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The occurrence of cirrus particles in the upper troposphere is more
The presence of cirrus seems to be the

common than previously reported.
rule in tropical regiong with clear conditions being the exception.

Yoy
!:: Abstract
<
Particle size distributions for both thin and opaque cirrus are

presented., Two different size distributions characterize ice particles in
sub-visible cirrus. The most common has a peak distribution in the
1 to 10 micron region with a rapid decrease of larger particles. The
second type contains ice crystals with diameters from 100 to 2000 microns

which appear to have fallen from higher levels.

Pages 170-175 of the preprints, 2nd Symposium on the Composition of the
Nonurban Troposphere, 25-28 May 1982, Williamsburg, VA., American Meteorological

Society, 45 Beacon Street, Boston, Massachusetts 02108,
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THE CIRRUS AND SUBVISIBLE CIRRUS BACKGROUND

Arncld A. Barnes, Jr.
Alr Yorce Geophysics Laboratory
Hanscom AFB, MA

1. INTRODUCTION

The purpose of this paper is three fold:
{1} to describe the different types of cirrua,
{2) to show that the occurrence of cirrus clouds
is much greater than previously reparted, and
(3] to iavestigate the downward transport of
water and aerosnls by cirrus particles froa
the upper =mid=latitude troposphere.

Over the past decade cirrus clouds have be-
Come more important as both we and cur technology
have become wore sensitive to environmental factors.
Hypersonic reentry vehicles experience ercsion due
to cirrus pacticles in the upper troposphere. Laser
SySteas are adversely affected by cirrus clouds.
Cirrus particles reduce the efficiency of laminar
flow wings. Scattering of sunlight by cirrus also
ianibits solar energy collectors.

In 1974 we realized that cirrus clouds causecd
significant erosion of reeatry nose cones. Later
we studied attenuation of laser beams uysed in high
power weapoh beam systems, and the role of cirrus
clouds as generating cells or seeder clouds in
storm Systems.

During these studies we found subvigible cirp~
Tus particles in the upper troposphere (Barnes, 1980
4,b} and we documented the occurrence of both cice
rus and sub~vigidle cirrus particles(varley, 1973a,
b, 1930; Varley and Hrooks, 1978; Varlay and Barnes,
1979; Cohen, 1979, 1981 ; Cohen and Barnas, 1980;
Varley, Ochen and Barnes, 1980). This paper
summarizes our findings and extends these results
to the downward flux of water and aerosols caused
by the gravitational settling of cirrus particles
in the troposphere.

2. BACFKGROUND

ur early works with the erosion of nuse cones
began at wWallops Island, Virginia (Plank, 1974a,b,c;
Berthel, 1976). Initially kigh acceleration mis-
siles were used. They reached waximum velocity be-
fore exiting from the top of the stora. The main
meteorological interest was in the middle layers of
the stora with less interest in ths cirrus at the
top of or overlaying the storm. Since only winter-
time large scale stcrws were used, thte C-130
aircraft could usually ascend into the cirrus.

Because ground launched missiles dild not sim-
ulate reentry heating and ublation, a fewv alxsiles
were boosted out of the atmosphere and then
acrcelerated back into the atmosphere et hypersonic
speads (Plank, 1977b; Cunaingham, 1977). These
tests were far from sarisfactory to us because the
réentry test region was wll off of the coas: and at
the extreme range of the weathar radars(Crane,197d).

Tasting was then moved to the Fwajalein Mis-
sile Range (KMR} in the Marshall Islands. Kkinuteman
ICBA “oosters iaunched the reencry vehicles from
Vandenberg AtB CA. Weather data in the reantry
corridor and along the reeatry trajectories ware
obtained from instrumented aircraft and from the
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powerful tracking radar at ¥MR (Barnes, Nelson,
and Metcalf, 1974).

Cirrus p2rricles near the tropopause (at 16
or 17 km} bacame more significant because of the
higher velocity of the reentry vehicles at these
heightez and the increased nomenzum of the cirxrus
particles relative to the nose cones. Small parti-
cles do not survive passage through the rRhock wave,
but large particles do strike the nosa conea; they
induce spalling and cause prematurs transition from
laminar to turbulent flow. This change in the
flight characteristics can cause the reenry
vehicle to misc its target.

Our work in heavy weather was documented
tor the wWallops Island missions (Plank, 1974a,
b.¢; 1977a,b; Berthel, 1976) and for the KMR
misxions in clear, light and heavy weather
{Bar:-2s, Metcalf, and Nelson, 1974; matcale,
Barnes, and Kraus, 1975a,b: Metcalf, Kraus and
Barnes, 1975a,b,c; Barnes and Metcalf, 197S:
Barnes, 1976; Dyer, Berthel and Izumi, 1981j,

A review ot some of the XMR test missions con-
ducted under clear weather conditions revealed soms
anomalies. A preliminary investigation suqgested
that these anomalies were due to cirrus clouds.
These missions were conducted on moonless aights
to enhance visual tracking of the nose conea as
they glowved white hot after reentering tha earth's
atmasphere at about 100km altitude. In fact the cri-
terion for these missions was that nose cones were
to be tracked optically from first glow until they
veached tha surface. Stars could ba seen on these
night reentries at Xwajalein. The stars can be zeen
through thin cirrus layeri. Thim was dramatically
demonstrated by photographs of some missions whers
the giowing nose cones lit up thin cirrus layers,
teaporarily obliterating the stacs.

Meteorologicel records often ghowed this clrrus
overcast at sunrise and sunset. Furcther investiga-
tions led us to conclude that there is a thin, per-
sistent overcast of cirrus in the tropics msost of
the time.

Later we provided cirrus particle zize distri-
butions and densities to the Advanced Radiation
Technology project of the Air Force Weapons Labora~
tory. These data were inputs to sodels of the pro-
pagation and attenuation of hiqh enargy laser
weapon Systems. Eight reports present the data and
results from a number of C-130 flights which were
conducied in News Mexico 4nd adjoining states. Most
of the datx were taken in thin or opagque cirrus,
but some subvisible cirrus data were obtained. These
data were sceded for studies of the affectiveness of
high enerqgy laser ballistic defenss systems wounted
in patrol aircraft. The aircraft would cruise below
the cirrus and hence the laser beam would penetrate
the cirrus to rsach an incoming missile. Our research
flights were conducted in the New Mexico area to pro—
vide climatological data for scheduled testing of the
Airborne Laser Laboratorxy, the system's test bod.
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Tata obtained for these Air Force programs
vers used by NOAA and the Department of Energy
{00T} (Derr, 1980} to atvdy the effascss of cirrus
clouds in redecCing the effectivensss of solar
¢olliectors located at ground lewvel.

Another application has been to a future
aircréft which would operate in the upper
trogosphere (Nastrom, Holdeman and Davis,1981).
THis aircraft would use a laminar flow wing which
would increase lift by approximately 30s. The
laminar flow is held onto the wing by sucking
air in through fine slits on top of the wing.
The concept has been tested and flown (Hall,
1964}, but the increase in lift is lost when
the wing is in cloud. Test data shousd occa-
sional loss of lift whan not in cloud; possibly
caused by sub-visible cirrus.

The occurrsnce of clrrus clouds above other
clouda and the sseding of lower cloud decka by
larges crystals {Bergeron, 19%0) is importaant in
understanding the processes occurring in stom
systems and the production of precipitation.

For two winter seasons we provided high cover

in cirrus clouds for the iavestigqations of storas
neAr Seattlw ynder the CYCLES program tHarzegh
and Hobbs, 1981).

Cirtrus particles say cause damage tc the
tiles on returning Space Shuttle flights. HASA cal-
culations indizate that pavrticles larger than lmm
{1000 microns) in diameter could damage the tiles.

We will attenpt to define cirrus clouds
and particles as they occur in the non~urban
troposphera and to show how they contribute to
the downward flux of both water vapor and
aerosols.

3. THIN AND OPAQUE CIRRUS

we will now look at those cirrus clouds
which can be detected visually. This is not a
very precise definition, hut it will do for now.

Cirrus clouds are generally fo.und in that
part of the troposphere where the temperature is
less then ~25°C. How do particles move to or
form a2t these levels? The moat dramatic way is
by convective clouds such as thunderstarms. Li-
quid/ice water content values can exceed 3 gm/m
in intense storms found during susmer, but con=
centrations at cirrus levels are usually .03 om/m
or less. At mid-latitudes most cirruy is associ-
ated with cyclonic storms, the jet strear, or
upper level troughs. The earth receives its
waximum heating from solar radiation in the
tropics and the induced convective storms play a
major role in the general circulation of the
earth's atmosphere. These tropical convective
storms transport the water vapor from the boundary
layer right up to, and in scme cases beyond, the
tropopause. This source of high tropospheric
water vapor has been illustrated by time lapse
movies from a French meteorological satellite
which senses radiation &t the water vapor absorb-
tion wavelength. These movies shov tongues of
water vapor surging poleward fram the tropics.

At Kwaialein the frequency of severe con=
vective storms which containnd lightning or which
panetrated the tropopause {as determined by radar)
wvas small. Both visual and PmMS observations

indicated that nirruc was present almost all of
the time zt Kwajalein. Unfortunately, the air-
Yorne hygrometer did not work in the cold temp-
eratures in the high tropical troposphere so that
no measures of the relative huaidity or -ater
vapor content were obtained. The Lear 36 was
timited to l4km and on almost every daylight
fiight we could see the thin cirrus akove us.

The cirrus seen above the aircraft was quickly
named "cirrus evadus” or “uirrus above ud™.

This thin layer on almost every flight
was ugually geen frow the surface at sunrise
and sunset. I dbegan to wonder if this thin cir-
rus layer persisted throughout the day and, if
80, was it pissible to see it at other times.
The TPR~t1 radar (Paulsen, Petrocchi and Mclean,
1370} operating at a wavelength of .8cm was
designed to derect cloud. Using tie one at KMR,
we were not able to detect this thln cirrus
unless it was algo obvious visually. Indeed,
the human eye turned out to be a better detector
since it could pick ocut thcse thicker streaks of
cirrus which were not over the radar.

By blocking out the sun with the corner
of a building or other cbject, and looking at the
region near the sun, structure in the thin cirrus
could be identified. Unfartunately, the struc-
tural variations in the concentration of gea
salt spray in the boundry layer could also be
seen at the sama time. With a little training it
became masy to separate the two because the low
level variations moved rapidly with an east to
west motion typical of the trade wirds while the
the cirrus moved at a slower relative motien and
genarally te the east or northeast, depending on
the upper level wiads.

betection of this thin cirrus at night w<as
sore difficuylt,. Even when full, the moon wvas not
bright enough to use this technique, but by
looking in the vicinity of the moon a ring could
sometimes be detected. Thirough experience we
learned to differentiate between the small ring
due to the boundary layer particles and the ring
caused by cirrus. If the cirrus was thick enocugh
it could be seen by moonlight.

when very thin cirrus occuried on a aoconless
night, observation of faint stars could have been
used. FMowever, this requires a familiarity with
the stars in che region.

We found that thin cirrus was present almost
all the time at Kvajalein. We also observed thisn
cirrus over the United States when the official
cbservers were Fepor“ing no cirrus. This higher
frequency of cirrus amight have an effect on av-
vilable solac energy as calcylated by Dexr (1980).

Let us ceturn to the guestion of generation
of cirrus. Some particles are generated in con-
vective storms and are lifted to cirrus levels.
If the particles are heavy encugh, they will set-
tle out under gravitatiorval action. If ssall
{under 20 pom) they will be kept at thegs levels
by Brownian motion and small acale turhulence.

The in-situ formation of cirrus particles
from vater vapor at these levals could begin ;
sither by depositionr on hygroscopic aarorols, by
spontanecus nucleation, or by other msans. The
poasible sachanism of formstive will not he dis-




Figure 1. Particle Size Distribution in Thin, Tranc-
lucent Cirevs. (Figure 22 from Cohea and Barnes,1980)
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cussed here. e will provids data on the egcur-
rence of cirrus particles. If there is & suf-
ficient supply of water vapor to farm cirrus,
the initial size distribution seems to evolve
with a peak in th2 Jdistribution curve in the 1
to L9 pem region with a logarithmic decreass in
the concentratior with incrveaning size. As more
pavticles form, the peak increases in both size
zrd in nuamber count. PFigures 1 and 2 shovw typ-
ical distrikitions in light, opaqgue cirrus.
Tocr in-situ, isolated thin cirrus layers, the
heigh. of the maximum concentiration is genverally
about 1ka below the tropopause (McLean, 1957).

If enough particles f{arm, laiger particles {in
excess of 1000ma} appear, and acgregstion begins,
causing a rapid increase of the laicer particles
at the expenge of the middle size particles as lo
and Pagsarelli (1981, 1982) saw, during advecting
spiral descents flown wy our C-130..

Figure 3 shows a typical distribcrion from
more dense cifrus clouwds. Trase distributions
are generally associatcd with wide spread storm
situations wi:ere there is a large supply of water
vipor and upward vertical wotioa t3 cerry the
water vapor to the cirrus levels. Because the
winds araz generally faster at highexr levcls
chan at lower levels, the cirrus shields both
from thunderstorms and Cycionil Storm systams
move out in ‘ront of the siorms whils
continuing to generate over the storms.

oo P =3 pren
ATICLE Si2E

Figure 2. Particle Size Distribucion in Opaque
Cirrus. (Figure 13 from Cohen, 979}
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. £ (Figure 32 from
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z z and Bavrnes, 1980)
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The parricles in these cirrus shields are
not static, but continue to compete for available
water vapor. Tnis competition can chauge the
c¢characteristics of the crystals. The regular
crystalian forms givean by Hakaya{l954) as a
function of temperature and relative humidity
would be preseant for particles which completed
this growth under 3tatic conditions, but the hy-
brid types would be more common clsie to the
store, However, after sufficient Lime, the dynam=
ics of the atmosphere, with evaporation and depo-
sition occurring, would produce c¢irrus which
laok just Like cirrus produced by gentle air-
mass lifting.

Cirrus particle distribution flights were
aade in the New Mexico area iy the winters of
1977-1978 and 1978-1979. The results appeared
in a se-ies of eight reports, the last by Cohen
(198i). Some cirrus was asscciated wivh storws
moving onto the west coast while others were
sssociated with high lavel systams which wers
visible on satellite photograplis transporting
meisture from the Pacific Ovean up over western
Mexico intc Arizana, New Mexico, and Texas. Data
were taken before we became interested in sub-
visidble cirxrus. Since the diata were taken during
the winter monthsg, the C=-i30 ould reach the
clirrus level.

puring later flights we used McIDAS (Man
Coaputer Inceractive Data Acc:ss System) at the
Rir Porce Geophysics laboratory to locate areas
containing cirrve clouds and to obtain tempera-
tures of the cirwus layers from satellite IR
readings. Initially, the use of the MCIDAS systea
biased our sampling toward the more opagu:.
denser layers vhich were detested by the gatel-
lites downscrear from the asjor storm activivy.

4. SUBVISIBLE CIRRUS

Sub-vigible cirrus consists of cirrus
particles in the atmosphere which arz not dense i
enough to be seen. 'This immediately presents a
problem since the same aggregqation of particles H
may be seen at some times, but not at others. An
example of thin cirrus ovcrcasts at sunrise and
sunset at Kwajalein which were not detected at
night or at m:d day has been cited.

Sub-visible cirrus consists of two distirct
types whicn may exist simultaneously. ‘the first
type is the most common and consists of about 10
to 10% particles par cubic meter, a peak near
2pm and with no particles larger than 100mu.
Pigure 4 shows an example of an exponential fcll
Qff of pATticCles with inciedginy sizs. Our data
indicates that 70% of our flighta in clear air at
cirrus altitudes contain this typs of background
4istribution. Indeed it i< ynusudl when we ars




Figure &, Size Distributfon in Type 1
Subvisiblae Cirrua
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at cirrus altitudes and detect nothing with the
PMS, ASSP scatter-probe (Barnes, 1930b).

The other type of sub-visible cirrus con-
sists of individual large crystals, 00 to over
2000 microas ia diameter, with a dencity of less
than one particle per cubic meter. One flight

.showed an average of cne particle every sight

cubic meters. Figure 5 shows data frow 1 flight
where both types of sub-visible cirrus were
present. These data werz taken with a PM3 ASSF
and 4 nodified PMS 2-D Precipitation Probe (XKacl-
lenherg, 1970), and the existence of the larger
particles was visually varified using a snow
stick {Barnes,l980bj.

These large particles fall due to gravity,
and in arctic regions where they may reach the
ground before melting they cresate what are kncwm
as "diamond dust® saowfalls. Larger crystal are
frequently seen to fall from higher clouds; cir-
rus unicus, mare's tajils, is an example where the
concantration is large enough to be seen. Both
our ohservations at mid-latitudes (Barnes, 1980b)
and observatioens by Hogan (19275) and Othake,
Jayaweera and Sakurai (1978) in arctic regions
provide examples where thege large narticles ap—
pear in clear air with no visible clouds above.
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re 5, Example of Tvpe 1 and Tybe 2
Subvisible Cirrus
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Braham and Spyers-Dmran (i%87} and Hall and
Pruppacher {1¥76} showed xrat ciirug particles of
these sizes could survive fails of 2 jm ar more.
Tncs thege particles reach the freeXing level
they melt and avapovate. Because the Alffarence
between the vapor pressure ovar ice and over
water ingcreases with decreasing temperature,
the particles have a better chance for survival
at colder tempsratures, on tiie averags.

Wintertime outbreaks of coid, clear air,
such as "Blue YNorthers®™ in Texas, are often gaid
to "sparkie®, This may be caused by theae large
sub-visible cirrus particles in the air. The
~ffect i3 seen in regions of type 2 sub-viaible
cirrus, Sut not in type 1 or in the siratosphera.

3. THE ROLE OF CIRRUS IN THE TRANSPURT OF WATEIR
The waier vaper transported poleward at up-

per levels precipitates at higner latitudes ac-

cording to general circulation :mocdels. Tha

larger, type 2, cirrus particies produce down-

ward transport of water a* all latjtudes.

Zirrus unicus clouds are viogal examples of

this dcwnward traniport.

If we take a wirld vide density of type °
porticles at one every 8 cubic zm2ters {Barnes,
1980b), an average diameter of 1 N0p=, density of
0.5 m/ca’, fali speed of 1 x/s and a fall diste
ance of 2km {Praham and Spyers-Durand, 1967:
Hall and Pruppacher, 1976), then for each square
Reter, one particle reaches the attom each 8
seconds. The amount of mass crossing a square
meter every 8 secondg is:

4 wp = 4w 0.8 N (10" Zcmy? = 2w 1076 gu .
3 3 =3 3

The flux r unit area for each second is:

1 2y 10 gm = 2.Ax10" ‘ga =72 57t

Bs 3 mz

The surface of the earth i5 4 W r? =
4m(6-278x20%) 2 @ $11x3C12 m2; the toral flux is
2.6x1077gn a~2s" Yx51x10 ' m? = 1.33x10% gasst =
1.3_1:1051:9 57%. For a full year this is
1.33x10%%g s x3.15x107 s/yr = 4.19x101%ug/yr. .
Beers (1945) gives the world annual rzinfall as
396,000 km-/yr or 3.96x102%kg/yr which shows
that, on a wyrld wide basis, this downward flux
of large cirrus particles is an infinitesimal
contribution to ihe hydrological cycle.

I we calcuiate the depth of type 2 snowfall
in artic regions with a ccnsatant flux of 200mm
particles, one per 8 cubic meter falling at w/s,
we get 47 [ 200um | 1 im 3,15x10° s = l6um,

3 2 Ba EY yr yr
Tuis does not agree with observations of Alamond
dust snowfalls in arctic regions where accumula-
tions 9f cm/yr are cbserved. Such observations
indicate a 193 or 109 increase in cuncentration
to around 102 or 10 part.icles/:l. Concentrations
of 200 um and larger particles usually produce
opaque cirrus. The reduction of visibiliey ia
opaque cirrus may be due to the larger number of
type 1 ice particles in the 1 to 10 Ls range
usually found in opaque clouds along with the
ice crystals over 200 Lwm in diameter.

A 10* increase in the number of particles
would give l6cm/yr thus accounting for a large
part of the annual precipitation in arctic

regivns. T waldesi CLAR&LSS thasT particles

walt and «7.n0rate before reaching the ground.
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Cirrus particles falling from abeve Lnilo
supsrsocied clowds act as seeders, converting the
supzrecoonled drops to ice which than grow rapidly
tesading to precipitation (Bergeron, 1950¢). This
trigyer mechanism 18 important in the precipi«
L21i0n procesges in mid-laxitudas, but it is
Sountful that concentrations of type 2 sub-visi-
ble cirrus of one or tweo pattlclel/a3 can seed
the lowar clouds. Heavier concentrations of type
2 cirrus have Deen observel by K band radar
(Paulsen, Petroecchi and Mclean, 1970). Thege
ippear similar to visuval cirrus unicus and seem
to eranate from generating cells. uUsing a TPR-11,
Hobbs, et al (1981} cbserved such a seeding and
an eaxkancesent of precipitation falling from the
supercooled cloud although the precipitation was
not racorded on the ground.

6.  DNWWARD TRANSPORT OF ABROSOLS BY CIRRUS
The gravitational setiling of the type 2
particles is a source of downward iransport of
4eros0is. Temperatures At the upper levels are
colder, $0 more ice nuclel (1MW) are activated:
In the presence of suffiC¢ient waterl vapor, ice
crystals grow rapidly and begin to till. The par-
ticles cvarry the IN to lower levels, ond also
sSweep up Other aerosols as they descend: If we
assume that the type 2 crystals fora oc IN with
diametrers of .2 a and density of 2 cn3, then
the downward flux would be about 197kg/¥yr. Bach
crystal would sweep up 105 aerosols. so the
scavenging process would be tne more important
factor in the downward aerosol transport.

7. SUMMARY

Obgervatione of cirrus in the tropics and at
mid-latitudes have shown that the occurrence of
¢cirrus ice particles in the atmosphere is more
prevalent than reported by ground observers.

Sub-visible cirrus vhserved from atrcraft
consist of two types. Type | is the background of
s3:all lce particles with a peak in the size dis-
tribution at about 1 and a rapid exponential
decrease for larger size particlea. Type 1 ia
found at cirrus levels on most flights. The
second type of sub-visible cirrus consists of
large ice crystals with diameters greater than
100 am, some being larger than ZUUOP. Type 2
crystals fall vhrough the atmosphere ana say or
2y not Le found in conjunction with type 1 sub-
visibie cirrus.

Opaque and thick cirrus cloyds usually have
A peas in the size distribution between 10 and
20 pax with an exponential decredse at larger
sires.

The downward flux of water and aerosols by
subvisible type 2 cirrvus is insignificant except
in arctic regions where diamond dust snowfalls
occur. Concentrations of typa 2 cirrus falling
from geneérating cells in lavrge scale stnrm sys-
tems play a significant role in triggering pre-
cipitation in lower level, suparcc-led clouds.
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