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1. INTRODUCTION

According to the ISCCP definition, optically
thin ice clouds—cirrus, are those which have optical
depths (7) below 3.6. Thicker cirrus—cirrostratus,
have optical depths between 3.6 and 23. Each cirrus
type traps the same amount of long wave radiation
emitted from the earth’s surface (Hartmann et al.
1983, for 7 above and below 10). However, the
more numerous thin ice clouds reflect relatively
little incoming solar radiation whereas the opposite
is true for thick cirrus. The resulting net radiative
flux divergence (longwave minus shortwave) of thin
cirrus is positive whereas that of thicker cirrus is
negative (Hartmann et al., 1983).

Ice particle fallspeeds are central in determining
the longevity of ice clouds and therefore how they
influence the earth’s radiation budget. Particle
size distributions are not yet predicted directly in
climate models, ice particle fallspeeds in ice clouds
are parameterized using very general assumptions
about the shapes and size distributions of the
component particles. Furthermore, the fallspeeds in
models are not size dependent, but are represented
in terms of the ensemble mean particle fallspeed,
Vin. The V,, are represented in terms of a bulk
property of the PSD, the ice water content (IWC) or
the ice water mixing ratio. Asshown in Fig. 1, there
is a wide variability amongst V;,,-IWC relationships.
Figure 2 shows that there is a strong dependence of
the earth’s net radiation budget in climate models
on the assumed or parameterized V,,.
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Fig. 1: Relationship between V,, and IWC
from the investigators noted, for approximately the
temperature and pressure levels shown. Velocities
for the ECHAM 5 model (Lohmann and Karcher,
2002) assume pressure of 400 hPa, temperature -

40°C , and a number concentration of 0.1 ¢cm 3.
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Figure 2. Average net global flux divergence for the
period June, July, and August 1987 as derived by
the ECMWF model by C. Jakob (private communi-
cation). The horizontal line is the model control in-
tegration derived using the Heymsfield and Donner



(1990) V; vs. Xjwce representation. Figure from
Heymsfield and Iaquinta (2000), courtesy C. Jakob,
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In this study, we provide new information on

the particle size distributions (PSD) and IWC for
low latitude cirrus in the temperature range -40C

to -85°C . The PSD are measured using electronic
probes, augmented by data from impactor-type
probes to provide improved information in the size
range of 10 to 100 pum that is difficult to measure
with the electronic probes alone. We also show
that high concentrations of sub-micron solution
droplets may be present in cold, low latitude
cirrus in the vicinity of convection. Section 2
identifies the data sources and instrumentation. In
Section 3, we show the microphysical properties
and ensemble-mean fall velocities of low latitude
maritime, convectively generated clouds forming
either through deep convection or in-situ. Section
4 shows data from an aircraft icing event at low
temperatures. Section 5 summarizes the results.

2. DATA SETS AND INSTRUMENTATION

Data examined here were acquired in ice clouds
in low latitude, maritime locations with and with-
out continental influences. Recent data were col-
lected during the Cirrus Regional Study of Trop-
ical Anvils and Cirrus Layers Florida Area Cirrus
Experiment (CRYSTAL-FACE, 2002, Florida, here-
after CF), the Aura Validation Experiment (pre-
AVE, 2004, Costa Rica), the Aerosol and Chemical
Transport in Tropical Convection (ACTIVE, Dar-
win, Dec. 2005) and the Tropical Warm Pool In-
ternational Cloud Experiment (TWP-ICE, Darwin,
Jan.-Feb. 2006). flights that were conducted on 21
days in ACTIVE, nine days in CF, and one day in
pre-AVE. The primary sampling aircraft for CF and
pre-AVE was the NASA WB57F, and for Darwin
was the University of Flinders Egrett. The clouds
sampled were convective or perturbed by convection
in each experiment, except for thin to subvisual cir-
rus in pre-AVE and for a subset of clouds in CF.

Size-spectra measurements were obtained in
sizes from about 0.5 to 1,500 pm with Droplet
Measurement Technologies’ (DMT) Cloud Aerosol
and Precipitation Spectrometer (CAPS, Baum-

gardner et al. 2005) 2D-C type Cloud Imaging
Probe (CIP). The CIP resolution was about 25
pm.  “Reconstruction” of partially imaged parti-
cles increased the maximum dimension to 2,000 pm.
The Droplet Measurement Technologies’ Cloud and
Aerosol Spectrometer (CAS) on the CAPS mea-
sured PSD in the 0.5 to 50 pum size range in 30
bins, although only when small particles predom-
inate could the measurements be free of artifacts
produced by the breakup of large crystals on the
probes’ inlet. Data were averaged over 5 second
intervals, or about from 0.5 to 1 km of horizontal
flight distance.

Our video ice particle sampler (VIPS), an
impactor type device (Heymsfield and McFarquhar,
1996), augmented information on the PSDs and
particle cross-sectional areas in the size range from
10 to 200 pm. The VIPS was used to collect
data in thin cirrus during CF and pre-AVE at
temperatures -50°C and below, where significant
numbers of particles may have been below sizes
(~100 pm) adequately sampled by the imaging
probes and above the size range measured by the
CAS. The VIPS collects ice particles larger than 10
to 20 pm in size, and provides detailed imagery of
the particles with a resolution of a few microns. The
VIPS data analysis was done semi-automatically,
with the software trained manually and thoroughly
evaluated objectively.

Ice water content was measured directly by
total water content (TWC) probes, the University
of Colorado (CU) probe and the Harvard probe
(Weinstock et al., 1994). The Harvard probe is
more suitable for higher TWC sampling and is
used for most of the CF observations and those
during pre-AVE where the CU instrument was not
available.  Intercomparison of the the CU and
Harvard instruments in low IWC regions during CF
and a more recent field program (Mid-continental
Cirrus Experiment, MidCiX) suggest that the CU
instrument has better sensitivity at low IWC.
Accordingly, the CU instrument is used for low
temperature, low IWC regions during CF.

3. RESULTS



The maximum measured particle diameter of
the particle size distributions (PSDs), Dyuqz, gen-
erally decreased with decreasing temperature (Fig.
3). For temperatures above -50°C |, peak sizes in the
Darwin and CF clouds often reached the maximum
measurable diameter of 2 mm (Figs. 3a and b).
The D, 4. showed an increase from -70 to -85°C
for the Darwin data (Fig. 3a), which, because the
sizes were so large, signified that the cold clouds
sampled were increasingly the direct result of con-
vection. The results for the CRYSTAL-FACE data
set were similar, with the majority of points, in tem-
peratures from -50 to -70°C , having D4, that are
similar to the Darwin data. The lowest values of
Doz were observed in the thin cirrus (Fig. 3c).
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Figure 3. Maximum dimension of particles as

a function of temperature, for the a: Darwin,
b: CRYSTAL-FACE, and c¢: low temperature
CRYSTAL-FACE and pre-AVE data sets, using
data from the NCAR video ice particle sampler
(VIPS). Each point represents one 5-sec particle size
distribution. The number of points in each data set

are shown
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In the absence of deep convection, and with rel-
atively weak updrafts, the ice water content is given
roughly by the difference in the vapor density at wa-
ter and ice saturation, the Bergeron-Findeisen (B-
F) process. Homogeneous ice nucleation limits the
peak ice supersaturation to about 60%. Curves rep-
resenting the IWC-temperature dependence with
these criteria are plotted in each of the panels of
Fig. 4. The figure also shows the temperature de-
pendence of the observed IWC for each of the data
sets from Fig. 3. It is noted that the IWCs from the
Darwin data set (Fig. 4a) for temperatures -50°C
and below are one to two orders of magnitude higher
than the B-F amount. The median value of the IWC
increases from -70 to -85°C , from which it can be
concluded that the penetrations were in the imme-
diate vicinity of convection. The IWCs for Darwin
and CAF may be underestimated by a small amount
due to the absence of measurements above 2 mm in
size. The CF IWCs are lower than those from the
Darwin clouds, and in the mean are near the B-F
curve (Fig. 4b). For the thin cirrus, dominated
by clouds produced by weak, shallow updrafts, the
IWCs are bounded by the B-F amount (Fig. 4c).
Shown for comparison in Fig. 4c are IWCs derived
from the VIPS probe from CEPEX (Heymsfield and
McFarquhar, 1996), which are also bounded by the
B-F amount. From Fig. 4, we conclude that the
Darwin IWCs were mostly dominated by transport
from deep convection, many of the CF samples were
also dominated by convection, and the thin cirrus
were the result of in-situ generation.

Gamma equations of the form N = NyD#e P

were fitted to the PSD over sizes(D) measured by
the 2D probes, as in Heymsfield et al. (2002). The
slope of the PSD, J, is a strong function of temper-



ature (Fig. 5). The decrease in X values at temper-
atures below about -70°C in the Darwin data set
further supports the view that the low-temperature
Darwin samples were in clouds where particles had
recently been lofted from below. We found that A
for the Darwin data reached a minimum of about
40 cm~! and would have clearly been lower had a
probe been available to measure to larger sizes.
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Figure 4. Same as Fig. 3, except for ice water con-
tent. In a:, the IWCs are calculated from the par-
ticle size distributions and in b: and c:, the IWCs
are measured using the University of Colorado to-
tal water content probe. Curves representing the
Bergeron-Findeisen IWC amount, without and with
invoking homogeneous ice nucleation to cap the ice
supersaturation, are shown.

The gamma distributions fitted to the VIPS
data used a combination of CAS, VIPS, and CIP
data. In these instances, few particles were sampled
by the CIP to produce reliable gamma fits. The
A values are considerably higher than those from

Darwin and CF, signifying formation through in-
situ production.
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Figure 5. Slope of the gamma particle size distribu-
tion fitted to a:, b: particles in 2-D imaging probe
sizes, and c: to the entire PSD.

The median values of p from all three data
sets were nearly 0 for all temperatures, although
there is considerable scatter noted about the median
values (Fig. 6). There does appear to be a
tendency for i to increase slightly with temperature
in the CF and thin cirrus clouds. Nonetheless,
the observation that p is nearly 0 is important
because it suggests that the PSD can be represented

adequately by exponential functions, a feature of



the PSD that should simplify the development or

parameterizations at these low temperatures.
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Figure 6. Same as Fig. 5, except that the dispersion
w of the PSD is shown.

4. HIGH CAS CONCENTRATIONS:
AIRCRAFT ICING AT -50°C 7

On three occasions during the Darwin experi-
ment, the onboard scientist noted icing on the na-
celle, the casing of the aircrafts’ turbine engine that
covers the Egrett’s gearbox, generator, blade hub,
and other parts. The scientist noted icing following
gradual loss of airspeed, an event likely to be trig-
gered by the icing event. The temperatures were in
the -50 to -55°C range and were associated with
high concentrations of particles measured by the
CAS, of order 50 to 100 cm™3.

Fig. 7 shows a color rendition of the particle
size distributions observed on 9 December 2005
when the Egrett encountered two of the events:
One at 1512, and another at 1553 (local times).
Upon takeoff and landing, at 1400 and 1730, high
concentrations of particles, presumably aerosols,

were noted in the boundary layer. Also as noted
in the figure, high concentrations of particles
were observed in the 0.5 to 1.0 micron range,
amounting to a total concentration of order 100
em~3. Because most of the other twenty flight
days did not show such events and the times of
the high concentrations are consistent with the
report of icing, we conclude that highly supercooled,
concentrated haze droplets, in the 0.5 to 1 pum

range, were responsible for the aircrafts’ icing,.
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Figure 7. Rendition of particle size distributions
measured by the DMT CAS probe on the Egrett
aircraft at Darwin on 9 December 2005. Concentra-
tion is normalized for bin width, in units of m—%.

5. SUMMARY AND CONCLUSIONS

This study has sought to improve knowledge
of the properties of ice particle ensembles found in
cold ice clouds found in low latitude regions. The
following are some main points:

e The size distributions are approximately exponen-
tial

e The PSD slope decreases with temperature but is
strongly influenced by transport of condensate from
below in the convectively generated ice cloud layers.

e The IWCs in the convectively generated ice cloud
are one to two orders of magnitude larger than
those found in the thin cirrus, presumably formed
by weak uplift.

e Aircraft icing by highly supercooled, presumably
highly concentrated haze droplets was observed.
The temperatures were in the -50 to -55°C range.
This result may explain earlier observations of



aircraft icing in hurricanes at temperatures below
the point of homogeneous freezing of activated cloud
droplets.
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