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EXECUTIVE SUMMARY

Freezing rain and freezing drizzle (meteorological abbreviations are ZR_anesgectivef) have

been implicated in a number of recent commuter aircraft accidents and incidents. One notable
example was the fatal crash of a commuter flight on October 31, 1994, near Rosethang.

Others include cases of uncommanded pitchovers of certain commuter aircraft during landing
approach with ice on the tail section of the aircraft—a situation that has been given tHeename
Contaminated Tailplane StallTS).

Little has been known statisticalbout the details of ZR and.Zonditions aloft, because the few
previous studies have concentrated on surface observations and near-surface effects of such
conditions. But fortunatg] one of these studies recgrtibulated the dates, times, and locations of
neary a thousand ZR and_Zepisodes at major airports in the U.S. over geaf-period. Eighteen

of these airports are located at standard radiosonde launchHite® archived radiosoreldata

were retrieved for this stydo examine the vertical distribution and characteristics of these known

ZR and 4. cases.In addition, inflight data from several rare penetrations of ZR¢ahditions by

an instrumented aircraft have been obtained from the UnivefdNorth Dakota. This has helped

to improve the understanding of ZR and Zonditions aloft. The benefits could include better
icing forecasts, better flight planning, and increased understanding and awareness of ZR and ZL
conditions ly pilots, dispatchers, and controllers alike.

Most ZR or 4. occurrences reported at the surface are accompanied lzeilings. The ratio of
ZR to A differs markedf among some sites; but overall, & reported for about 60 percent of the
cases compared to 40 percent for ZR. Assuming that the observers havey cbstewlished ZL
from ZR, this indicates that the drizzle phenomenon is more common than previeusiht, at
least in low ceiling conditions involving freezing precipitation.

From the radiosonde data it is found tE& conditions can extend up to 7000-ft above ground
level (AGL) at some locations, and temperatures can range down to -11°C. Aircraft measurements
have documentedLZup to 12,500-ft AG at temperatures down to -11°C.

As a result of the crash near Roselalmdjana, in October 1994, the radiosonde data used for this
report have been searched for evidence of clowatdaloft that could produce “elevated” freezing
drizzle similar to that suspected of causing the accident. Adegdatgh supercooled cloud/as

in the 5000- to 17,000-ft AGaltitude range are inferred in about 30 percent of the cases, but there
is no direct evidence from the radiosondes about how wiahese cloud kgers ma be producing

ZL.

From the few available passes of an instrumented aircraft in ZR conditions at several locations,
rainwater concentrations (RWC) of 0.1 to 0.3 Yimere documented along witypical RMVD’s
(raindrop median volume diameters) of about 1 mm. These are consistent with other indirect
estimates for these variables. Onboard ice detectors registered icing rates up to 15 mm/hr (5/8
inch/hr). This means that during a 15-minute approach and landing sequence, an aircraft could
accumulate up to 4 mm (5/32 inch) of glaze ice on the airframe in the observed ZR conditions.



The small amounts of data available so far on ZL suggest representative drizzle water
concentrations (DWC) of about 0.1 ¢/distributed over the drizzle-dropsize range of 504500
Maximum DWC's have been reported up to 0.3%#mmore in clouds.

Finally, a new convention is proposed here for reporting and specifying water concentrations and
dropsizes for freezing rain and drizzle. The proposal is to divide the water concentrations into five
standardized dropsize intervals over the applicable dropsize ranges of 5Quo ¥0drizzle and

0.5 to 4 mm for freezing rain. This is adequate resolution for aircraft icing purposes, and it
provides a more useful way to display, compare, and evaluate results than either the graphical
dropsize distributions or simple RWC and MVD values. The method is convenient for use with
natural ZR and ZL conditions, tanker and wet wind tunnel sprays, and computer simulations.



BACKGROUND

Freezing rain and freezing drizzle (meteorological abbreviations are ZRlanéspectivej)*

have been implicated in a number of recent commuter aircraft accidents and incidents. One
notable gample was the fatal crash of a commercial airline flight on October 31, 1994, near
Roselawn,Indiana. Others include cases of uncommdngiechoves of certan commuter
aircraft during approach with ice on the tail section of the aircraft—a situation that has been
given the naméce Contaminated Tailplane StalCTS).

The Flight Safet Research Branch of the Federal Aviation Administration (FAA) Technical
Center has been undertaking a long-term research project to improve the understanding of the
icing environment facedybaircraft in flight above the freezing level. One goal has been to
update, if necessarthe engineering design values of atmospheric variables associated with icing
conditions. Oneype of icing condition for which adequate measurements have been lacking is
that ofZR andZL.

The general features of freezing rain and freezing drizzle have long been known, but no statistics
have been compiled on the details aloft such asxinenee and average temperatures in freezing
precipitation Igers, ceiling heights, the presence and depth ykapercooled cloud yars, and

the vertical gtent of ZR and E, for example. Direct measurements of other important variables
such as rainwater concentrations (RWC), dropsizes, andriiesgre rare and scattered Only

two major statistical studies [2,3] have been reported at all, ahdobtthe® concentratd on

surface observations and surface effects.

Geographicall, it is known from these surface weather observations that ZR Bndc&ur
mainly in central and eastern North America (figure 1) and in Northern Europe. Nevertheless,
ZR and Z4_ are infrequent, even in these locationgpidally ZR or 4. occurs 4 percent of the

time or less in North America dugnthe colder seasons and 1 percent of the time or less in
Europe. Because of the posgilof drastic effects, however, flight in ZR andl & normally
avoided evenyaircraft equipped with anti-icing or deicing devices.

Sporadic research reports over tyears have gradugllaccumulated evidence that freezing
drizzle is more common than previopsealized and that it forms surpriglg often in entirely
subfreezing conditions. No statistics have been collected on this either, but it has important
implications for inflght icing.

Data which are essential for the design or testing of aircraft for fligl@Rinor ZL include
representative and probablexteme values of the rainwater concentration (RWC), air
temperature, and dropsizes. Ordinamheasurements of these variables would be obtained from
instrumented aircraft sent toyfin the conditions of interest. Because of the difficait flying

in, or operating measuring devices in ZR ar, Anly a small number of inflight measurements

! Thes two types of precipitation will often be referred to throughout this repoytthe meteorological reporting
symbols,ZR andZL.



have been made until recentlExcept for one report [1] discussed below, and a few encounters
by research aircraft from the Universities of North Dakota aydiing, no other airborne RWC
and dropsize measurements were available in time for this report.

As a result, the research so far has had tonm&inly upon surface weather observations and
radiosondes (instrumented balloon soundings) for informatiodRrandZL conditions aloft.

Recent advances in doppler weather radar techniques hold some promise for the future. The
information potentiajl available from all these various sources is summarized in table 1.

An important recent stydwas the compilation of ZR andLZoccurrences and durations at a
hundred or so airports in the United States over geab-period from about 1962 to 1987 [3].
Eighteen of the airports were also at or near the sitegnopsic radiosonde stations. Although
the stug was based owplon surface weather reports, the author fortupatetained the dates and
times of occurrence of the ZR and Zonditions at each airport. This allowed anyaasrieval

of archived radiosonde data for the 18 airports. More than 700 radiosonde ascents were
identified in this wg, whereZR or ZL was present at the time of the ascent. These data are
currenty being anajlzed to give previouglunavailable statistics on conditions above the surface
during freezing rain and freezing drizzlén particular, the depths andteeme temperatures in

the freezing Igers and warm lgers aloft are revealed/lthe radiosondes. Cloudykrs can also

be deduced from the onboard hunydsensor. Table 2 gives some prelimynegsults which
show a marked variation in the relative frequent freezing precipitationype and vertical
temperature structure at different locations in the United States.

This will improve the understanding @R andZL conditions aloft. The benefits could include

better icing forecasts, better flight planning, and increased understanding and awareness of ZR
andZL conditions i pilots, dispatchers, and controllers alike.

RESU.TS

TERMS AND DEHRNITIONS

Recenty some new terms have been informatitroduced to describe these icing conditions that
involve dropsizes larger than ordigasioud droplets coveredylFARs 25 and 29, Appendi&

[28]. These new terms are “large droplets,” “supercooled drizzle droplets” (SCDD), and
“supercooled large droplets” (®). There are no formal definitions of these terms ang dine

often used interchangegbl Generalf they are used to describe droplets larger than 40 nb0

in diameter. Such droplets are often said to be outside the range of FARs 25 and 29, Appendix C



because the liquid water concentration versus droplet median-volume didové@vg. MVD)
envelope$of FARs 25 and 29, Appendix C stop at an MVD of 40@p5:.

The «istence of several terms to describe the same thing can lead to confiasiaplies that

there are some distinctions where there meally be none. Therefore, it is recommended here
that in order to avoid an unnecegsproliferation of terms, the conventional texrfreezing rain

and freezing drizzlebe used xclusively. These terms alrepdapply to droplets that are
distinguished ¥ their large sizes. There are rgadhly two means of formation for these large
droplets agway—the coalescence process and the melting snow process (see further discussions
of ZR and 4 in the following paragraphs). Drizzle and rain usgfattnnote differences in rain

rates too.

FREEANG RAIN.

A distinction is made between ZR and. decause of the differences in the formation
mechanisms and the resulting differences in dropsizes and rain rates.

Freezing rain results when snowflakes fall into a warm (TG (ayer aloft, melt into raindrops,

and then fall through a subfreezing/da of air again before reaching the ground. This is
illustrated schematicallin figure 2. The ol difference between freezing rain and ordinary
stratiform (widespread, stegdnonfreezing) rain is the presence of a subfreezipgr [lktom
ground level up to perhaps a few thousand feet in the case of freezing rain. Qrdanaril
temperatures rise steadiwith decreasig altitude and therefore temperatures below @h@

level aloft will ordinarily be warmer than freezing. But freezing rain requires a reversal in the
temperature profile somewhere below the meltingidauch that subfreezing temperatures are
again present at or above ground level. This can occur in connection with a warm front (figure 3)
when warm air overruns a subfreezingelaof air alreagl in place.

The warm Iger aloft is a well-known feature which pilots are taught to use in order to escape
inadvertent encounters with freezing rain in flight. The seeminglnter-intuitive rule of
thumb is toclimb to warmer temperatures.

Raindrops are essentialinelted snowflakes, so the raindrop sizes depend igibaltthe sizes of
the melting snowflakes. The raindropsyngrow or shrink on their wato earth. Thg may
grow somewhat Y sweeping up additional cloud droplets if the raindrops fall through an
intervening cloud Iger. The may also shrink due to partial or total evaporation while falling
through cloudless air. Androplets that are several millimeters in diametey algo split in two
due to aeroghamic forces during their fall. The raiate depends maiglon the snowfall rate at
the melting level and on gneffects of evaporation. The resulting dropsize distribution is

2 This associationfaan individual droplet dimeterwith the upper MVD linit of FARs 25 ard 29, AppendixC canbe
misleading.Thisis becaus¢he MVD actualy represents wider dropsize spectnuthat usualf extends to dimeters at
least 50 percent larger than the MVD itself. For an MVB®fim, for exanple, thismeans that droplets as large as 75
pm or more in dianeter are still coveredyd-ARs 25 and 2% ppendix C.



generaly a continuum from several millimeters down to tens of microns in diameter. Thus, the
rain dropsize distribution includes droplets in the drizzle size range (50tpmsPtoo. It is

even possible that partial evaporationyrsametimes reduce the rain drops to drizzle size before
they reach the groundin ary case, most of the mass will be in the larger sizes remaining.

FREEANG DRIZZLE.

Contray to the rain process, drizzle develops tgtallthin a liquid droplet cloud ker when the
conditions are right. The melting snow process is not involved and a “wayer’ iR often

absent. Drizzle is most familiar agperienced at ground level, where a “mist” of lighftlling

droplets is descending from low clouds above. But drizzle is not confined to the region below
clouds—it continues on up into and throughout the vertixtdne of the cloud lger where it is

being formed. Drizzle droplets m&ven be somewhat larger and more numenodlke cloud

than below where partial or near total evaporation can reduce the sizes and numbers of the
droplets on their wadown.

Theoreticaly, if given enough time, some drizzle-sized droplets can eventelelop in any

cloud that lasts long enough, is deep enough, and which contains enough condensed water. This
process involves the gradual growth of some of the owngdiclaud droplets to a diameter of 30

pum or so until thg begin to settle. Then thdegin to collide and coalesce with other droplets on

their way down through the cloud as thgrow to drizzle droplet size (about 50 td050m or so).

This is found to be a slow and inefficient process, which is estimated to require at least two
hours of uninterrupted cloud droplet growth after cloud formation just to get the process
startel [4]. Nevertheless, observations indicate that drizzle can formyan EHouds that meet

the following requirements:

. The cloud lger lasts longer than two hours, at least.
. The cloud lger is at least 1000 ft (0.3 km) deep.

. Temperatures evarvhere within the cloud are warmer than abo@’€l so that hahly
competitive ice grstals are less likglto be present.

The deeper the cloud the larger and more numerous the settling drizzle droplets can become due
to more time and more droplets with whichytlean collide. Politovich [5] and others have also
pointed out that some kind apslope motion (orographic or warm frontal) is needed to induce
new condensation and drive the continual cloud droplet formation and growth. This is necessary
if the cloud Iger is to be replenished or maintained against the gradual removal of cloud droplets
and water P the drizzle falling out of the cloud.

Even so, the resulting amount of drizzleyntee insignificant for aircraft icing unless something
happens to gregtkpeed up the process.



It is known that two other mechanisms can enhance drizzle production by promoting the quick
and continual growth of ordinary droplets into the 80 range where they can start the drizzle
production process. One such mechanism is the presence of relatively lange @0so0)
microscopic salt particles in the air where the cloud is forming. This happens frequently in
oceanic coastal areas where whitecaps and surf spray inject saltwater droplets into the air. The
smaller droplets evaporate and leave a residual aerosol of microscopic salt particles. This can be
easily seen as a whitish haze all along the beach zone. Cloud droplets always form on submicron
hygroscopic particles (called cloud condensation nuclei) anyway, but the presence of unusually
large nuclei is known to result in unusually large cloud droplets. This is why drizzle is more
often observed under low cloud conditions in coastal areas than anywhere else. But large salt
nuclei seldom reach very far inland or rise to the vicinity of the 10,000-ft (3-km) level where the
elevated freezing drizzle clouds of interest are occurring. Therefore, some other mechanism
must be at least occasionally active inland and at the altitudes of interest in order for large
numbers and sizes of drizzle drops to be present.

The other mechanism is thought to be turbulence. Almeida [6] and others have shown
theoretically that sufficiently intense in-cloud turbulence can promote the growth of droplets into
the 30um size and enhance the subsequent collision and coalescence of these droplets into
drizzle [7]. This suggests that large droplets can be expected to occur widely, geographically.
Warm fronts and turbulence are common and indeed drizzle is sometimes recorded at surface
observing sites in association with warm front arrivals in the winter. Thus, there are some
statistics available for drizzle at the surface, but it is not known how often it occurs at aircraft
holding altitudes of 5000- to 15,000-ft AGL, for example.

Based on some numerical simulations and on comparisons with experimental evidence, Pobanz
et al. [8] have postulated some minimum wind-shear (turbulence) conditions that must be met in
order for drizzle to be promoted in cloud layers. Specifically, they propose that a definite wind-
shear layer must be present at the top of the cloud layer and that the wind shear strength be at
least 0.02 m/sec per meter of height. In addition, the bulk Richardson number (Ri) computed
across the shear layer must be less than unity. The bulk Richardson number is taken as a
measure of the wind-shear-induced mixing, and Ri < 1.0 is sufficient to maintain turbulence. In
any case, coalescence in stratiform clouds generally cannot generate drops as large as those that
can result from melting snow flakes. Hence, drizzle drops are typically smaller thqum5i0

diameter.



ELEVATED FREEANG RAIN.

Freezing rain (ZR) and freezing drizzld_(zhave been conventionallegarded as a ground-level
phenomenon or at least confined to a shalloyerlaf frigid air above the ground during the
winter season in some geographic regions. These freezing precipitgBos Were previously
thought to &tend no more than five thousand feet or so above ground, as indicated in figure 4.
Only recenty has it been realized that both ZR andrday occur in elevated Yers at heights up

to 10,000 ft (3 km) or more AG In the warm seasons both And ZR can occur even higher in
vigorous convective clouds.

WHERE DOES EEVATED ZR OCCUR?

Stratiform Clouds! Radiosonde measurements [13] suggest that elevated freezingyes la
may be possible at heights up to 11,000 ft over Engldndthe winter halfyear, these freezing
layers were concentrated below 5000 ft (1.5 km). During the summeydaalffreezing igers
(associated with possiblER or ZL conditions aloft) still occurred and were concentrated
between about 4000 and 9000 ft. The sameyssidws that there are regional differences
though. Freezing leers associated with ZR over the Britistes are more likglto be elevated
(2000- to 5000-ft above sea level (A% whereas in Scandinavia the freezingels are more
frequenty based at ground level.

Convective Clouds It is known that worse icing conditions can occur at higher altitudes in
deep, vigorougl growing convective clouds or thunderstorms in summer-like conditions.
Changnon et al. [15] report that for large, growing convective cloudkinais, “Typical in-

cloud results &10°C reveal multiple updrafts that tend to be filled with large amounts of
supercooled drizzle and raindrops.” This means that aircraft penetrating the cores of these clouds
in the 0 to -20C range can@ect to encounter intense bursts of ZR brtdo. It is not known

how long these encounters can last, but because these clouds ageaiduaited horizontal

extent, the ZR or £ is not &pected to last as long as ynbe possible in stratiform clouds.
Nevertheless, the windshield ynee over more than usual and prompt the flight crew to report
severe icing conditions.

Wherever the freezing level is high enough, therg @ ample warm air below in which an
aircraft can melt off anice that it mg have accumulated at higher altitudes. But iy mat have
been realized that an aircraft ynarecoverabj lose control due to ice accumulations aloft, even
though warm airasts at lower altitudes as it did in the Roselawn cabethe latter situation,
the freezing level in the area ranged from about 3000 ft (1 km) to about 7GKnf) o that
warm air was available for melting off the ice had the aircraft not lost complete control.

ELEVATED FREEANG DRIZZLE.

EARLY INDICATIONS It has long been known that drizzle can rgatbkrm in low, warm,
stratiform clouds at least 1000 ft thick in oceanic air masses. Dropsize measurements from
instrumented aircraft flights in these clouds have been reported at least as far back as 1952 [4].
But until receny, large droplets indicative of elevated. 4n winter stratiform clouds were




reported on} occasionall [9-11]. All of these authors pointed out the potential significance for
aircraft icing. Lewis noted the high collection efficiencies of large drops and that drops larger
than 35um or so would probaplbe reported ¥ pilots as freezing rain because of a similar
appearance on the windshieldeck observed small concentrations of large droplets below some
winter stratiform clouds and pointed out that helicopteigsdl below winter clouds to maintain
visibility and to avoid icig may still experience some iagnfrom these unexpected, dgr
droplets.

Although these large droplets were indeed noticgdhb pilots as “rain” or “moisture” on the
windshield, thg had no unusual effect on the large research airtrafikheed C-121). The first
researchers to document performance degradations on an aircraft due to flighteneZSand et
al. [11] and Cooper et al. [12]. These were flights during cloud seedpegiments along the
Sierra Nevada upslopes in California. Yh®und that flight through these elevated ZL
conditions could cause dramatic increases in drag due td_tbeoglets forming a thin but rough
accumulation of ice under the wings.

With interest inZR and ZL hegghtened amog aviation-interested meteorgjsts and cloud
physics research groups, the Canadians renewed their attention to ZR dndry) recent field
studies of storms and icing conditions in the Newfoundland coastal relgideed, at least two

ZL episodes near 10,000-ft AGvere found and investigateg Gober et al. [14]. Thereported

that these elevatedLZcases were the “most severe icing environment encountered” during the
field stud. In two of the four Z cases, thelZcaused “a rapid accumulation of ice on the pilot's
window.” This prompted the pilot to quigkfet out of the icing conditions, usyably climbing

in altitude. Figure 5 illustrates one of these cases.

THE ROSHEAWN ACCIDENT. Evidence was slowl mounting that elevated LZ was
occasionalf out there, but it seemed hard to find.was known that sometimes there were quite
noticeable, possiplserious effects on the performance of some aircraftyfé¢heountered it and
lingered in it. But these conditions had been foung after searching in upslope clouds along

the Sierra Nevada mountains in California, occasignalithe Denver area, and perhaps more
frequenty, recenty in the Canadian Atlantic provinces. The documented cases also appeared to
be confined to relativglshallow lgers and limited horizontalkéents. So the known cases were
rare, remote, and locgllconfined. Therefore, it seemed unlikethat aly aircraft simply
transiting through an area of elevai#idwould be bothered muclylit.

That was until the fatal accident with the ATR-72 commuter aircraft near Rosétadiana, on
October 31, 1994. At this writing, it has not been defipipgbven that elevatedl.Zwas present
and that it produced éhicing which caused this aircraft to roll out of control and crash. But
circumstantial evidence and the slgvdccumulated knowledge about elevatdd ¢bnditions
stromgly swggest that this was the case.

The investigation of the accident points to a number of factors combining at the same time to
result in the accident. The aircraft was in a holding pattern foy thnmutes and apparently
circling at the gact height and location of one of these elevatedayers. If the aircraft were



holding a few thousand feet higher or lower or if it were just passing through once on itsava
landing, the suspected ice accumulation and the accident prolabld not have occurred.
Other factors, such as the darkness which hindered the visual observatigrioaf lamldup, the
use of the autopilot during the th#minute hold, and the retraction of the flaps after the icing
exposure all conspired toward permitting the accident to happen.

UNDERSTANDING ELEVATED ZL. Now that there is practical evidence that elevatedah
indeed be a deadlhazard, more needs to be learned about its freguand conditions of
occurrence and how to recognize and forecast its presence.

How Often Does Elevatedl.ZOccur? For an earlier purpose of obtaining statistics on the
vertical tent and the temperatures involved in low-altitude ZR conditions, about 700
radiosonde (raob) records were obtained from the National Climatic Data Center (the weather
records archives) in Asheville, North Carolina. These records were exgugsivelases where
the radiosonde is known to have ascended through ZR. @o#ditions at the location of the
radiosonde launching site.

These soundings have since beeang@ned for ap elevated, turbulent, supercooled cloud
layers that meet the Pobanz, Marwitz, and Politovich requirements [8] mentioned earlier.
Although about a third of these raobs indicate the presence of supercoobkthgdmsicovering
part of the altitude interval between 5000 ft (1.5 km) and 15,000 ft (4.5 km), the proposed wind
shear and Richardson number requirements are seldom met. This suggests that although
significant aircraft icing from ordingrsupercooled clouds mée present in theseykrs and
only rarely are conditions right for the enhanced formation of elevated freezing drizzle according
to the requirements of Pobanz et al. One case where the mropimskshea requirements
appear to be met is shown in figure 6. The cases studied here all reported ZRatothg
surface, so thedo not match the Roselawn situation in that respect where surface temperatures
were about +8C or so and intermittent ordinarain was occurring.

Where Does Elevated Z0Occur?

Stratiform Cloud8! Geographicall, elevated Z has been documented under certain
conditions in stratiform cloudsylresearch aircraft in California, Northern Arizona, Colorado,
Texas, and Newfoundland.

Convective Clouds As was pointed out for elevated ZR, worse icing conditions can
occur at higher altitudes in thunderstorms in summer-like conditions. Changnon et al. [15] report
that for large, growing convective clouds lifinois “Typical in-cloud results at @EC reveal
multiple updrafts that tend to be filled with large amounts of supercooled drizzle and raindrops.”
This means that aircraft penetrating the cores of these clouds in the@®@Qorage cangect
to encounter intense bursts df Zoo. It is not known how long these encounters can last but
because these clouds are usualllimited horizontal gtent the Z is not expected to last as long
as m@ be possible in stratiform clouds. Nevertheless, the windshigjdiceaover more than
usual and prompt the flight crew to report severe icing conditions.



GENERAL OBSERVATIONS FROM ARCRAFT MEASUREMENTS.

Conventional information about ZR andl Zomes from routine weather observations, at airports
primarily, where precipitationype is reported and precipitation amounts are indicayechin
gauges. The precipitation amounts are nogralerages over an hour or longer, and for ZR and
ZL they are usuall reported ont as light, moderate, or hegwather than as numerical amounts
in inches (or mm) per hour.

Measurements of dropsizes and water concentrations in ZR areZrare, even at ground level.

The measurement of these quantities requires special efforts because the basicysiosd ph
probes Forward Scattering Spectrometer Probe (FSSP) droplet counter and hot-wire RWC
indicators do not detect droplets larger th@mu. Even the vibrating rod ice detectorsynmat
indicate correct water concentrations when temperatures are éelv degrees below freezing.
Probes designed for large droplets (e.g., Particle Measurelysetfs (PMS) 1D-C, 1D-P, 2D-

C, and 2D-P droplet counters or droplet impactor devices) must be yeupio detect and
register 4.-sized droplets.

ZR MEASUREMENTS BY THE UNVERSTY OF NORTH DAKOTA (UND). The UND

cloud plysics research aircraft, a Cessna “Citation,” has been flown into conventional, low-
altitude, freezing rain conditions about a dozen times during winter research projects. Three of
those encounters, two near Kansay,Qitissouri, and one near Grand Forks, North Dakota, have
yielded valuable data on droplet size, water concentration, and icing rate in ZR. The encounters
occurred during routine takeoff and landing phases of flight since the ZR was confined to low
levels.

Figure 7 shows the computed RWC’s and MVD'’s for ofiehese casesand table 4 lists
pertinent results for all of the encounters. These were the ZRIdropsize measurements
available for this report.

Some interestimobservations are the follovgn
From Kansas Gyt Missouri, on Februgrl, 1990
* Although the surface air temperature was -1 21C; the temperature
decreased to as much aSCé&at the coldest point in th#R layer, which was from

3000 to 4000 ft deep in these cases.

* Ice accumulation on the ice detector starts within 6 seconds after descending
into the top of the subfreezingyker.

*  During about 30 minutes of level flight #R at 2200-ft AG (and 6°C), the
Rosemount ice detector registered an accumulation of at least 9 mm of ice (0.7



inch/hour). The flight crew had to increase fuel consumptio@Gbpercent (from
500 to 800 Ibs/hr on each side) to maintain the uniced performance level.

From Kansas Cyt Missouri, on Februgrl4, 1990

* The aircraft spent about 16 minutes in the ZRetaduring approach and
landing, during which time the Rosemount ice detector registered about 4 mm
(1/6-inch) of ice accretion.

« A supercooled cloud Yer with LWC up to 0.4 g/moften forms in the cold
air during ZR conditions. This can add to the ice accretion from the ZR itself.

* The fastest ice accretion appears to occur where the temperature is lowest in
the freezing rain Iger.

THE CANADIAN ATMOSPHERC ENVIRONMENT SERVCE PRQ@ECTS. Airborne
measurements of elevated. Zare also few, although awareness and interest increased after
Wyoming and National Center for Atmospheric Research (NCAR) researchers began finding it in
more places. The other aggrimown to have collected data in elevatdd iZ the Canadian
Atmospheric Environment Service (AES).

The AES has just completed a field project dedicated to thg sfudR and Z aloft during

March of 1995. The project was based atJ8hn’s Newfoundland and used an instrumented
Convair-580 aircraft. Climatologicgll freezing precipitation is known to be relativéequent

over the Canadian Atlantic Maritime Provinces. Occasional flights into ZR.dvad occurred
during some of their earlier field projects, such as the Canadian Atlantic Storms Project (CASP-I
and especiall CASPil). The results from the 1995 project have not been publigbiedut

some of the results from CASPare available [14].

In CASPH, four flights encounteredlZin cloud layers of depths of 1 km (3000 ft) or less. They
were based as low as 300-m (1000-ft)L.A&hd as high as 3.3 km (10,000 fth all four cases,
there was no warm yar aloft as in the classical ZR situation. These were gnstddfreezing
conditions. Maimum average.WC'’s (for cloud and drizzle droplet sizes together) were 0.2 to
0.3 g/, and the drizzle dropsizes spanned 100  |5® in diameter. The median droplet
concentration for droplets larger thabi4m in diameter was opnl20 droplets per liter (compared
to 60 or more per cubicentimeterfor ordinay cloud droplets in maritime @i Two of the
encounters, one between 600- and 1200-m (2000- to #P@®L (-8 t0-13°C) and the other
between 3- and 3.8-km (10,000- and 12,500-ftLASB to -1FC), resulted in “moderate to
severe” icing. This iced over the windshield and formed 1 cm of ice on some visible probes and
required the aircraft toxé the 4. conditions after five minutes okposure.
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FLYING IN FREEZING RAIN. The most familiar and commogpe of freezing rain is that
occurring in the lowest few thousand feet IA@ winter. It normally occurs in warm frontal
situations where ayar of warm air aloft, with snow above it, is overriding yelaof subfreezing
air in place at the surface.

Freezing rain usuallcauses conformal, widespread, glaze-like ite.thin amounts it mabe

clear, smooth, and difficult to see on the airfranhe.larger amounts it nyabecome somewhat
knobby and easier to recognize. Although the effects are not well documentedyaheange

from an iced-over windshield to increasing power and angle of attack requirements to overcome
the accumulating weight and drag of the ice.

Low-Lying Freezing RainLow-lying freezingrain has a “warm” (T > TC) layer above
it and a usuayl deep snow “cloud” above that. Snow falling into the waryeranelts into the
raindrops which continue down into an ungieng frigid layer to become freezing rain.

The warm lIger is the familiar escape route that is reachgdclbmbing to warm
temperatures whegou find yourself in a freezing rain zone below. This is comtrar the
normal situation whergou descend to find warmer air. There is no escape at lower altitudes
because the temperaturesyngat even colder there, and the freezing rain continues all theowa
the ground. The ground level temperaturey @ ony -1 or -2C, but in the middle of the
freezing rain Iger above, temperatures can rea@iC-or below. Freezing rainylars mg be up
to 7000 ft deep.

Although temperatures in the warmyéa above can sometimes reach a comfortable,
icing-free, +10C, they may sometimes be baselvarmer than TC. In this case, a cold-soaked
airplane mg still accumulate slushice from partiay melted snowflakes impacting the cold
airframe. The warm {gr ma or ma/ not be cloud free.

Elevated Freezing Rain. Elevated freezing rain can occur in summer-like convective
clouds that are vigorousbrowing above the freezing level. Researchers have reported abundant
amounts of freezing rain or freezing drizzle in strong updrafts at th€ 1&@el, for &kample.

Except in unusual circumstances, these clouds would be ngravalided apway. Depending
on the width of the cloud, the freezing rain encounterey Imeabrief but intense. Effects may
range from a rapid iceover of the windshield to jet engine power loss.

FLYING IN FREEANG DRIZZLE. Most stratiform clouds do not seem to produce a significant
amount of drizzle. But in certain conditions, including upslope clouds, warm front conditions,
windy and turbulent cloud jeers, and coastal maritime clouds, drizzle production can sometimes
be unusuall efficient.

Contray to usual freezing rain conditions where a “warm” (T °€Player can be reached by
climbing a few thousand feet, freezidgzzle often forms with no warm Yeer above it. In this

case, the escape options are to turn back, climb above the cjenddea descend below the
freezing level if it is high enough for ground obstacle clearance. Climbing above the drizzle-
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producing cloud Iger mg be preferable to descending below the freezing leleflight below

the freezing level a cold-soaked airplaneyrs@ll accumulate ice from drizzle falling on the cold

skin of the aircraft. This is especiatrue when the accessible warm temperatures ayeooel

or two degrees Celsius above zero. On the other hand, climbing increases the angle of attack
which increases the rate at which freezing drizzle can accumulate as a thin but yeudarla

back on the underside of the wing. Five minutesxpiosure is known to produce considerable

drag penalties and reduced rate of climb capabdih some airplanes. So climgipenetrations

of drizzle clouds should be completed quyckl

Low-Lying Drizzle Clouds.Low-lying drizzle clouds canxéend from near ground level
up to 13,000-ft AG. This means that after takegtiu mg not break out of the drizzle ungibu
pass 13,000 ft (4 km)If there is cloud and drizzle below 5000-ft AGhen most likef there
will be low ceiling conditions there too. This means that on des@enimg be in freezing
drizzle some or all the wao touchdown.

There mg or mgy not be a warm (T >°@C) layer at some level in the cloud. The upper
part of the drizzle cloud nyabe warm and the lower part cold (T &), or vice versa. Or the
cloud mag be warm in the middle but cold in both the upaedlower parts.

Elevated Freezing Drizzle. Elevated freezing drizzley macur in separate, non-
glaciated (i.e., supercooled liquid droplet) clouds between 5000- and 20,000Q-ft AGese
cloud larers are usuallless than 8000 ft deep, with a drier, cloud-free interval above and below.
The temperature is belo@7C throughout the elevated drizzle cloud. The temperature decreases
steadiy with height, sometimes reaching as low a¥@at cloud top. Freezing drizzle may
extend some distance below the clougelauntil the slowy falling droplets evaporate in the drier
air below.

EXISTING DESGN VALUES.

CIVIL. There are no officia}l specified design criteria for ZR and. £onditions, contrarto the
case for ordinarsupercooled clouds. This is because there is prgsentlequirement, \ocivil
aviation authorities, for certiing or testing aircraft for flight intdR andZL conditions [16].

Although no official design standards for ZR and &ist, some representative values of RWC

and dropsizes were proposed in the past. The first of these was contained along with design
values proposed yb National Advisoy Committee for Aeronautics (NACA) in 1949 for
supercooled clouds [17]. The proposed values for ZR were

RWC = 0.15 g/m

MVD =1 mm (diameter)

OAT = -4to (°C (+25 to +32F)

Altitude = 0 to 1.5 km (0 to 5000 ft)
Horizontal Extent = 160 km (100 miles).
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The RWC value was not obtained fromyameasurement data but rather imathematical
conversion from the then-estimatedximaum rain rates of 2.5 mm/hr (0.1 in/hr) for ZR. The
above design values were accepted as suitghdell®63 technical report to the FAA [18]. This
report, which summarizes the then-current knowledge of the icing environment and provides
detailed engineering design guidance, has remained a major guidebook among ice protection
engineers to this ga No design values for freezing drizzle have been proposed.

MILITARY. For militay aircraft, the environmental design philosgpisualy requires the
capabiliyy to withstand certain environmental extremes. For example, U.S; Aegulations of

1969 stipulated that Aryn“materiel” must be designed to withstand extreme conditions that are
present ol 1 percent of the time in the most extreme month in the most extreme area of the
world [19]. Actual data or information on environmentatremes must be found elsewhere,
however. For the U.S. militar approved standards for the most commoehcountered
variables are provided in an official reference document [20]. Additional information on
environmental xtremes mg be found in other volumes [21, 22]. While all of these references
contain data on rainfall rates, none contain information specyfifalZR or 4_.

In an attempt to develop design values for U.S.\Anelicopters, a 1975 report [23] drew on the
hourly rain rate statistics of reference 1 to find tlx&eme (99 percent) limit for RWC in ZR
conditions. Simple equations borrowed from radar meteoyolEgye used to converikEeme
ZR rain rates to corresponding values of RWC and effective dropsize. The equations are

RWC(g/m®) = AxR® 1)
ard MVD(cm) = CxRF 2)

where R is the surface hoynlain rate in mm/hr, and the parameters A=0.09, B=0.84, C=0.09,
and F=0.21 are appropriate for freezing rain and drizzle [24]. From these equations, and the rain
rate statistics of reference 1, the estimated 99 percent extreni€ @32 F) were

RWC = 0.33 g/
MVD = 1.2 mm (diameter)

This 99 percent value of RWC is double that proposed in reference 17 due to a factor of two
difference in the estimated maximum rain rates. No altitude limits nor horizontal extents are
mentioned in the later Arynreport, but curves (figure 8) showing a rapid decrease in RWC and
dropsize versus temperature were given. These curves are apphasaiti on an observed
decline of maimum ZR rain rate with decreasing surface temperatures at the recording sites.
The rapid decline maindicate the conversion of liquid precipitation to sleet or other frozen
particles when surface temperatures are low. The implication of a reduced hayal® ma
misleadiry, however, if it is not realized that freegimain or freezig drizzle mg still exist aloft

where the droplets are nggt frozen.
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AVAILABLE DATA FOR FREEANG RAIN.

RAIN RATES. While there have been someeansive studies of the geographical distribution of
ZR and 4 [2, 3], there is less published information on other factors such as rain rates.

One stug with some relevant data is a 1958 report [1]. Thisystised archived surface weather
records to obtain a cumulative frequerdistribution of rainfall rates and surface temperatures
associated witiZR conditions in New England. This syudlso chronicles some actual in-flight

ZR encounters with an instrumented blimp. RWC values were deduced from an onboard icing
rate meter. Some details @jigen in the followirg sections.

A recent unpublished stydin the United Kingdom [13] developed a novel technique for
deducing RWC and dropsizes aloft using archived radiosonde data and surface weather reports.
The method starts with an estimated dropsize distribution, RWC, and rain rate at the base of the
melting layer whose height is revealeg the radiosonde. The radiosonde humidiat is then

used to estimate the evaporational gdesnn dropsize, RWC, and rain rate dugithe fall of the
droplets from the melting y&r to the ground. The starting dropsize distribution is iteratively
adjusted until the computed surface rain rate matches that recorded in the archived surface
observations. Statistics on the heights and thicknesses of the fregeirsgware also obtained

from these radiosonde data. Pertinent results will be presented below.

At the present time, almost all estimates of RW&khandZL are based on hoyrfrain gauge
measurements from which rain rates are estimated for surface observing sites. Therefore the
comparison of estimated maximum rain ratesZ@randZL is of interest. The available results

are summarized below.

Rain gauge data from New England [1, 27]. See figure 9.

* Maximum indicated rain rate = 7.5 mm/hr (0.3 in/hr),
* 99 percent of all cases less than 5 mm/hr (0.2 in/hr).
(Basis: Twoyear period.)

Rain gauge data from the United Kingdom [25].

* Maximum measured rain rate = 4.5 mm/hr (0.2 in/hr),
* Average rate = 1 mm/hr (0.04 in/hr).
(Basis: 30 cases over a twear period.)

About all that can be said for these results is that the original estimate of 2.5 mm/hr [17] is too
low for a maimum value. The two sources above are in good agreement with each other if the
maximum value of the second source is equated with the 99 percent value of the first.

RAINWATER CONCENTRATON (RWC). The estimates for RWC extreme values are listed
below. RWC’s computed from rain rates will exhibit the same relationship to each other as do

14



the rain rates. This is because, according to equation 1, RWC ig dieactly proportional to
the rain rate.

New England rain gauge data [1, 27]. (RWC computed from equation 1.)
« 99 percent@reme RWC = 0.33 g/i(at ©C).

Icing rate meter data on an instrumented blimp (table 3).
« Indicated RWC'’s up to 0.5 gAn

Estimates from radiosondes over the United Kingdom [13].

« Maximum estimated RWC aloft = 0.3 g/m
« 98 percent of all cases less than 0.22°g/m
« Average value (for either ZR oL = 0.07 g/n.
(Basis: 300 cases over §€ars in the United Kingdom.)

As with the rain rate results, the ximmum RWC'’s suggestedylihe® reference are doubk that
of the original estimate [17]lt is notable in table 2 that in six out of tBR encounters\bthe
blimp, the indicated RWC's are equal or greater than the 0.3 lignit suggested b the rain
gauge statistics. As mentioned earlier, reference 23 also claims a strong tempepndence
for extreme RWC's (figure 8), but the curves have not been verified.

Measurementsybthe UND Research Aircraft [26]. See table 4.

« Maximum observed RWC = 0.3 gim
« Typical RWC = 0.15 g/rh

DROHB.ET SZES. Previous} suggested design values for dropsizeZRnandZL appear to be

based on known characteristics of ordynatratiform rain. Logically there should be no
appreciable differences between freezing rain and “warm” rain for similar rain rates, except for
case-to-case variations in vertical distances over which coalescence and evaporation effects can
operate.

Dropsizes for ordingrstratiform rain [32].

* Dropsize range = 0.25 to 2.5 mm,
(for rain rates up to 5 mm/hr.)

New England rain gauge data [1, 27]. (MVD computed from equation 2.)

e 99 percent@reme MVD = 1.3 mm.
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Measurementsybthe UND Research Aircraft [26].

e Largest observed diameter = 3 mm.
* Typical MVD (for D > 0.3 mm) = 0.8 mm.

One reference [23] points out that the precise size of ZR droplets isotalinor importance,
because the large droplet sizes involved ensure collection efficiencies near 100 pgveant an

AIR TEMPERATURE. Among the variables of interest here, air temperature statistics are more
plentiful since temperature is ga® measure and data are available from routine observations.
The available information is as follows.

Surface temperatures during ZR in New England [1, 27]. See figure 10.

« Of all surface temperatures are aboveG9
» The median value is °Z.
(Basis: A twoyear period for New England.)

An important consideration is that, aside frony alagional effects, surface temperatures are
biased towards warmer values compared to temperatures above ground in the frgering la
That is, surface air temperatures will not reveal the fact that temperature profiles like that for San
Antonio in figure 4 gtend to much lower temperatures aloft and that the freezing raimaaeh

to higher altitudes as well. Therefor2R temperature statistics for aviation purposes must be
based on temperatures aloft and not on the usual surface data alone.

Radiosonde data during ZR over the United Kingdom [13]

« Of the temperatures in the freezing raiyelaare above °C.
» The median value is °C.
(Basis: 300 radiosonde launches.)

Radiosonde data during ZR over the U.S.A. (reference thig)stGee table 5.

* Lowest temperature in a freezing raipda= -1TC.
* Typical range: -4 to .
(Basis: 130 radiosonde launcheZR andZL.)

There are regional differences in the range and average values of air temperature associated
with ZR and ZL conditions Data from the U.K. shav -5°C as about the lowest temperatures to

be epected, while in New England (U.S.A.), temperatures down tdC-h2ve been recorded
duringZR.
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Measurementsybthe UND Research Aircraft [26]. See table 4.

* Lowest temperature in a freezing raipda= -8C.
* Typical range: O to “4C.
(Basis: eight passes through three different freezing rain episodes.)

DEPTH OF FREEENG RAIN LAYERS. Radiosonde data over the United Kingdom and parts

of Europe [13] provided information on freezingdas (below elevated, warinversions that

were found to be up to 6000 ft (2 km) deep over the United Kingdom, but 92 percent of the
layers were shallower than 2000 ft (0.6 km). There appeared to be some regional differences in
the average depth of the freezingdes, however. Prelimingresults from radiosonde data over
France and Norwashow possilyl 15 to 30 percent, respectiyebf the freezing Iger depths are
deeper than 2000 ft (0.6 km). Average depths over France and Wargvabout 1200 ft (0.35

km) and 1450 ft (0.45 km), respectiyetompared to about 850 ft (0.25 km) over the UIK.

ary case, the available data show that there are geographical differencesadted temperatures

and heights and depths of the freezingia.

Radiosonde data over the U.S.A. (reference thig/stud
e Maximum depth = 6900 ft.

HORIZONTAL EXTENT OR EXPOSURE I[ME. No quantitative information is known to be
available for horizontal extents @R andZL conditions. The climatological and geographical
study of reference 2 points out thaR is usualy associated with warm fronts or other situations
involving warm air overrunning cold air. Therefore, ZR conditions cdenel several hundred

miles along the front and much less in a direction perpendicular to the front. The design values
proposed in [17] used 100 miles as a representative value.

Realisticall, a prolongedgosure is most likglto occur during approach and landing because

the phenomenon is usualtonfined to the lowest several thousand feet AG herefore, it may

be more practical to postulate an exposure that is representative of the time that could be spent
below 7000-ft AG during typothetical, but realistic, approach and landing situations in freezing
rain. The &posure would depend on several considerations, such as the individual giperaft t
approach patterns, and airport conditions. The latter would includ&iaging delgs and air

traffic control procedures during freezing rain. The time during takeoff and accent to 7000-ft
AGL may be a critical gposure too.

AVAILABLE DATA FOR FREEZNG DRIZZLE.

An authoritative handbook [29] publisheg¢ the American Meteorological Socyetescribes
drizzle as follows. Drizzle (sometimes popwachlled mis)) consists of ver small, numerous,
and uniformy dispersed water drops that ynappear to float while following air currents.
Unlike fog droplets, drizzle falls to the groundk usualy falls from low stratus clouds and is
frequenty accompaniedyblow visibility and fog.
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DROHBET SZES. By convention, drizzle drops are taken to be less than 0.5 mm in diameter.
Larger drops are considered raindrops. Thgdsir size for drizzle is limitedybthe mechanism

by which drizzle is formed. Contrato freezing rain, where the largest dropsize dependhe

size of the meltig snowflakes which turn into rain, drizzle drops haverow by the gradual
collection of most} smaller cloud droplets as the drizzle drops descend through the cloud(s).
The maimum dropsize is therefore limited in paxt the depth of the cloud. Observation shows
that drizzle drops are usualho larger than about 0.5 mm (bim) and that the number of
droplets at ay given size decreases more or legpomentialyy as the size increases toward
0.5 mm. That is, Yfar the greatest number of drizzle droplets are in the smaller sizes.

Because the droplet concentration changes so yapith droplet size, it is usuglldesirable to

divide the overall size range into nyanarrow subintervals in order to accurgtdisplay the
variation. Modern, electro-optical, droplet sizing probes do thistomatical} tallying the
number of droplets detected in each of 15 or more narrow-size intervalgpical tgraphical
presentation of the results often looks like that shown in figure 11. Because of the wide range in
both dropsize and droplet numbers over the size range, logarithmic scales are often used to
compress the scales to fit aglenpage and to preserve the detail in both the small dropsizes and
the low droplet concentrationgn addition, in order to make the results univeysadimparable
(independent of the probe), it is necegdarplot the number of droplets per unit volume of air

per unit size interval instead of simphe number of droplets detected in each size interval.
While these conventions are often neces$ar accurate scientific depiction and unambiguous
use of the data, tlgeobviously add considerable complication to the matter. For one thing, it is
difficult to quickly assess the significance of the differences between two or more sets of results.
For example, what is the significance of the difference between the curyead&00um in

figure 117

In order to avoid these complications and to simglie interpretation of dropsize and water
concentration data, the MVD has been traditighalbed as a sgte variable substitute to
represent conventional cloud droplet distributions for aircraft icing purposes. The MVD
convenieny indicates the dropsize which divides the water concentration in i is, by
definition, half of the available water in the droplet population is contained in droplets smaller
than the MVD and half is contained in larger droplets. But the MVD is known to be
unsatisfactor when wide dropsize ranges are involved.

When drizzle-sized droplets are present in clouds; #tieetch the droplet size distribution to
larger sizes but do not alysadd a sizable fraction to th&/C or MVD. For example, table 6
shows several actual cases where droplets were detected out {an200 more, but they
increased the overallWC and MVD ly less than 70 percent and 33 percent, respegtivel

this case, the MVD is still dominated lthe ordinay cloud droplet contribution to the total
LWC, and the resultant MVD, taking into account the cloud and drizzle droplets together, is still
less than 4@um. That remains within the range of FARs 25 and 29, Appendix C. As a result, the
MVD gives no clue that drizzle droplets are present. And bulk catch efficiencies, computed with
the MVD alone, ma underestimate the total ice accretion. To overcome this inadequac
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dropsize representation, several alternate methods have been suggested in order to better
represent the large droplet “tail” of the size distribution.

Alternates to the MVD.

The Maximum Diameter. This variable is designed to indicate the dropsize below which
95 percent of the LWC lies. This would not only be quite sensitive to the presence of large
droplets, but it would usefully indicate to icing practitioners the droplet range where the LWC is
confined.

The 80 Percent Volume Diameter (VD). This variable is also a good indicator of large
droplets, and it is argued, it would not fluctuate as much as the 95 percent VD when computing it
from measured dropsize samples. This is because the 80 percent VD should be less sensitive to
the infrequent and statistically uncertain counts for the largest droplets that show up only
intermittently in particle counter samples.

Drizzle-Specific LWC and MVD. Present thinking, supported by some tanker spray
results, is that icing due to freezing precipitation is sufficiently different from that due to ordinary
supercooled clouds that the two can be treated separately and independently. This is
automatically true if no clouds are present during the ZR or ZL exposure. Therefore, another
way to handle the wide range of dropsizes is to compute a LWC and MVD for the ZL or ZR
droplets alone. This would separate the ZR or ZL drops from the ordinary cloud droplets for
large droplet applications. The drizzle drop or raindrop MVD and LWC would then represent
only these larger droplets of interest. It is proposed here that the drizzle-specific water
concentration be called DWC to distinguish it from the usual LWC for ordinary cloud droplets.

One question which arises with the latter suggestion is where do you draw the line
between ordinary cloud droplets and drizzle droplets? A standard reference [29] admits that size
distinctions are somewhat arbitrary but that the size range for ordinary cloud droplets may be
considered to extend out to 2Qfh (0.2 mm), while drizzle droplets are defined to be less than
500pm (0.5 mm) in diameter. Larger droplets are termed raindrops.

But a practical consideration is that the standard cloud droplet size spectrometer
employed nowadays, the FSSP probe, normally has an upper-size detection limit of about 45
(Coincidentally, this is nearly identical with the pén MVD limit to the conventional icing
envelopes in Appendix C of FARs 25 and 29 [28]). Therefore, it has been suggested that for ease
of computation and standardization of measurement procedures, the DWC and MVD for drizzle
drops be computed from droplet counters that cover droplet diameters larger tivart 5Dwo
ways of doing this come to mind.

% Both rain and drizzle involve continuous dropsize spectra that may extend down to ordinary cloud droplet sizes,
depending on the circumstances. The main difference in the size distributions is that they can extend to considerably
larger dropsizes for ZR.

* This, in effect, defines drizzle droplets to be anything larger tham56 diameter for present purposes.
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The Standard Probe Scheme. This has been propgsattidss as a result ofytng to
characterize the large droplet sagenerated yothe USAF airborne spyatanker for the
ATR-72 tests in December of 1994t would standardize on the basic 1D-C or 2D-C probes
which can cover the range 50a8m or 50-60Qum , respectivel, at least. Precipitation probes
to detect droplets as large as 6 mm or more are available, but the C probes cover the size range of
interest with the best resolution. DWC’s and MVD’s computednfithes probes should
probaby be labeled DWGqm.  Or better yet, DWGpzoqm Or MVDsgpeoqm Would
unambiguousl indicate the droplet size range that was udedary case, these drizzle-specific
DWC variables would usefyllindicate how much.WC lies in droplets larger tharO%um in
diameter (and possipbutside the current FARs 25 and 29, Appendix C envelopes in the case of
ZL or ZR).

The Standard Dropsideterval Scheme. This method, introduced here, has some
attractive features. Basicgllthe idea is to establish the convention of reporting all drizzle and
freezing rain encounters in terms of DWC or RWC amounts in a feed,fdropsize intervals.
This is illustrated in table 7. Five dropsize intervals will spanZiher ZR dropletsize range
with sufficient resolution for aircraft icing purposes. ReportedoZ ZR encounters can then be
easiy compared as shown in the table addition, once a minimum test spr@quirement has
been decided upon, it can beeessed in the same manner. Test crews then negedaniment
the DWC or RWC amounts theachieved in each of thex@d size intervals. A glance will
quickly tell whether the amounts meetceed, or fall below the specified (required) amounts.

This method is convenient for wet wind tunnel operators orysjgeoperators. Rather
than tying to match some desired dropsize distribution curve plotted on a log-log scale, as is
usuall the case, thecan simpy try to adjust their spganozzles to produce the desired amount
of DWC or RWC in each of the several size intervals. A fexedidropsizes are more suitable
for computer modeling too.

The method is also convenient for routine dropsize measurements, because it allows the
use of ag dropsize probe(s) that cover the necesdempsize range. Other variables, such as the
MVD, 80 percent VD, or 95 percent VD can still be included as supplernganthcators. The
95 percent VD, forxample, would be useful for indicating the practical upper limit to dropsizes
for individual cases. But the proposed scheme establishes the five standard dropsize intervals as
the primay means for reporting data and spgicifj test and design requirements.

RAIN RATE. Continuing from reference 29n weather observations, drizzle is classified as (a)
very light, comprised of scattered drops that do not completett an @posed surface,
regardless of duration; (dight, the rate of fall being from a trace to 0.001 inch per hour;
(c) moderatethe rate of fall being from 0.01 to 0.02 inch per hour; andédvy,the rate of fall
being more than 0.02 inch per hour. When precipitation equalcee@s 0.04 inch per hour, all
or part of the precipitation is usuatain; however, true drizzle falling as hegnals 0.05 inch per
hour has been observed.

20



DRIZZLE WATER CONCENTRATON (DWC). Using the value of 0.05 inch/hour (1.27
mm/hr) stated above as a xiraum probable rain rate for drizzle, one can compute from
equation 1 a corresponding ximum probable DWC of 0llg/m®. This value mgbe valid for
ground-level conditions, but some airborne measurements have documented DWC's up to 0.2
g/m® at least [5].

HORIZONTAL EXTENT OR EXPOSURE IME. There are no statistics on this, but for low-

lying freezing drizzle the situation should be the same as for freezing mainis case it mabe

practical to postulate an exposure that is representative of the time that could be spent below
7000-ft AG during typothetical, but realistic, approach and landing situations in freezing
drizzle. The gposure would depend on several variables, such as the individual aypgmft t
approach patterns, and airport conditions. The latter would includéaating delgs and air

traffic control procedures during freezing drizzle.

The Roselawn accident has shown us that elevdtezh@ at least@end over aypical racetrack
holding pattern. In this case it mabe practical to postulate a minimum holglitime as the
exposure requirement.

DEVELOPING NEW DESGN CRTERIA AND TEST CONOTIONS FOR FREEING RAIN
AND FREEANG DRIZZLE.

Very limited amounts of data are presgrdivailable for variables associated with ZR and ZL
conditions aloft. This means thatygoroposed design criteria can e tentative for the time

being. It also means that attention should be focused first on developing ngaafmanation

for the most important variables. The approach followed here has been to prioritize the variables
according to their importance to the design enginéerthis regard, three categories of design
criteria have been conceived. The most important variables and the most important aspects of
them are termed *“first level” design criteria. Such variables would include RWC, air
temperature, and dropsize, at least. The most important aspects of them would baréned e
values, and probaph representative or average value. At the momgtrerae values can only

be estimated, but representative values areyedsihinable from the available data. An example

of a possible presentation is shown in table 8, along with tentative design values obtained from
data presented earlier in this report.

The net categoy, termed “second level” design criteria, containg additional variables of
seconday importance for design considerations. These include supplemental information that is
helpful but not criticaly necessa: These my include horizontal and vertical extents, time
duration of ZR or Z conditions, and rain rate, fox@mple. Second level information is also
considered to contain elaborations on the first level variables. These elalsarsyoimclude

mean values and frequencies of occurrence or probabilitiegcekding incremental variable
values.

“Third level” design criteria are conceived to be those data,yseml or supplemental

information that are informative but mostbf scientific interest. Themay be helpful in
selecting realistic variable values for specific altitudes or flight scenarios, for example. They
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may also be useful for planning flight tests in natural icing conditigns@icating frequencies
of occurrence of RWC values as a function of altitude and temperature, for exampyemayhe
also be useful for weather apsés and forecasting purposes. Gengrahird level design
criteria are a more thorgh scientific description oZR andZL conditions than is absolutely
necessar for purely design considerationsinformation on the second and third level criteria
haveyet to be developed.

SUMMARY AND CONCLUSIONS

The available radiosonde observations appear to be suitable for obtaining adequate statistical data
on temperatures, verticaktents, and probable cloudy&xs in freezing rain and freezing drizzle
conditions aloft. Surface observations of rain rates in freezing rain and freezing drizzle are
helpful in estimating the upper limit to the resulting rainwater concentrations near the surface,
but some airborne measurements indicate that values aloft can be a little larger.

Actual measurements of dropsizes, water contents, and icing rates are still inadequate for more
than initial estimates of avega and extreme values of these variables. More data of this kind
need to be assembled and smatl. Several research organizations have rgcehthined new

data, and the FAA should request ayabp the measurements for use in developing better
statistics on the variables of interest. This could greélmbrove the confidence in amproposed
characterization or design or test conditions for freezing rain and freezing drizzle.

Various terms and acrgms have turned up recentbr describing these icing conditions that lie
outside of FARs 25 and 29, Appendix @ is recommended here that the conventional terms
freezing rain and freezing drizzle be useclesively to avoid unnecessarelaboration and
confusion.

A new method for reporting and spefifg water concentrations and dropsizes is introduced here
for freezing rain and drizzle applications. This is needed to overcome the problems and
inadequacies of ymg to use FARs 25 and 29, Appendix variables to characterize wide
dropsize populations.
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FIGURE 5. MAGNIFIED IMAGES OF FREEZING DRIZZLE DROPLETS. Drizzle was
encountered at 10,000 to 12,500 ft and at -8 tdG11argest droplets are about
0.4 mm diameter [14].
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TABLE 1. TYPES OF DATA AVAILABLE FOR FREEZING RAIN/DRIZZLE
CONDITIONS

----Surface Observations----

Direct Measurement Derived Information

Rain gauge (usually hourly) Rain rate (and computed LWC),
ranges and extremes,
frequencies of occurrence.

Climatology of ZR/ZL conditions:
geographic distribution,
frequencies of occurrence,
severity of conditions,

duration of rainfall episodes.

Air temperature Climatology of ZR/ZL conditions:
Temperature ranges and extremes,
Temperature frequencies of occurrence.

----Radiosonde (Balloon) Observations----

Direct Measurement Derived Information

Air temperature Climatology of Freezing Layers:
(ranges and frequencies of occurrence of:)
Heights and depths (thicknesses),
Minimum temperatures in the layers.

Humidity Cloud Layers.

Wind speed & direction Windshear and turbulence

----Instrumented Aircraft----

Direct Measurement Derived Information
Droplet sizes LWC, MVD

Icing rate Icing rate, severity
LWC LWC
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TABLE 2. STATISTICS ON TYPE OF FREEZING PRECIPITATION AND
ACCOMPANYING VERTICAL TEMPERATURE STRUCTURE AT
SELECTED LOCATIONS. (Listed in order of decreasing frequency of ZR
and increasing frequency of ZL at the locations.)

Precipitation Typé Temperature Structure Tyges
Location ZR (%) ZL (%) +1P (%) A (%) B (%) C (%) Other (%)
IAD 84 5 11 21 47 0 32
BUF 53 47 21 32 32 36 0
PIA 47 53 21 26 32 37 5
JFK 30 40 60 40 30 30 0
MAF 26 74 5 11 68 21 0
GRB 21 79 31 11 16 68 5
CHI 20 80 20 30 40 30 0
DEN 0 100 50 0 17 83 0

! Note: These columns distinguish between freezing rain (ZR) and freezing drizzle (ZL), and list the percentage of
cases where one or the other was reported in the surface observations at or near the release time of the radiosonde
balloon. The column headed “+IP” gives the percentage of cases in which light snow or ice pellets were reported
along with ZR or ZL.

2 Definitions of the temperature structure types.

Code Explanation

A Classic textbook case of ZR (cold surface layer overrun by warm layer aloft, snowing cloud above
warm layer, with melting layer (and snow cloud base) at #Gecfossing at top of warm layer).

B Classic textbook temperature profile as above, but precipitation apparently originating in the low
cloud layef] i.e., the upper cloud layer is absent or is not precipitating (not extending down to
the OC level at the top of the warm layer).

C Cold layer onliZl no warm layer present; ZL apparently forming by “warm rain” or coalescence
process.
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TABLE 4. AVAILABLE FREEZING RAIN DATA FROM UNIVERSITY OF NORTH
DAKOTA INSTRUMENTED AIRCRAFT

Date

3-17-87
3-17-87
3-17-87
1-19-90
1-19-90
2-01-90
2-01-90

2-14-90

GFK

GFK

GFK

MKC

MKC

MKC

MKC

MKC

Flight
Phase
Takeoff
Climb out
Climb out
Landing
Landing
Takeoff
Landing

Takeoff

AGL
Altitude

(1000°s Ft)

0-4
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1DP Probe
LWC MVD
(g/m’) (mm)
0.1 avg. 1-1.3
0.1-0.2 1-1.5
0-0.1 0.9-1.3
0.1-0.3 1-1.5
0.3 avg 1-1.3
0.1-0.2 1-1.3
0.1-0.2 0.7-1.2
0.1-0.3 0.8-1.5

Oto 4

0to -6

0to-5

0to -8



TABLE 5. TEMPERATURES AND DEPTHS OF THE FREEZING RAIN OR FREEZING
DRIZZLE LAYERS FROM RADIOSONDE MEASUREMENTS AT SELECTED

LOCATIONS
Layer Depths (Ft)
Max. when
Layer Temperatures (°C) Overall topped by:
Lowest Average Lowest in Warm| Cloud
Location Recorded Lowest /R | ZL Max. | Avg. | Layer| Top
IAD -8.3 -3.8 -7.6 | -8.3 4800 | 3060} 4090 [4800
BUF -15.7 -5.7 -6.1 | -15.7 9900 | 4110 3600 ;9900
PIA -11.8 -6.2 -11.1] -11.8 11400| 4130 | 3950 | 11400
JFK -11.0 -5.1 3.5 | -11.0 11800} 5150 [ 5150 {11800
MAF -10.4 -6.5 -10.41 -10.3 8200 | 3075 | 4350 8200
GRB -13.4 -7.9 9.6 | -13.4 10900] 5920 | 6900 {10900
CHI -7.3 -4.0 -4.0 | -7.3 9500 | 3390 | 2455 19500
DEN -14.1 9.0 - -14.1 8200 |4225| 3100 }6500
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TABLE 6. EXAMPLES OF THE CONTRIBUTION OF “LARGE DROPLETS” TO THE

OVERALL LWC AND MVD IN A NATURAL CLOUD CONTAINING
DRIZZLE [31]

Increases Contributed bv each Droolet Ranae

Luc, D

Time Droolet Dizmeter Ranaqe CONC (a/m") {um)

1235:58 345 yun  (FSSP) 172 ng;a 0.27 16

45-200 pm  (10-C) 198 1 0.03 3

200-300 wn  (20-C) g1 0.075 2

Totals: 172 cn o 0.435 2

1236:17 345 um  (FSSP) 163 cn,° 0.31 13
45-200 pm  (10-C) 291 0.0 3.5
200-300 um  (20-C) 41 0.021 0.5

Totals: 183 m ° 0.42 23

1236:27 3-45 un  (FSSP) 191 ca” 0.25 2

45-200 um  (10-C) 49 1y 0.14 5

200-300 pm  (2D-C) 41 : 0.025 1

Totals: 191 o o 0.42 28

1236:59 345 um  (FSSP) 205 cf 0.13 30

45-200 um  (10-C) 25 1 0.02 7

200-300 um  (20-C) 0 0 0

Totals: 205 cm o 0.16 7

1237:06 3-45 un  (FS5P) 168 co;” 0.23 28

45-200 un  (10-C) 1221 0.02 3

200-300 m  (20-C) 0 0
Totals: 168 en 0.25 3
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TABLE 7. PROPOSED LWC VERSUS DROPSIZE REPORTING SCHEME FOR DRIZZLE
AND FREEZING RAIN

Rule: Show or Specify LWC in Five Standardized Dropsize Intervals
over an Appropriate Dropsize Range.

Advantages:

4 Easy to use and understand.

# FEasy to specify test or design requirements: e.g., meet or exceed specified minimum LWC’s for each
size interval.

¢ Easy to compare measurements and requirements.

4 Avoids the ambiguity of MVD or other single-number characterizations.

4 Independent of any particular droplet probe.

Examples for Data Reporting, using the proposed scheme:
(The droplet concentrations are optional and are shown here for illustration purposes.)

Drizzle
Canada AES U. Wyoming  USAF Tanker
(3-14-92) (3-8-94) (12-18-94)

PROPOSED
STANDARD

SIZE CONC DWC CONC DWC CONC DWC
INTERVALS (no./1tr) (g/m’) (no./1tr) (g/m®) (no./1tr) (g/m’)
50 - 100 ym . - 120 0.021 360 0.065
0.1 - 0.2 mm 1.7 0.003 20 0.035 100 0.173
0.2 - 0.3 mm 1.4 0.010 1.2 0.010 11 0.093
0.3 - 0.4 mm 0.6 0.012 0 0 0.4 0.009
0.4 - 0.5 mm 0.08 0.003 0 0 0 0
Total LWC's: 0.028 0.066 0.34

Freezing Rain
Univ. North Dakota

PROPOSED (2-14-90)
STANDARD

SIZE CONC RWC
INTERVALS (no./1tr) (g/m)
0.5 -1 mm 0.4 0.069

1 - 1.5 mm 0.03 0.036
1.5 - 2 mm 0.01 0.035

2 -3 mm 0.002 0.012

3 - 4 mwm 0.000 0.000
Total LWC's: 0.15

43



Known
or Estimated Representative Source
Variable Range Value of Data
RWC (g/m) 0 to 0.3 0.15 a.b.c.d
Dropsize (mm) 0.25 to 4 dia. (see below) a,c.d
Temperature (°C} 0 to -12 -2 (at ground level) b.d
-7 (at 3300 Ft AGL) d
Altitude (AGL)
Ft. 0 to 6900 0 to 3300 a.d
km 0to2 0Otol a.d

Exposure: Use representative time below 7000 Ft AGL during approach.

Representative LWC Distribution vs. Dropsize
(in the freezing rain dropsize range only)

TABLE 8. POSSIBLE FIRST-PRIORITY DESIGN VARIABLES (tentative values inserted)

Dropsize Interval (mm):}0.5 - 1 1-1.5 1.6 -2 2-3
Droplets per Titer: 0.4 0.03 0.01 0.002
Incremental RWC (g/m): | 0.07 0.04 0.03 0.01
----- Freezing Drizzle-----
Known
or Estimated Representative Source
Variable Range Value of Data
DWC (g/m’) 0 to <0.3 0.08 e.d
Dropsize (ym) 50 to 500 dia. (see below) f.d
Temperature (°C) 0 to -15 -2 (at ground level) d
-2 to -10 (at 3-5 km AGL) | d
Altitude (AGL)
Ft. 0 to 17,000 0 to 15,000 d
km 0tob 0to4d d
Exposure: Use holding time.
Representative LWC Distribution vs. Dropsize
(in the drizzle dropsize range only):
Dropsize Interval (pm):]50-100 100-200 _200-300 300-400 400-500
Droplets per Titer: 120 20 1.2 0.6 0.08
Tncremental DWC (g/m’): [ 0.021 0.035 0.010 0.012 0.003

Sources of Data:
a = Ref. 13, 25 (British Isles)

b = Ref. 1, 27 (New England region of U.S.A.)
¢ = Ref. 26 (central U.S.A.)

d = present study (central and eastern U.S.A.)
e = Ref. 5

f = Ref. 14, 31
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