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of cir.-us; however, those sampled on 29 January,

™ Particle data obtained during C-130 cirrus sampling flights on 28 and 29
January and 2 February 1979 over the southwestern United States are de-
scribed. The first flight sampled cirriform clouds ahead of a developing
storm; the second flight obtained data in the tops of the cirriform clouds of a
fully developed storm; and the third examined cirrus formed by a weak polar
front aad strong upper level winds. All flights sampled a variety of densities

were the most complex
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and also at the lowest altitude. This flight provided numerous samples having
as many as 350, 000 particles per cubic meter in the 47 to 4700-ym size range.
The largest particle sizes were generally less than 1100 ym, but some cirrus
particles as large as 2.5 mm were detected at altitudes between 5.9 and

7.7 km. Generally, the calculated ice water content (IWS) values were

0.04 g m=3 or less, with a maximum of 0. 10 g m=3 in the active storm situa-
tion. On the other two days, the cirrus was of varying density with most par-
ticles less than 1400 ym and IWCs of 0.03 g m=3 or less. Particles as large
as 2,5 mm were detected in the cirrus on all three flights, The in-flight
meteorologist's characterization of heavy or thin clouds is better correiated
with total particle number than particle size., Several atmospheric and
particle spectral properties are tabulated for consecutive 15-sec data samples
for the 3 flights,

Cloud-free periods were examined; some showed the presence of the two
types of subvisible cirrus. The first type consisted of a background of small
particles less than a few tens of microns; the second type consisted of large
subvisible cirrus particles of the order of 100 ym or larger. The density of
subvisible particles larger than 100 ym during a cloud-free period on
2 February 1979 was 7 um=3,
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Cirrus Particle Distribution Study, Part 7

1. INTRODUCTION

This report continues the presentation of data from a series of cirrus
sampling flights made for the Air Force Weapons l.aboratory (AFWI.) under the
Advanced Radiation Technology (ART) program. The flights in the series also
provide inforiation for a study of cirrus being conducted for the Air Force Office of
Scientific Research (AFOSR). In this report, the data were gathered in the course
of three flights, 28 and 29 January 1979, and 2 February 1979, from Kirtland Air
Force Base, Albuquerque, New Mexico.

%
i
s

A summary of the series follows: The first report described some of the
sampling instrumentation (Varlo‘v)1 available on the specially equipped MC-130E
{muaintained and flown by personnel of the 4950th Test Wing) used in all the flights;

this first report also considered data acquired at 7. ¢ km before an approching
upper level trough, The second report, by Varley and Brooks, 2 presented par-
ticle spectra for heavy cirrostratus and thin cirrus, whereas the third report
(Vm-lvy)3 described a flight that acquired primarily very small crystals (<~ 30 ym)
in a high haze-like cloud layver.

(Received far publication 16 October 1980)
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Because of the number of references cited above, they will not be listed here,
- See References, page 93,
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2. INSTRUMENTATION AND DATA PROCESSING

The primary cloud phvsics instrumentation used during the three flights dis-
cussed in this report include: PAS (Particle Measuring Svstems, Ince.) one-
dimensional (1-D) and two dimensional (2-D) particle spectrometers, a PAS axial
scattering spectrometer probe (ASSP), and a formvur replicating svsteni, (ther
recorded data include outside air temperature and altitude, as well as aiveraft

heading and airspeed,

The PMS spectrometers are widely used instruments that have been described,

for example, by Knollenbergm’ 1

acquired and recorded on magnetic tape aboard the sampling aireraft, thev were
computer processed, as described by Cunningham, L2 \’arlvyl and Varlev and
Barnes  in previous parts of this studyv., LEssentiallv, the equivalent melted
diameter of all recorded ice cryvstais is determined using AFGIL. "melting"” equa-
tions for standard particle types. Calculations of ice water content (IWC) are
then made based on the number of particles recorded in each channel of the
spectrometer probes,

The melting equations used for all data in this report are the same as those
used for the AFGI. type "bullet rosettes,' This type was selected based on a
review of the 2-D shadowgraph data froam each flight, Studies by Heymsfield and
Knollenbm‘g7 and Heymsfie‘ldg have shown that bullet rosettes and bullets are the

most common crystal type in cirriform cloudiness. While the bullet rosette is

most easily recognized, we strongly agree with the finding of Hobbs and Atkinsnn”

10. Knollenberg, R. (1875) The Response of Optical Array Spectrometers to Ice
and Snow: A Study of Probe Size to Crystal Mass Relationships, AFGI.-
TR-75-0494, AD AD20 276,

11. Knollenberg, R. (1976) Three new instruments for cloud phvsics measure-
ments: the 2-D spectrometer, the forward scattering probe, and the active
scattering spectrometer. Preprints of Intnl, Cld. Phyvsics Conf., Boulder,
Colorado, Amer, Meteor, Soc., 554-561,

12, Cunningham, R. (1978) Aralysis of particle spectral data from optical arrayv
(PMS) 1-D and 2-D sensors., In Preprints of AMS Fourth Symposium on
Meteorological Observations and Instrumentation, Denver, Colorado,

13. Hobbs, P.V,, and Atkinson, D,G. (1976} The concentrations of ice particles
in orographic clouds and evelonic storms over the Cascade Mountains,

. 12 .
and Cunningham, After the particle data were
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that most particle shapes in ice clouds are irregular, with reference to standard

ice or snow particle classifications.
Values of microphysical variables in this report have been averaged over )
15-sec periods, providing somewhat better resolution of cloud conditions than the
30-sec averaging employed in previous parts of this series. Brief descriptions
of other types of data will be given as initially presented. .
A discussion of the weather in the southwestern United States on 28 January
to 2 February, the period covered by the three flights, follows. Flight and sam-

ple data will be discussed separately.

3. SYNOPTIC DISCUSSION FOR THE PERIOD 28 JANUARY TO
2 FEBRUARY 1979

During the morning of 28 January 1979, the weather in the southwestern
United States was dominated by two low pressure areas. At 1200Z, one was
located over southeastern California; the other was in Mexico, 120 miles south
of El Paso, Texas. During the day, the first of those low pressure areas moved
eastward into Arizona, while the other remained stationary. Southeast flow
around the two lows brought moisture from the Gulf of Mexico into the system,
causing both lows to intensify and a trough to form between them (see Figure 1),
This development was aided by an upper air wave over the western United States.
The position of this wave is seen in Figure 2. The Jet Stream followed the
9240-m contour, as can be seen by the 150-kt wind at E! Paso, Texas, With the
combination of southeast flow at low levels and west-south-west flow at high levels,
the system continued to intensify. As the GOES-west satellite pictures show,

(Figures 3 and 4) an extensive shield of clouds formed around the southern low

pressure area, The flight of 28 January sampled the cirriform clouds on top of
this cloud shield. The raw:iisonde soundings shown in Figures 5 and 6 point out
how the moisture in west Texas increased during the day on 28 Januvary, During
the next twelve hours, the two surface lows shown in Figure 1 merged and the two
surface troughs developed into an occluded front.

During 29 January, this system deepened into an extensive storm, The posi-
tion of this storm at 2100Z on 29 January 1979 is shown in Figure 7. The sampling
flight of 29 January sampled cirriform clouds while the storm was at its greatest
intensity. As the GOES-east satellite photos in Figures 8 and 9 show, an exten-
sive cloud mass covered a large area ahead of the front extending from Texas through
Oklahoma, Kansas, and Colorado to Wyoming. Rain and drizzle were observed
in Texas and snow was reported throughout the rest of the area; most stations in

the sampling area were reporting light, continuous snow. The upper air wave had -

12
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Figure 7, Surface Synoptic Chart at 21002,
29 January 1979, Add 1000 millibars to iso-
bar values

deepened considerably, as can be seen in Figure 10, Figures 11 and 12 show the

radiosonde soundings for Albuquerque, New lMexico, and Denver, Colorado.

While Albuquerque was already well behind the front and thus clearing, the Denver

radiosonde shows both a moist layer 6 km thick as well as the front that caused it
(at 3 1/2 km), marked by a strong inversion and a wind shift. The westerly and
northwesterly flow both aloft and at the surface brought rapid clearing to western
New Mlexico, and as the storm moved eastward, rapid clearing occurred in the
sampling area. The upper air trough became stationary, and as the storm moved
eastward, it weakened as dry air from a high pressure area, located in Montana
(Figure 7) caused it to lose energy.

This continental high pressure area pushed southward and provided the New
Mexico area with two days of clear weather until a complex system moved in
from the Pacific Ocean. A weak Pacific cold front moved through southern
California and Arizona on 31 January and passed through New Mexico on
1 February. Meanwhile, a second cold front formed over Nevada and Utah, as
colder continental polar air pushed toward this area. By 1200Z on 2 February,
the Pacific front was in the Texas Panhandle, while the polar front had moved to
Central Utah and Central Colorado. As Figure 13 shows, by 2100Z on
2 February, the Pacific front had dissipated, while the polar front had moved
into the Texas Panhandle and northern New Mexico. The cirrus in advance of
this front was sampled during the flight of 2 February. As shown in Figure 14
(a GOLS visible satellite photo), an extensive area of low cloud was moving south

with the polar front, Figure 15 (the corresponding infrared photo) shows the
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I'tgure 10, 300-mb Analysis 12002, 29 January
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cirriform clouds associated with the weakening Pacific front in Oklabom:a, Texas,

and southeastern New Mexico, Much of this cirrus was so thin that it is alinost

invisible in Vigure 15, FPigure 16 shows the sharp 300-mb trough and strong jet

stream with winds of 170 kt over central Arizona and New Mexico, which sup-
ported these systems. Figures 17 and 18 show the soundings at El Paso, Texus,
and Albuquerque, New Mexico on the morning of 2 February, The Puacific front
shows up clearly on the El Paso sounding at the 5-km level, The advancing
cirrus shows up on the Albuquerque sounding as a thin moist laver at 7.5 kin,
During the day, the polar front becanie stationary while the Pacific front regens-
erated over eastern Texas, By 00007 on 3 February, the polar front showed
signs of weakening, but the cirrus over central New Mexico remuained there
through 12007, Thus a continuous, persistent shield of thin cirrus was present
throughout the time of the third sampling flight, The synoptic situation on this
flight was strikingly similar to that of an earlier flight, T but on 2 February the
upper alr winds were somewhat stronger and the polar front somewhat weuker than
on the earlier flight, Thus the resulting cirriform clouds scen on the previous

occaston were more diffuse,

Figure 16. 300-mb Analysis at 0000Z, 3 February
1979, Heights shown in geopotential meters
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£ 28 JANUARY 1979 FLIGHT AND DATA

Ihe 28 January cirrus sampling began at Kietfand ATHE,) New Mexien, ot
1924/ (1224 MST) and proceeded south, and then east, Most of the cierus dats
were obtained over western Texas at altitudes between 7.0 and 00 ke, The

general flight tsuck s shown in Figure 14,

Tr T A e L

Figure 19, Path of C-130 Sampling Flight on 28 January 1979. Aircraft
departed and landed at Kirtland AFB, Albuquerque, N. M. Numbers in-
dicate times in UMT

4.1 Data Variations During the Flight

An over-all view of the variation of several parameters during part of the
28 January flight is shown in Figure 20. The top portion, for example, indicates,
that the greatest altitude attained was near 9 km at about 2155Z. Outside air
temperature during most of the flight at cirrus altitudes was between -30 and
-36°7C,

Part b of Figure 20 reflects mass determinations from the scatter probe
{measuring particles from ~2 to 27 ym), whereas Part ¢ shows similar values

for the combined cloud and precipitation probes (ranges of ~ 2816 4700 gm),
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Varvtations of muss, us caleulated from the two sets of probes, are aell corpe-
lated, although absolute values are diffecent, as should be expected,  The prob-
lems of determining the mass of ice crystal regimes through use of s scatter
probe have been recognized for some time. Both Hobbs et a114 ana Hyderla

have cautioned that the Axial Scattering Spectrometer Probe (ASSP) produces an
overestimate of ice crystal concentration because of multiple pulsing from the
many faceted scattering particles, Despite this problera concerning data from the
ASSP, measurements have been included on Figure 20 and other data formats here-
in, in order to provide at least a relative record of the small-sized ice crystals
present,

For the 28 January sampling, Part c of Figure 20 shows that the greatest
calculated IWC for a 15-sec sample was nearly 0,09 g m-S, occurring at ~21392Z,
The second highest value of about 0.08 g m_3 was determined for data at 22102Z,

The variation during the flight of the particle median volume diameter, DO,

a calculated quantity based on particles in the 26 to 4700 um-size range, is shown
in Part d of Figure 20. The Do is the ""equivalent melted" particle diameter at
the fiftieth percentile of the ice water content; that is, half of the ice water exists
in smaller melted droplet sizes, and half in larger sizes. Typical Do values
during most of the cirrus sampling on this flight were between 75 and 200 um,

The variation of NT, the total number of particles in the 47- to 4700-ym range,

is given in part £ of Figure 20. This quantity varied considerably from very high

to very low values as the aircraft passed through portions of heavier cirrus.

Oceasionally, values in excess of the 0, 000 m™3 upper limit of the figure were i
recorded,  The greatest 15-sec NT was 142, 000 m_3, which occurred at 21532, ;
Three other consecutive samples were greater than 120, 000 m_3 at about 21392, i

A more comprehensive tabulation of the values on Figure 20 for each 15 sec ]
sample is given in Appendix A, In addition, Appendix A lists 1, which is the 3

max’
mean physical size (in imicrometers) of the largest spectrometer channel having

. -3 -1 .
=1 particle m mm ", For many purposes, this can be considered the largest
porticle size contributing to a given number-size spectrman,  The ]‘1 column
’ nax

in Appendix A shows the largest particles measured in most spectra, ranging

from apprexinately 300 to 1300 ym.  Values of less than 1000 um are usually
indicative of o spectrum made up of a small number of small particles, and may

be discounted ordinarily, except us an indicator of subvisible cloudiness,

14, Hobbs .V, Radke, 1.1, and Atkinson, D,G. (1975) Airborne Measure-

ments and Observations in Cirrus Clouds, AI~‘(,‘H1A—Tl\’_—75—0249,
AD AQTH 037, 117 pp.

15, Ryder, P. (1076) The measurement of cloud droplet spectra, Preprints of
Intnatl. Conf. on Cloud Phys,, Boulder, Colorado, Amer. Mdtcor, Soc.
=080,

v




The form Factor of cach 1i-sec saeaple 1s also given i Appendhixy A unden

the "FEF" heading, The form factor s a nmiathematical value betcceen 0, and 1, 00,
. . 14 . 17 .

First described by Plank™ | and Plank and Barnes., It has been found useful in
characterizing the shipe of given spectrn,

e form factor is caleulated as

1 n
SO i
L (2 1) o
1 e,
| Bl P 05
iin
Coe -
‘L," 1

where t is the specific chonnel o antn being conswderod (Frons 2000 10 o the PAIS
cloud probe and feonc Lto 1o Yar the nrecipitatn oo probe) ana vy e the ratio oo the
nuwmber of particles in channee o rc the soted nuenber an ol choannels o sves
froin =47 1o 3700 400,

Values of P based on approxieodels 10 o0 fewvr channiels o nastiele oy
may be spurious and not meaningful, s s usually the case whe U s o
puted to be greater than 1,00 as often happens i the Appenatees 1o this report,
Plank15 has also warned that the formn factor Con be ambipuous i that twe dif-
ferent spectea mayv have the same 'F number. However, in o previous APGL
report, 1o there was little difficulty in gaiming useful intelligence from the form
factor as long as the air temperature or altitude orf & miven sample was known,
Figure 21, from that AFGIL report, was developed from o study of particle spec-
tra in both cirrus and lower clouds and shows the approximate FF values for four
generalized spectra. The nearly straightline (on log-linear plots) exponential
distributions are closely approximated by the factors in the 0,25 to 0.35 range.

The tabulations of data in the Appendices also include notes or comments

made by the mission director during the course of the flights, He sat in the

16, Plank, V.G. (1977) Hydrometeor Data and Analytical-Theoretical Investiga-
tions Pertaining to the SAMS Rain Erosion Program of the 1972-73 Season
at Wallops Island, Virginia, AFGIL-TR-77-0149, Environmental Research
Papers 03, AD AO051 182, 239 pp.

17. Plank, V.G., and Barnes, A.A., Jr. (1978) An improvement in obtaining
real-time water content values from radar reflectivity, Preprints of 18th
Conf., Radar Meteor., Atlanta, Amer. Meteor. Soc., 426-431,

18. Plank, V.G. (1979) Private Correspondence,

14, Varley, D.J, (1980) Microphysical Properties Of a L.avge Scale Cloud Svs-
tem 1-3 March 19787 A F‘E,I,- , Environmental Research Papers
590, AD A083 140, 100 pp,
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Figure 21, Twvpical Spectra and Representa-
tive Forne Factor Values

aircraft cockmt and had a good vantage from which to see the tvpe clouds being

sampled.

4.2 Data for Particular Passes

After reviewing the mission director's notes, data tabulations, and the varia-
tion of data on Figure 20 we selected three periocds during the flight for further
studies. These are given in summary form in Table 1 and are also reflected on
Figure 20 by the three intervals of solid lines across any given data plot. Brief
order-of-magnitude (or larger) changes occurred in IWC and D“ during these

periods, but generally cloud conditions were relatively homogeneous.

Table 1. Portions of 28 January 1979 Flight Examined in Figure 22

Number Average
of Average Altitude -
Pass Period Samples | Temperature (km) Tvpe
1 2123-21282 20 -33°C 8.5 Near Cs base
2 2135-21502Z 60 -33 8.6 In heavy Cs
3 2153-2203Z 40 ~36 9.0 In heavy Us

Data for five sets of variables for each of the three periods are shown in
histogram form on Figure 22, The bottom row presents data for the 2123-21287
period designated Pass 1, the middle row for 2135-2150/ Pass 2, and the 1ap

row for 2153-22037, Pass 3. The height of cach histogran bar reflects the
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percentage of sampling time that individual class values were measured or cal-

culated. Each specific percentage was determined from the ratio of the number
of 15-sec averages having a certain class value to the total number of 15-sec
intervals in a sampling period, for example, the 5 min fur the 2123-2128Z period
had 20 samples.

The numerical value of the 50 pereentile or median quantity of each variable
is given with each Figure 22 histogram. A vertical line un each also gives the
location of the mean along the abscissa scale. The mean value is based only on
15-sec samples when cloud data were being recorded., Intervals when the uircraft
was outside all cloud, or was not recording ice particles are excluded in calcula-
tions of mean values, although these periods are reflected in a "no data” class at
the extreme left in each histogram.

As an example of how Figure 22 may be read, it can be noted at the left side
of the bottom row that the predominant (most frequently observed) DO class wius
that having limits of 60 and 90 yum. It occurred in 40 percent of the 15 sec aver-
ages during the 2123 to 21282 period. The mean value of DO, however, was
104 uym. The location of the mean is indicated by a vertical line,

During the 2135 to 2150Z sampling period, the extreme left plot of the middle
row of Figure 22 shows that nearly 60 percent of all D() values were in the 120 to
150 ym class, and that the mean of 140 ym was also within those limits., The
modal D class for Pass 3 was also that bounded by 120 and 150 ym, while the
mean was 130 ym,

The five histograms of Pass 1 on the bottom row of Figure 22 are the result
of a flight near or below the base of the visible portion of a heavy cirrostratus
layer, The Pass 2 and 3 histograms show modal and mean values of varicus
parameters in a heavier, more dense portion of the Cs, The ITWC values in the
latter two samples are nearly an order of magnitude greater than those acquired
near the cloud base. Values of I"max’ the largest particles recorded, were
generally less than 500 um in Pass 1, but were as large as 1100 ym during at
least 20 percent of the sampling in heavy Cs, Another difference between Pass 1
and the other two was the larger mean number of particles, 47, 000-49 000 m-3,
recorded in the middle of the Cs layer as opposed to a mean value of about
6, 000 m3
consecutive along the flight path as may be seen in Figure 19,

at the base of it, These passes were not above one another but were

Spectra representing typical cloud conditions during the three 28 January
sampling periods will be presented on ensuing pages in the format shown in
Figure 23, This format is similar to those given in previous parts of this series
with certain additional information being added and explained in the figure,

One significant change in the data format is the addition of two columns of

data presenting information on the percentage of the total ice water content

29
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Date of sampling.

Beginning time of sample (Z time)

Sampling interval or duration in Seconds over which data were averaged.

Average ambient temperature in ®C during sample.

Average pressure altitude in km MSL of sample

Ice water content in g m~3 calculated from particles of ~26 - 4700 ym size.

Percent of IWC in 6. determined from cloud probe (26 to 311 ym) data,

. Mediam diameter of "melted" particles (in ym).

. Total number of particles m=3 in the ~47 to 4700 ym size range.

10. Form factor (see text).

11. Main recognizable particle type: Bullet rosettes.

12. Nominal particle sizes measured by each channel of the scatter (ASSP),
cloud, and precipitation probes.

13. ‘\Iumber of particles m=3 mm-1 in various size classes.

14. Ice water content {g m=3) calculated from data of each probe.

15. Percent of 6 above per mm sampling width (see text).

16, Particle number-size distribution in solid lines; ice water content shown in

dashed lines,

« . 8

O =10 U1 N
.

Figure 23, Description of Data Format

(measured over the 26 to 4700~ym size range and indicated by [15] in Figure 23)
that is contributed by each channel of the 1-D cloud and precipitation probes,
Because these probes have different size measuring channels, it was necessary
to normalize the IWC data to a common millimeter width just as the particle num-
ber distribution data have been done. This permits a direct comparison of data
between the two probes as if they measured over the same channel widths,

Figure 23 shows that 3 channels of the precipitation probe centered at 437,
706 and 1011 yum contributed less than 8 percent of the total WO {on a normalized
channel size basis), However, because these three channels have a larger moeas-
uring area than the cloud probe channels they were actually responsible for

-3 ~ . . '
4,79 > 10 g m 3 (shown at bottom of " Precip Probe’” column) of the actunl total,

3
k]
/
4
E
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Whether the normalized or unnormalized values of IWC are more valuable will
depend on the ultimate use of the data,

Particle spectra and other data from the 3 passes described in the Figure 8
histograms are shown in Figures 24, 25 and 26. They indicate averages of con-
ditions over selected 15 second intervals within the overall 5 to 15 minute passes.
The particular interval was chosen for display from the many given in Appendix A
to show most of the characteristics indicated by the modal classes in Figure 22,
Emphasis was placed more on the predominant classes than mean values for the
overall sampling period because it was found that in some instances the mean

values rarely occurred, For example, the L of the spectrum (not shown here)

incorporating all the data of Pass 1 was near T(?(;(O um, while the pass data on
Figure 22 showed that 60 percent of the samples during the 5 min Pass 1 period
had values less than 500 ym, and the mean of the several samples was 470 ym.
The average spectrum for the entire pass in this case reflected the presence of
an anomalously large number of particles in some size ranges that were not
recorded in most individual 15-sec samples.

Figure 24 presents representative tabulated and plotted data during Pass 1
when the aircraft was moving in and out of portions of the base of a Cs layer,
The greatest particle size recorded was in the 437-ym channel of the precipitation
probe. The most significant contribution to overall ice water content was from
the five largest channels of the cloud probe each of which provided 12 to 13 percent
of the total,
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Figure 24, Representative Ice Crystal Spectrum for a 15-sec Interval During
Pass 1 Through the Base of a Cirrostratus layer on 28 January 1979
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Fhe spectrum in Figure 25, representing the middle of a fairly heavy cirro-

i roe e aa e

stratus laver, exhibits & minimum in the distribution curve near the 170 ynm:

particle size while there is a maximum in the curve at approximately 290 gn.,
N o . N . 1c
Sittlar mimima were observed in eirriform spectra described by Varley,

Thev have also been pointed out by I'!oymsfi(‘ld'u as being somewhat typical in

. cirrus uncinus heads. He thought the maximum at sizes near or below 500 ym
might reflect an accurmulation of crystals of that length in an updraft. Some
21 percent of the total Figure 25 [WC was due to particles recorded by the 291-ym

channel size, f

The distribution of Figure 26, in heavy fog-like Cs, has a nearly straight- '
line, exponential decrease of particle number with increasing size, As in the
previous figure, the greatest contribution to over-all ice water mass was at the
291-um channel size; but the IWC curve in Figure 26 is considerably smoother
than those shown in Figures 24 and 25. The form factor of the Figure 26 spectrum

is 0.32, which is in the 0.25 to 0.35 range previously identified and assaciated

T R - A

with exponential distributions.

Both Figures 25 and 26 spectra are from heavy cirrostratus clouds. While
minimum and maximum pcints are evident at sizes less than 500 ym in the former,
they are absent in the latter. Such valley-peak distributions may be evidence of
an aggregation mechanism which occurs more frequently in the middle and lower

portions of Cs. The Figure 26 spectrum represents data from an altitude of

i
8.9 km MSL, perhaps above the level that aggregation begins. At 8.4 km, the ;
altitude of the Figure 25 spectrum, the aggregation process may have been better i
established. ¢
!
i
)
3. 29 JANUARY 1979 FLIGHT AND DATA %

The 29 January flight departed Kirtland AFB at 1647Z (0947 MST) and flew
north and east into the Pueblo, Colorado area. Several sampling passes were
made at lower levels east of the Rocky Mountains for another AFGL program,
then sampling in the thin cirriform clouds above the surface storm began at about
1845Z. As the aircraft proceeded in a generally southerly direction back to
Kirtland, the cloud tops decreased in height. The main portions of this day's
flight track were as indicated on Figure 27,

5.1 Data Variations During the Flight

The variations of several measured or calculated variables during the
29 January sampling are plotted on Figure 28. Since the flight was made near

the upper level low, the outside air temperature and cirrus tops were both lower

S
'




Figure 27. Flight Track of Sampling Aircraft on 29 January 1979,
Numbers indicate times in UMT

than those observed in mast previous flights, As shown in the top of Figure 28,
all sampling was accomplished at altitudes less than 8 km (26, 000 ft) MSIL.. As
the aircraft moved southward, the cirriform tops were found at progressively
lower altitudes.

By 1945Z the C-130 was in the thin cloud tops over northern New Mexico at
slightly above 5 km, There was some doubt at that time whether those clouds
could be considered cirriform; however, they were definitely composed of ice
particles and the temperature was -30°C or colder, which Mason, 20 among others,
has indicated satisfies the criteria to be considered cirriform.

Parts (b) and (c¢) of Figure 28 show that the variations of IWC as determined
from measurements of the scatter probe and the cloud plus precipitation probes
were fairly well correlated. There was one extended period, however, beginning
about 1905Z when the scatter probe recorded a small number of small particles
when there were no measurements in the other probes. The largest calculated
IWC of this sampling over the 26 to 4700 ym range was 0,06 g m'3 at about 18487,
The radical high to low IWC changes occurring between 1920 and 19402 are indica-

tive of passage through numerous small cloud elements.

20. Mason, B.J. (1962) Clouds, Rain and Rainmaking, Cambridge University
Press, 145 pp.
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The median volume diameter of typical "melted" particles was quite small
in this sampling. Values ranged from approximately 30 to 125 um, with only a '
few higher than 150 ym. The variation of D, during the flight is shown in Part (d)
of Figure 28.

The total numbers of particles detected during most of the cloud penetrations
on 29 January were high with respect to our previous experience, During the
1845 to 1850Z period, for example, the average number was 358, 000 m-g. This
compares to an average of 25, 000 m—3 measured during a 9,0 ki pass through
thin cirrus over New Mexico on 1 March 1978 (Varley)19 and a mean of
49,000 m -3 recorded during one pass in this report on 28 January 1979, The
many changes of NT on Figure 28, Part (e) are again a reflection of the numerous
entries into, and departures from, small cirriform cloud elements.

The Figures 29 and 30 photographs show the general type of cloud conditions
sampled on 29 January., Figure 29 might be considered a 'close up" view of the
very thin cirrus filaments that fade with height above the main cloud mass into
blue sky, Figure 30 shows the main layer of cirrostratus from a distance. An
area of snow-covered ground is in the bottom left, The flight proceeded toward

the very top of the clouds shown in Figure 30,

5.2 Data for Particular Passes

Three extended periods during the 29 Januaryv sampling were selected for
further examination and given in Table 2. Thesc¢ were chosen because cloud con-
ditions were fairly homogeneous; however, a few large changes in the micro-
physical variables did occur. In fact, during Pass 5 nearly 30 percent of the time
the aircraft was above or between measurable cloud particles. Pass numbers
were selected to be continuous from one day to the next, that is, " Pass 4" is the

fourth pass considered in this report,

Table 2. Portions of 29 January 1979 Flight Examined in Figure 31

Number Average
of Average Altitude
Pass Period Samples | Temperature (km) Type
4 1845-1850Z 20 -489C 7.7 In Cs near tops
B) 1926-1934Z 32 -37 6.1 Skim. Cs/Ce tops
3 1943-19507 28 -31 5.2 Skim., Cs'Cc tops




)
b
i
!

Figure 29, Photo of Thin Cirrus Sam- E
plicd Above Main Cs Cloud, 29 January
at 19067, Dark bluc skyv at top, Near
37T747TIN, 1047501

-

e e e

Figure 30. Photo of Main Cs Cloud
29 Janvary at 19517, Sampling Pro-
ceeded Through Extreme Top of Cs
Shown. Near 35"28'N, 105°20'w,
Dark blue skv at top, Area of snow- i
covered ground at bottom left I
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The histograms showing median volume diameter, D

max class for both the Pass 5 and 6 data was that bounded by

» on Figure 31 indicate
a generally small range of occurrence. Most values of D” were less than 90 ym),
though one during Pass 6 was as great as 108 ym. The averages of the three

29 January passes varied only from 46 through 67 ym.

The differences in predominant form factor classes between the 3 passes
indicate there were differences in typical number-size spectra, Some 50 percent
of the form factors of the Pass 4 were less than 0,40, while about 40 percent of
those during Pass 5 were equal to or greater than 0,71, Some of the differencesx
are evident in the representative spectra for each of the passes shown in the
following figures.

Figure 32 shows a particle spectrum representative of the predomiant con-
ditions recorded during the 1845 to 18507 pass period on 29 January, Both this
and the Figure 26 spectra were recorded inthe upper parts of a Cs laver and botp

approximate an exponential decrease of norticle number with merensing sive,
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Figure 34, Representative Spectrum for a 15-sec Interval During Pass 8
Through Thin Filaments on Top of Cs/Cc Layer on 29 January 1979

{ for Figure 26 is 136 ym. Figures 33 and 34 show another difference between the
-g two sets of data. The number density is about one-fourth of that detected lower in
i the Cs, but still a large figure in comparison to our other flight data. As men-
i tioned above, these large NTs are probably associated with the proximity of the
; surface storm and the fact that particles were being generated profusely.
} 6. 2 FEBRUARY 1979 FLIGHT AND DATA
The cirriform clouds sampled on 2 February were primarily associated with
a weak cold front and a band of strong winds aloft over the southwestern part of

the United States. The aircraft recorded winds in excess of 150 kt. Most of the

sampling was accomplished at altitudes between 9 and 10 km MSI. over the eastern

part of New Mexico as shown in Figure 35,

6.1 Data Variations During the Flight

As previously indicated, and as shown in the top part of Figure 36, most of
the sampling on 2 February was conducted near the 9-km MSI. level., Free air
temperatures recorded by the C-130 were between -38 and -44°C,

The plots of Parts (b) and (¢) on Figure 36 show that the variation of ice water

mass determined from the scatter probe (in PPart b) and the cloud and precipita-

PR TR

. tion probes (in Part ¢} were generally well correlated. Several IWC values from
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the latter 2 probes reached as high as 9,005 ¢ m_3,

0.010 at 2108

v 1879, Numbers indicate times in UM

while the peak values were

Zand 0,018 g m™3 at 22017, The relatively small amplitude swings

in the IWC plot on Figure 29 indicate the cirriform clouds sampled on 2 February

were more consistent and uniform over a given area than those examined on the

other two day
The med

ly less than 100 ym during most of this flight,

none were as large as 150 um.

/S.
ian volume diameter, DO, of individual 15-sec samples was general-
As shown in Part d of Figure 29,

There was more temporal variation in IWC value

than in those of Do’ but this was to be anticipated since IWC varies with the third

power of DO.

There was extensive variation during the flight of the total number of particles
3

detected in t

but there we
were considerably greater,
was 156, 000
zss,OOOm'3

he 27 to 4700 ym range,
re two periods from 2107 to 211327 and from 2201 to 2209Z when they

During the formenperiod, the greatest single value

m-3 at 2108:452Z, and during the latter period the maximum was

at 2201:157Z.

Most values of NT were less than 60, 000 m ™ °,
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6.2 Data for Particular Passes

Based on a review of the data variations on Figure 36 and of the tabulations
in Appendix C, 5 periods of approximately 3 minutes or longer were selected for
further examination. These were sclected based on the relative homogeneity of

th data, The period selected are as given in Table 3. The frequencies of pur-

ticular class values within these periods are shown in the histograms of Figure 37,

Table 3. Portions of 2 February 1079 Flight Examined in Figure 37

Number Average
Pass of Average Altitude
Number Period samples [ Temperature (ki) Type

7 20°8-21047 24 -304C 9,2 Moderate heavy Cs
8 21608-21132 21 -43 9.6 In tops of Cs
a 2123-2130Z 28 -44 9.6 Very thin Ci
10 2203-220927 24 -38 9.0 Heavy Cs
11 l 2223-222982Z 25 -30 8.9 Very thin Ci

During Pass 7 of this report {the first on 2 February), the aircraft was flying
along and in a baad of Cs of varying density. Most of the calculated values of ice
water content were in the relatively narrow range of 2 to 7 X 10-3 g m"3 as shown
on the bottom line of Figure 37. The 64 yum mean Do value and the 340 ym mean
Lmax value are the largest of those in the 5 passes examined here. The mean
NT of 34, 000 m™3 is less than the corresponding values near 48, 000 m“3 detected
in somewhat similar clouds in Passes 2 and 3 taken on 28 January 1979,

The data of Pass 8 were acquired while flying within about 1000 ft of the top
of the Cs band. The sky was quite blue above and the ground was dimly visible,
but horizontal visibility was greatly reduced, The mean DO of 50 ym was the
smallest of the five 2 February passes, but the mean particle count, NT, of
106, 000 m ™ was the largest.

Passes 9 and 11 were both made through very thin cirrus, and in both cases
the mean number of particles detected was less than 13, 000 m_3, as indicated on
Figure 37, Only Pass 1, when downward visibility was good, had a lower NT
value. The greatest mean particle sizes, LMAX' were 170 and 215 ym. These
are the smallest of the 11 cases considered in this report, The calculated 1WC

3

values of 1 X 10"3 g m ° or less are also the smallest nnes in this report, While

flying and acquiring data of Passes 9 and 11 the mission director noted that in the

44
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vicinity of the airplane there hardly seemed to be any cloud present at all. The
data suggests that his observation might have been due to a lack of contrast with
clouds all around.

The cloud sampled during Pass 10 was a relatively heavy cirrostratus that
provided the highest mean IWC value of any of the five 2 February passes, The
ground was only dimly visible and no blue sky could be seen, though the sun shone
through the Cs, The number of particles detected in this case was 99, 000 m'3,
only slightly less than that recorded during Pass 8,

Some representative particle data for the passes made on 2 February are
given in the following figures, As in similar foregoing figures, the data have
been averaged over a representative 15~sec segment of a particular pass period,

Data for the moderately heavy Cs samples on Pass 7 are shown in Figure 38,
The largest particles detected were 437 ym in size, though there were very few
of these. Particles in the 125 to 175 um range made the greatest contribution to
total calculated ice water content,

The spectrum given in Figure 39 has a maximum recorded particle size of
311 ym, although the total particle count, NT, is in excess of 88, 000 m-3. There
is a smooth decrease of particle counts as size increases, but without particles
larger than 400 ym, the form factor is a relatively high 0. 70,

The greatest particle size recorded in the Figure 40 spectrum of very thin
cirrus is 169 ym, The bulk of the total IWC was contributed by particle sizes
between 67 and 108 ym. Since there are less than 10 channels of data in the
cloud and precipitation probe ranges, the form factor computation is not neces-
sarily meaningful, It does appear, however, that when few spectrometer chan-
nels have data, the form factor is quite high — above about 0, 75.

There is considerable similarity between the spectra in Figures 39 and 41.
In one case the NT is 88, 000 and in the other 100, 000 m-3. In both instances,
the largest recorded par’ :les were near 311 ym, and in both the greatest con-
tribution to IWC was made by particles in the approximate 50- to 125-ym range,

Both of the thin cirrus spectra shown in Figures 40 and 42 exhibit maximum
sized particles near 200 ym or smaller, They also have a relatively small aum-
ber of particle counts in the ~47-4700-ym range, 8600 and 13, 400 m-3. Both
also have high form factor values, though, as noted above these are based on a

very small number of channels of data and hence are not very reliable,
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Figure 38, Representative Particle Spectrum for a 15-sec Interval During
Pass 7 Through Moderately Heavy Cs on 2 February 1978
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Pass 9 In Very Thin Ci on 2 February 1979
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Figure 42, Representative Particle Spectrum for a 15-sec Interval During
Pass 11! in Very Thin Ci on 2 February 1979

7. SUBVISIBLE CIRRUS

Barneszl and Cohen and Barnesﬁ have observed two types of subvisible cir-
rus. The most frequent type is a continuous background of particles in the
smallest channels of the ASSP (2 to 12 ym). This type of distribution has fre-
quently been observed in extensive cloud-free areas sampled by the MC-130E
during calibration flights or while en route to or from sampling locations. It
was thought to be noise, but data-free periods, such as seen in Figure 36, have
shown the data to be real, A second type of subvisible cirrus consists of isolated
ice crystals, generally 100 ym or greater in diameter, occasionally exceeding
1000 um. They have been detected on the PMS 1-D and 2-D probes and visually
verified on the snow stick. Although generally observed while under cirrus
clouds, they have also been found with no cloud above the airplane. They may
form in moist layers high in the troposphere and fall to lower layers. In the
Arctic region, they fall to the surface and are called ""diamond dust.," In warmer
climates, they melt, evaporate, or are lost among other aerosols (fog, dust, sea
spray, pollution, and so on) before reaching the surface.

Although the purpose of these flights was to obtain data in clouds, there were

periods during which the airplane was in what appeared to be clear air, During

21, Barnes, A.A,, Jr, (1980) Ice Particles in Clear Air, Communications a la

VII{ éme Conference Internationale sur la Physique des Nuages, Vol, |
Clermont-Ferrand, France, 15-19 Julv 1980, pp 185-190.
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those times, there were occasions when particles were detected which indicated

the presence of subvisible cirrus.

During three short periods on 28 January (2115:00 to 2121:452, 2129:15 to
2132:15Z, and 2205:00 to 2208:152), the airplane appeared to be in clear air, yet
particles were detected, During the first and second, no small parficles
appeared on the ASSP, but a few larger particles (probably fallout from higher
clouds) typical of the second type of subvisible cirrus were recorded. During the
third period, the ASSP detected only a background of small particles typical of
the first type of subvisible cirrus,

On 29 January, from 1901:45 to 1919:00Z, the ASSP showed results similar
to those observed during the third period on 28 January but in addition, individual
particles were also detected by the cloud and precipitation probes.,

On 2 February (see Figure 36), from 2131:15 to 2157:00Z, no small particles
were detected by the ASSP, but some subvisible cirrus particles greater than
50 yum in diameter were recorded by the cloud probe., The density of 50—‘.111’1’

particles was 21 m-3. Particles greater than 100 ym had a density of 7 m‘j,

- 2
which is considerably higher than the 0,12 m 3 found by Barnes~! in a cloud-free
atmosphere at 53 km on 2 February 1980, using a modified 2-D precipitation probe,
The larger number of subvisible cirrus particles may be due to additional mois-

ture in the air due to the presence of visible clouds in the vicinity.,

8. CONCLUDING COMMENTS

The three cirriform cloud sampling flights of 28 and 29 January and
2 February 1979 have added considerably to the small base of such data now
available, The first and third flights were made in the vicini*~ .f bands of ¢irri-
form clouds ahead of surface systems and close to jet stream winds, In the [irst
case, the surface systems were intensifying, while in the third case, they were
weak and dissipating. The second flight was made through the t-.p portions of Cs
and Cc clouds at the top of an active surface storm,

The 28 January flight encountered a variety of types of cirvostratus, The
presence of larger particles at certain times during that flight indicate that aggre-
gation of smaller particles into larger particles was probably accurring, We
attribute this to the deépening of the low pressure areas to the south and west of
the sampling area,

The 29 January flight through the top of the storm provided quite high particle
counts, sometimes exceeding 300, 000 m-3. Even with this large nun.ber, how -
ever, the particle sizes were seldom greater than 1100 ym, while tvpical ice water
contents were near 0,03 g m-B. Since the tropopause was relatively low on this

day, we were able to acquire data at temperatures as low as -48"'C, The large

A0




number of particles detected may have been related both to their generation in or
near the storm and also to the fact that we were able to sample at colder locations
in the cloud than usually possible with the C-130,

The cirrostratus layers sampled on 28 January and 2 February were of dif-
ferent consistencies, although the in-flight meteorologist occasionally noted they
were both heavy or moderately heavy cloid forms, On the first day, with a
developing storm in the area, the largest particle sizes in two passes through or
along the Cs were near 1400 ym, while n ean IWC values were 1to 2 X 10_2 g m-3
and the median volume diameter was 130 to 140 ym,

The Cs on 2 February with only weak, dissipating surface systems in the
area, had maximum particle sizes near or less than 500 ym and a mean IWC of
7x1073 3
90 ym. Pass 10 on 2 February was considered by the mission director to be a

g m ° or less. Median volume diameters were also generally less than
sample of heavy Cs, while Passes 9 and 11 were through very thin cirriform
clouds. It is interesting that the largest particles detected, Lmax' in each of
these cases were not significantly different, The median volume diameters were
also near 55 um in each of the 3 cases, However, the number of particles, NT,

was much greater, 99, 000 m_3, in the heavy Cs case, while the thinner cirrus

examples had mean NT less than 13, 000 m_3. The larger particle count in the
heavy Cs case also resulted in a greater ice mass than in the cases of the thinner
cloud samples.

This is the first report in this series that has described and discussed total
particle counts (NT), maximum particle size (Lmax) and form factor (FF)., As
described above, the NT and Lmax aid considerably in efforts to characterize
particle data, The form factor has also been found useful in understanding the
variation of particle spectra. Form factor values in the relatively low range of
0.20 to 0.45 are frequently associated with approximately exponential decreases
of particle numbers out to sizes as large as 1000 to 2000 ym (in cirrus samples).
Values of FF above approximately 0,70 are often related to spectra that extend
only to particle sizes of 300 ym or less. Form factor calculations based on data
from less than about 10 spectrometer channels are less reliable and meaningful,
but a small number of cases indicates that, even here, high values of FF are
associated with abbreviated spectra,

Two types of subvisible cirrus were detected during these flights, A continu-
ous background of small particles was observed while in clear air during the first
two flights., Occasional larger particles were observed in clear air on all three
days,

Cirrus flights were conducted on the three davs immediately following the

2 February flight., The results of these flights will be discussed in a future report,
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Appendix A

28 January 1979 Data Tabulations

The example below explains the data format used in the tabulations that
fellow, The comuments provided are from notes made during the flight by the

mission director,

@g FED 79@ @15 SECOND V““‘? @ @

2
START ALT TENP IUC-SC INC-CP TWC T LHlX FF
TInE (3] € 6/Nee3 G/NMee3 X CLD UN N/Hee3
20:55:00 9.1 -38.7 .0016 .0038 99 35385 QJ? 44
20:55:15 9.1 -38.5  .0019  .0042 100 6] 52414 R Y ]
20555:30 f.t  -38.4 .002% .0050 99 49 58654 437 .5
20853:45 9.1 -38.4  .0016 .0052 99 77 39564 Y .4
20:34:00 9.1 -38.3 L0013 L0044 100 721 44072 i Lw
20:5631% 9.1 -38.6 L0013  .0037 100 70 34444 I .83
20:56:30 9.1 -38.8  .0020 .0043 99 84 32615 437 .58
20:56:4% 9.1 -38.8 .0014  ,0052 99 72 A3554 437 .63
20:57:00 9.1 -38.9  .0020  .0045 99 41 91803 37 .Y

1. Start time of sample. End was 14 sec later. Time in UMT.
2. Mean altitude of sample (km).
3. Mean temperature of sample (°C),
4, Date of sampling,
. 5. lce water content in g/m3 caleulated over 2 to 27-pm range of scatter

probe.




10.

11.
12,

Ice water content in g/m3 calculated over 26 to 4700-um range of cloud
and precip probes.

Duration of each sample (sec).
Percent of total ice water content of 6 determined from cloud probe only.
Median volume diameter of equivalently melted particles, (DU in the text)

Particle number total /rn3 over 47 to 4700 um size range, (The first
channel of the cloud probe is not used to compute this value.)

3

Greatest size having >1 particle m~ mm ™} (in um),

Form Factor (see text).
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Appendix B

29 January 1979 Data Tabulations

Tabulations follow the format described in Appendix A,
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Appendix C

2 February 1979 Data Tabulations

Tabulations follow the format described in Appendix A.
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Appendix D

List of Abbreviations

- Altocumulus

- Air Force Base

.

- Air Force Geophysics Laboratory

- Air Force Weapons Laboratory

- Altitude (above mean sea level unless otherwise specified)
- Airborne Radiation Technology

- Axial Scattering Spectrometer Probe

Cloud (or droplet) probe

P e § W YA T % o

- Temperature in degrees Celsius
- Cirrocumulus

- Cirrus

- Cirrostratus

- Medium volume diameter

- Form factor

- Geostationary Operational Environmental Satellite
- Grams per cubic meter

- Aircraft heading

- Indicated airspeed

- lee water content

- Kulometer

- Maximum particle diameter
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mb - Millibar

MSL - Mean sea level :
MST - Mountain Standard Time
NT - Particle Density ‘

1-D - One-dimensional particle measuring system

P - Precipitation probe ’

T ~ Temperature

TAS - True air speed

2-D - Two-dimensional particle measuring system

UMT or Z - Universal (or Greenwich) Mean Time

Z - Calculated radar reflectivity
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