UNIFORM CLOUD INTERVALS

One or two of thecode letters listed bdow are assigned to thevariable EVENTDEF to
indicae why the sarple averagng interval was erminaed. That is, al the measured
variables are averad over the fligt path in the cloud until:

A - Aircraft exits main cloud,

B - Outside ar temperatire (TEMP) changs by+ 1.5°C,

C - Outside air temperature (TEMP) rises aboi@, 0

D - Major chang in particle sie distribution,

E - Aircraft changes dtitude (ALT) by + 500 feet £ 150 meters),
H - Averaging interval arbitrarily terminated,

J - Aircraft encounters momentabyeak in cloud.
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TABLE A-4. SAMPLE PRINTOUT OF DATABASE

DBS RIRMASS TIMECONU DIACUTOF CLOUDTYP RGENCY WEATHER DRTE CLOUDNDH CLOBRSHT CLDBAS_T
1 of M 4 G USAF /RF6L(C-130> Us C1 d 5f 58 He N 20579 1 £ £
2 P M 4t (s USAF/AFGLLC-130) Us CL d 8f S & He N 20579 1 £ £
3 of M 47w s USAF/AFBL(C-130) Us CL d SF SB He N 2518 1 ] U
4 of M 4Tm (s USAFZRFBLCC-130) Us C1 d 5F S B He N 20579 1 ] [l
5 ¢ M Ltm (s USRF/RFBL{C-130) Ws C1 d 5F 58 He N 20579 1 U ]
6 cf M 4w U USAF/RFBLC-130) Us CLd S SB Ho N 20579 1 £ -38.0
7 of ) 4.5m  below fis NCAR(Queenir) Lp &M Lc M, UsC1 8 G- SOLLAMN {22082 1 0 -2.5
g cf EST 4.5w below As NCARCQueenfir) Lp B MLcNE, WsCL8S-GS@LI AN 122082 1 0 -5
y o EST 4.5w  below As NCAR(Oueenflir) Lp & M Lc HE, Us C1 G S-8 5 @L18M 122082 1 0 -5

10 P £ST 4.5 below Rs NCAR(Queenfiir) Lp 8 MLcNE, Us (18 G-85@L1 &M 122082 1 g -5
P EST 4.5  below As NCAR(QueenRir) Lp B M LcHE, WsCl185-8S@LIGM 122082 1 g <25

12 P EST 4.5  below As NCAR(Queenfir) Lp 8 MLc N[, UsCLBG-BSELLE M 12200 0 -5
13 P EST 4.5wm below As NCAR(QueerRir) lp &M Lc ME, UsCI B 5-8SELL&M 122082 1 0 -5

14 ¢ [T 4.5m  below As NCAR(Queenflir) Lp B MLcHE, Us (18 S-8S@LLG M 122082 1 0 -25

15 P EST 4.5m  below As NCAR(Queenfir) Lp B M 1lc ML, UsClBS-BS@LI&M 122082 6 -5
16 P EST 4.5 below As NOAR(Queenfir) Lp &M Lc ME, Us CL A G-B 5 €L &ML 122082 ) 0 -5
17 P EST 45w below Rs NCARCQueenfir) Lp BHLc M, UsC1 B S-B SRLLGM 122082 1 0 -5
18 P M e N NCAR(Queenflir) Ws C1 & Pr(S) 100m F Sn Cf 12619 1 Q00 -10.0
19 P M N NCAR( Queenflir) Us C1 & PreS) 100 F S Lf 12673 1 9200 -10.0
0 P M T NS NCAR(Queenfit) Ws C1 & Pr(S) 100nn [ Sn Cf Ny 1 9200  -10.0
VAR M e Ns NCAR(Queenflir) Ws C1 & Pr(S) 100 F 50 Cf 12673 1 9200 -10.0
2 P ] M NCAR(Queenflir) Ws C1 & Pr(S) 100m F Sn Cf 126719 1 00 -10.0
73 P M N NCAR(QueenRir) Ws C1 & Pr(S) 100mm [ Sn Cf Hnun 1 200 -10.0
24 P M e N NCAR(Queenfir) Ws C1 & Pr(5) 100m [ Sa (f Ny 9200 -10.0
% ¢ (0 1Wm fs NOAR(P-3 $43)  Mesoscale Convective Systen (MCS) 61085 1 ] ]
6 ¢ (01 0m BRs NORRCP-3 #43)  Mesoscale Convective System (HCS) 61085 1 ] U
2 ¢ i) i Bs HORRCP-3 $43)  Mesoscale Convective Systen (NCS) 61085 1 U ]
8 ¢ (0 tm R NORR(P-3 #43)  Mesoscale Convective System (MCS) 61085 1 ] i
29 ¢ uil] 0m Bs NORR(P-3 #43)  Hesoscale Convective System (MLS) 61085 1 ] ]
M ¢ (0 1m Bs NORR(P-3 #43)  Mesoscale Convective System (MLS) 61085 1 ] ]
A ¢ ol 10m As NORACP-3 #43)  Mesoscale Convective System (MIS) 61085 1 ] i}

D85 CLOTOPHT CLOTOP_T CLOTHHOT CLOTTHOT CLD_DIST ELEUNDTE SURFELEU LOCATION CLD_PRSS EUENTOEF

1 £ [ 21600 -3¢ Thin, isolated 400 0L i H
2 £ [ 22000 -3 Ihm isolated 3600 MR 1 H
3 L [ 24600 -3¢ tdge "of large Ui shield 1300 OKC i H
4 £ £ 24600 -3¢ [dge of large i shield 1300 T 1 H
5 L £ 24600 -34  tdge of large (i shield 1300 SHF i H
b £ -39 30000 L] Thin, wispy 600  BNA 1 H
7 i} U up to fis layer snowfall area below cloud U 130 8D 1 L
8 [ U up to fis layer snowfall area below cloud U 130 B0 1 L
9 U U up to fs layer snowfall area below cloud U 130 BED | £
10 U U up to fs layer snowfall area below cloud U 130 BED i £
11 U U up to fis layer snowfall area below cloud U 130 B 1 ]
12 ] U up to fs layer snowfall area below cloud U 0 60 1 ]
13 i} U up to fs layer snowfall area below cloud U 0 60 1 D
14 ] U up tofs layer snowfall area below cloud Offshore 6LO 0 6 1 D
15 U U up to Rs layer snowfall area below cloud Offshore GLO 0 60 1 A
16 U U up to fis layer snoufall area below cloud Offshore GLO 0 6D Z H
17 ] U up to fis layer snowfall area below cloud Dffshore 6LO 0 Gl 2 £,
18 22500 -35 Uidespread, continuous  6200-10000 ntns U SBS 1 f
19 22500 -35 Uidespread, continuous  6200-10000 nins ! 585 1 H
20 2500 -3 Uidespread, continuous  5200-10000 ntns U 585 i H
21 22500 -3 Hidespread, continuous  6200-10000 ntns U HON i H
22 22500 -3 Widespread, continuous  6200-10000 ntns U HOM | H
3 s % Uidespread, continuous  6200-10000 mtns U HON 2 H
24 2500 -3 Uidespread, continuous  6200-10000 mtns U HON 2 H
25 U U U trailing 5t region of HCS flat plains 1300 10 2 H
26 ] b v ] trailing St region of (S flat plains 1300 100 3 £
it U b I} trailing St region of MCS flat plains 17 10 3 £
28 ] (/N U trailing St region of HLS flat plains 1300 100 3 H
29 U b U [ trailing St region of MC5 flat plains 1300 I 3 L
30 [} T U trailing St region of M(S flat plains 1300 100 3 £
3 ] v 0 U trailing St region of MCS flat plains 130 100 4 H
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0BS ST_TIME TAS ALT TEMP CONC_10C CS0_100 C100_300 C300_1K C1 3w ([3.6Mt (610t M50 100

TABLE A-4. SAMPLE PRINTOUT OF DATABASE (Continued)

1100_300 M300_1K M1_3m

1 180600 206 20336 -32.0 6,5274 2.50  3.955  0.072 0.00000 0,0000OD 0.000000D 0.06069796 0.005216 0.00030 0.0CO00O

2 183800 206 20336 -30.0 1.3424 0.5  0.740  0.098 0.00036 0000000 0.0000000 0.00015265 0. 061245 0.00090 0.000014

3191200 218 22304 -31.0 6.8457 3.68 3,142 0.024 0.00000 0.000000 0.0000000 0.000973% 0.003356 0.00010 0. 006000

4193200 218 22304 -31.019.6720 8.80  10.762  0.110 0.00000 0.000000 0.0000000 0.00241878 0.012149 0,00044 0.000000

S 201400 225 24600 -33.0 1.5768 0.92  0.65  0.001 0.00000 0.000000 0.0C00000 0.00024779 0.000588 0,000 0.000000

6 210400 256 29520 -38.0 3 5429 0.86 2.5  0.112 0.00000 0.000000 0.0600000 0 00023193 0 004926 0.00045 0.000000

7130730 N6 94 -3.6 . . 1.939 0.48670 0.058080 . 0.02131 0.049898

8 130840 130 2102 -3.7 2,755 0.65497 0.064503 . IJ 03203 0.065845

9 130952 131 3023 -3.8 2.910 0.80869 0.036697 . 0.03768 0.075006
10131104 137 3930 -4.4 Z.815 0.65514 0.010790 0.04130 0.054118
11131302 148 4293 -4.7 . 1.360 0.233%1 £.000000 . 0.02204 0.015007
12131354 152 4345 4.9 . . 0.347 0.10314 0.005115 0.00418 0.009043
13 131610 145 4230 -5.1 . . 2.076 0.63387 0.007723 . 8.02704 0.050899
14 132216 144 4300 -5.2 . . 0.821 0.12736 0.001033 . 0.01267 0.009665
15132458 144 4307 -5.4 . . 0.125 0,00126 0,008000 . 0.00169 0.1000081

16 134158 150 6398 -8.2 . . 0,958 0.10764 0,000140 . 0.01534 0.007268
17 134756 134 6036 -7.6 . . 1,531 0.59268 0.001689 . 0.02215 §.042204
18 203500 150 14432 -19.0 2,48 7.100  4.750 1.04200 0.000000 . 0.00050813 0.012219 0.06513 0. 073058
19 203900 150 13448 -19.0 2,30 6.500  9.980 0.75900 0.014000 . 0.00050211 0011391 0.22230 0.058135
20 204400 150 13448 -18.0 2.00  4.880  4.150 0.68000 0.000000 . {,00044483 0.008176 0.05257 0.058323

21 205600 150 10824 -13.0 1.5 4320 2,740 1.34300 0.000000 . 0.00020536 0.007650 0.04087 0.104448
22 205800 150 9512 -11.0 .87  2.510  1.360 0.81000 0.000000 . 0.00019445 0.004156 0.01714 0,125904
23 110300 150 7872 -4.0 1,08 2.680  1.190 1,04000 0.465000 . 0.0002085¢6 0.004603 0.01341 0.166289
24 210800 150 9184 -10.0 230 5.900  1.890 1.39300 0.067000 . 0 00045487 0.009334 0.02432 0.127845
25 223000 25013000 0.5 . 43,399 16,637 1.60677 0.283277 0.0194554 "0.060649 018178 £.153186
26 223800 250 13500 -0.5 94,140 51,300 3.65235 0.688940 0,0306525 . 0.136193 0,55560 0.358344
27 223900 250 14500 -2.0 102,707 57.295 4.33513 0.616457 0.0248772 . 0.149168 0.64831 0405247
28 224030 250 15000 -3.0 145.410 74,698 5.13214 0,620755 0.0093661 . 0.205904 0.63988 0.486528
29 224800 250 15500 -5.0 153,460  78.230 5.84605 0.633465 0,0143760 . 0.220472 0.83840 0.565838
30 224960 250 16500 -7.0 202,835  95.798 6.47810 0.816500 0.0085750 . 0.295286 1.01468 0.628458

31 225600 250 17000 -8.0 234,428 134,763 8.11222 0563145 0.0034454 . 0.337350 1.49007 0.738298
0BS N3 oM MG 1OMM  MANDIRM MASSICT  MASSTPT CONC_1DP PROJECT CLOBHNOT CLOBTNDT  PROBE_ID  CLOUDGRP ALI_CONU

1 0,000000 0.0000000 0.4 0.0062034 0.000301 0.03912 AF6L Cirrus:?8 20600 -3 mSi0c &P A RSL

2 0.000000 0.0000006 0.7 0.0015662 0.000914 0.09796 AFGL Cirrus:?8 20400 -2 PMSIC6I0P B RSL

3 0.000000 0.0000000 0.3  0.0044328 0.000001 0.00013 AF6L Cirrus:78 U U msicap ASL

4 0.000000 0.0000000 0.3 0.0150107 0.00000 0.00010 AFGL Cirrus:78 U ] PS1DC B 10P € ASL

5 0,000000 0.0000000 0.3 0.0008384 0.000000 0.00001 AFEL irrus:?8 U y psicse ASL

6 0.000000 0.0000008 0.4 l] 0056089 0,000397 0.05169 AF6L Cirrus:78 29500 U PMS 10C & 10P D fsL

70.00815 3.8 0.093022 2.48557 WEWS:1982-B3  down to surface U PHS 10P A Ast

8 0.025550 3.9 0.123423 3.47470 NEWS:1982-83  down to surface U 5 10p R RSL

9 0.012937 3.5 0.125623 3.75523 MNEWS:1982-83  doun to surface U PHS 10p A ASL
10 0003957 3.0 0.099378 3.48114 NEMS:1982-83  down to surface PHS 10P f RSL
11 0000000 2.0 0.037049 1,59372 MENS:1982-83  doun to surface U PHS 10P f ASL
12 0.001866 22 0.015085 0.45501 NEWS:1982-83  down to surface U S 10P f ASL
13 0.002699 . 2.9 0.080636 271795 NEWS:1982-83  down to surface U S 10° A ASL
14 0.000369 . 2.1 0.022702 0,94904 NEWS:1982-83  down to surface U PiS 10° f RSt
15 0.000000 . 1.0 D.001770 0.12635 NEUS:1982-83  down to surface U PHS 10P B ASL
16 0.000042 . 1.9 0.022650 1.06571 NEWS:1982-83  down to surface U PMS 10P A ASL
17 0.000654 . 2.4 0.065006 2.12546 NEWS:1982-83  down to surface U S 10P f ASL
18 0.000000 . 2.3 . . COSE-11:1979 PHS 200 f A5l
19 0.0055%8 . 3.5 COSE-11:1979 S 200 A ASL
20 0.000000 . 1.8 COSE-11:1979 S 200 R ASL
21 0.000008 . 2.8 C0SE-11:1979 s 200 A ASL
22 0.000000 . 2.8 COSE-T1:1979 PHS 200 R ASL
23 0.18%16 . 4.5 COSE-11:1979 s 200 A RSL
24 0.036562 4.5 (OSE-11:1979 PMS 200 A ASL
25 0.154839 0.0295650 7.7 OKPRESTORM:1985 U ] MS 2008 200 A RSL
26 0.367645 0.0430993 8.0 OKPRESTORM:1985 U U pMs 208 20P A AsL
27 0.319078 0.0360926 7.8 OKPRESTORM:1985 U U PS 280 8 20p A ASL
28 0.310018 00130210 7.0 OKPRESTORM=1985 U U PMS 2008 20P R ASL
29 0.419331 0.0218703 8.5 OKPRESTORM:1985 U U ms 200 & 20P A ASL
30 0.407300 D.0125213 7.5 OKPRESTORM: 1985 U U PMS 20 & 20P A RSL
31 0.266576 0.0045337 6.2 BKPRESTORM:1985 U U mszie 2P A RSL
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TABLE A-4. SAMPLE PRINTOUT OF DATABASE (Continued)

0BS MANEWUER FRECIP CLDSTRTE XTALTYPE DURRTION FROST_PT DISTANCE FLUC JULHC CONC END_TIME CONC_20C MASSZCT MASS2PT CONC_20P

1 Level 1 Br 360 -4 e . N . . .

2 Level 1 Br 300 -9 12 . N . . .

3 level I Br 300 -3 1.2 . N .

4 lLevel 1 Br 300 -3 8.2 . v .

5 Llevel 1 Br 300 -32 188 . . .

6 Level 1 Br 300 -3 n3 . . . .

7 Slant § 1 ] 70 . 2.3 0.0t 0.0 2 130838 .

§ Slant § 1 ] 7 2.6 0.00-0.03 1 130950 .

9 Slant § 1 ] n 2.6 0.01-0.04 1 131102 .

10 Slant § 1 U 18 45 0,01 -0.02 1 131300 .

11 Level §- 1 ] 52 20 0.00 0.02 § 131352 .

12 Llevel U 1 ] 136 57 0.00 0.02 0 131608 .

13 Level §- 1 U 366 147 000 8.03 1 132214 .

14 Slant U 1 U 162 65 0.00 0.02 0 13245 .

15 Spiral 0 1 ] 72 2.9 0.00 0.02 1 132608 .

16 Spiral U 1 ] 358 149 0.00 0.00 1 134754 .

17 Spiral U 1 1] 92 . 34 0,00 002 v 134926 . . . .

18 Slant Se Bsfc 1 uP 60 -2 25 . N . 15372 015091 .

19 Slant §+ Bsfc 1 uP 60 -19 2.5 . 19.553 0.29853 .

20 level Ssfc | I 80 21 2.5 1.710 0.11952 .

21 Slant S5 8sfc I ub 60 -15 2.5 9.943 0.15325 .

22 Slant §- dsfc | 1 60 -13 2.5 5.550 0.14680 .

23 Spiral §- €sfc I sU+R 60 -h 2.5 6.455 0.31413

24 Spiral §- @sfc 1 sU+R 60 -10 2.5 . . 11,550 0.19853 .

25 Llevel U MI4)  PI+f 450 . .3 R 33730  60.034 0.24243 0.33759 1,90950
2 Slant U I P1+A 30 2.1 RN 33830 145,448 0.69179 0.76909 4.37194
2t Slant U 1 P1+8 60 4.2 . 34000 160.001 0.79748 076042 4.97647
28 level U 1 Pl+k 300 20.8 34530 220.108 1.04578 0.80957 5.76226
29 Spiral U 1 Pi+R 30 2.1 34030 231.690 1.05687 1.00704 6.65449
30 Spiral U 1 Pi+f 3 2.1 34930 299.633 1.30997 1.04828 7.30317
31 Level ¥ 1 PI+R 390 21 35630 369.191 1.82742 1.00941 B.67691
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