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Highly Supercooled Cirrus Cloud Water: 
Confirmation and Climatic Implications 

Abstract. Liquid cloud droplets supercooled to temperatures approaching -40°C 
have been detected at the base of a cirrostratus cloud through a combination of 
ground-based, polarization laser radar (lidar) and in situ aircraft measurements. 
Solar and thermal infrared radiative budget calculations based on these observa- 
tions indicate that signiJicant changes in the atmospheric heating distribution and 
the surface radiative budget may be attributed to liquid layers in cirrus clouds. 

The meteorological classification of at- 
mospheric clouds is based on the mecha- 
nism of cloud formation, as reflected in 
their appearance and spatial structure, 
and these cloud categories are then sub- 
divided according to cloud altitude. 
Since temperatures decrease steadily 
with height in the troposphere, this 
grouping into low, middle, and high 
clouds is pertinent to the thermodynamic 
phase of the clouds under standard atmo- 
spheric conditions. Although water 
droplets can exist at temperatures well 
below P C ,  the probability that a super- 
cooled cloud will glaciate increases rap- 
idly with decreasing temperature, If 
cloud droplets are composed of pure 
water, a small drop will likely remain in a 
supercooled state until its temperature 
approaches the spontaneous freezing 
point of water, about -40"C, before ho- 
mogeneous nucleation occurs (I). How- 
ever, special particles, or ice nuclei, that 
are capable of initiating heterogeneous 
nucleation at much warmer temperatures 

measurable amounts, should be absent. 
Recent evidence provided by remote 
sensing observations, however, would 
indicate that cloud liquid water can exist 
in a highly supercooled state within the 
temperature range typical of at least the 
lower cloud regions of cirrus clouds (3- 
5). To account for these observations, it 
has been suggested that impurities from 
hygroscopic cloud condensation nuclei, 
such as ammonium sulfate, depress the 
homogeneous freezing temperature (3) 
and that ice nuclei derived from the 
earth's surface are uncommon at such 
great altitudes (4). 

A field research program, designed in 
part to test the hypothesis that highly 
supercooled water can be present in cir- 
rus clouds and can play a significant role 

are usually present in the atmosphere. " 8.9 
Measurements of natural ice nuclei in the 
lower atmosphere show a strong tem- 
perature dependence. Particles that are 
active at temperatures warmer than 
about -10°C are relatively scarce, but 

n 
with decreasing temperatures the con- m 

centrations of ice nuclei increase expo- 5 
nentially (2). .- 

'U 8.5 

Since the family of cirrus clouds oc- 
curs in the upper troposphere, even ex- 
tending to the tropopause where tem- 
peratures are extremely cold (-50" to 
-60"C), cirrus clouds are commonly 
thought to be composed of ice crystals. 
Indeed, it seems implicit in the definition 
of cirrus clouds that liquid water, in any 
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with a number of probes to measure the 
sizes and concentrations of both ice 
crystals and cloud droplets and to rou- 
tinely record other pertinent information 
such as the upward and downward fluxes 
of solar and terrestrial radiation (7). With 
the polarization technique used by the 
lidar, cloud droplets can be discriminat- 
ed from ice crystals through the use of 
the linear depolarization ratio 6, defined 
as the ratio of the backscattered laser 
power in the plane of polarization or- 
thogonal to the linearly polarized source 
divided by the backscattered laser power 
in the plane of polarization parallel to the 
source. This capability is a consequence 
of the principle that spherical particles 
(for example, cloud droplets) do not de- 
polarize the incident electromagnetic 
waves during single scattering, whereas 
nonspherical scatterers such as ice crys- 
tals introduce a depolarized component 
into the backscattering. 

Verification of the presence of highly 
supercooled cirrus cloud water was ob- 
tained from an approximately 2-km- 
thick, layered cirrostratus cloud on 17 
October 1983. The lidar returns indicated 
a liquid cloud signature at the 8.5-km 
base (above mean sea level) of the cirrus 
layer at 1735 G.M.T. (Fig. 1). The air- 
craft was subsequently directed to Sam- 

Fig. 1. Height versus time display of linear depolarization ratios generated from vertically 
pointing lidar measurements during the initial appearance of highly supercooled liquid water at 
the bottom of a 2-km-thick cirrostratus cloud on 17 October 1983. A gradual water-to-ice cloud 
transformation is shown by the decreasing stippling just above the cloud base. The cloud 
boundaries (dashed lines) derived from the 6 value analysis often do not correspond to the 
actual cloud boundaries, particularly in the presence of significant optical attenuation. 



ple the cloud base at a heading corre- 
sponding to the direction of a lidar eleva- 
tion-angle scan. Figure 2 depicts the re- 
mote and in situ data from these 
coordinated observations. In Figs. 1 and 
2 lidar 6 value isopleths for the lower 
cloud region are shown with the average 
6 value in each characteristically shaded 
interval. The lightly cross-hatched areas 
(6 = 0.5 2 0.05) are typical of pure ice 
clouds, and the 6 5 0.05 values shown 

by the solid areas correspond to a nearly 
pure water cloud. Intermediate values 
represent a mixed water- and ice-phase 
environment, and the gradient in 6 val- 
ues with height above the cloud base 
indicates a gradual transformation of 
cloud particles from the liquid to solid 
phase (8). Note, in Fig. 1, the alteration 
in ice cloud 6 values with the appearance 
of the liquid bottom layer, implying a 
change in ice crystal shape. 

1 I I I I I I I 1 I I 1 I 1 
0 2.0 4.0 6.0 8.0 10.0 

Range (km) 

Fig. 2. (a) In situ data for cloud droplets per cubic centimeter and ice crystals per liter. (b) Range 
versus height display of lidar 6 values derived from a 90" to 30' scan of the elevation angle, 
showing the gradual freezing of cloud droplets above the cirrostratus cloud base. The position 
of the aircraft relative to the cloud is shown by the heavy dashed line. 

Net  f l u x  ( W l m 2 )  N e t  heat ing  r a t e  (OC p e r  24  hou rs )  

Fig. 3. Radiative heating rate profiles for clear and cloudy atmospheres containing a 2-km-thick 
. cirrus cloud, with and without a 100-m-thick water layer at the cloud base. We obtained the net 

fluxes by adding the net solar and infrared fluxes; we derived the net heating rates from the net 
flux divergence, assuming a motionless atmosphere. A solar constant of 1360 W/m2, a surface 
albedo of 20 percent, and a sunlight duration of 12 hours were used in the computations, along 
with temperature and humidity profiles obtained from upper-air sounding data from nearby 
Denver, Colorado. The ice and liquid water contents of the clouds were 0.01 1 and 0.06 g/m3, 
respectively. 

The lidar and aircraft data collected 
during the period of coordinated mea- 
surements (Fig. 2) are generally in agree- 
ment (9). An in situ probe detected peak 
concentrations of 25 to 35 drops per 
cubic centimeter (mean diameter, 5 p.m) 
in cloud regions shown by the lidar to be 
of mixed phase composition (10). The ice 
crystals in these regions were probably 
too small to be detected by the airborne 
ice crystal probe, but minute crystals 
with dimensions of -50 km were mea- 
sured higher above the cloud base. Al- 
though the aircraft did not penetrate the 
cloud base areas corresponding to the 
lowest 6 values in this part of the flight 
leg, from 100 to 130 drops per cubic 
centimeter were measured at a range 
of 15 to 18.5 km. According to the air- 
craft records, liquid water was measured 
at temperatures between -35" and -36°C. 
In comparison with earlier reported air- 
craft measurements, the detection of 
such highly supercooled water is unique. 

In recent years there has been growing 
interest in the effects of cirrus clouds on 
the earth's climate and climatic changes. 
Various climate models have illustrated 
that cirrus clouds can profoundly affect 
the transfer of solar and terrestrial radia- 
tion fluxes through the atmosphere and 
thereby influence the temperature struc- 
ture of the earth-atmosphere system 
(11). In these models it was assumed that 
the ice crystals had simple shapes and 
that the clouds were composed entirely 
of ice crystals. However, modifications 
in the radiation balance caused by the 
presence of liquid droplets in cirrus 
clouds, and the related changes in the 
shapes of ice crystals nucleated from 
them, have not, to our knowledge, re- 
ceived attention. 

In order to investigate the possible 
climatic effects of highly supercooled 
liquid water in cirrus clouds, we have 
carried out radiative budget calculations 
based on the mean cloud contents ob- 
served by the aircraft. The calculations 
involved the transfer of both solar and 
thermal infrared radiation through the 
simulated cloudy atmosphere, and our 
earlier programs (12) were modified so 
that the internal fluxes in 500-m-thick 
layers within the cloud could be evaluat- 
ed. To examine the effects of a thin water 
layer on the radiative budget, vertical 
flux distributions were computed with 
and without the insertion of a 100-m- 
thick water layer into the model at the 
bottom of a 2-km-thick cirrus cloud. Mie 
scattering calculations for particle size 
distributions similar to those measured 
were performed to obtain the single scat- 
tering parameters. Corrections to adjust 
for the nonspherical shape of hexagonal 
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ice crystals were based on detailed scat- 
tering phase functions and extinction and 
scattering cross sections and were ap- 
plied at selected wavelengths in the solar 
and infrared spectra (13). 

Figure 3 depicts the net flux and heat- 
ing rate (per 24-hour interval) profiles for 
these two cloud models. The results for a 
cloudless atmosphere are presented for 
comparison. With regard to the atmo- 
spheric heating rates of the pure-ice cir- 
rus cloud, a significant cooling at the 
cloud top (-9OC per 24 hours) and a 
pronounced warming at the cloud base 
(-10°C per 24 hours) are apparent. With 
the insertion of the 100-m-thick bottom- 
water layer into the model, the cooling 
rate is enhanced by about 3°C per 24 
hours at the cirrus cloud top. Of more 
importance, however, is the greenhouse 
effect caused by an almost twofold in- 
crease in the atmospheric heating rate at 
the cloud base. With respect to the net 
flux, the thin water layer reduced the net 
flux available at the surface, the domi- 
nant factor determining the surface tem- 
perature, by - 12 W (about 15 percent) as 
compared to the pure ice cloud. 

It follows from these relatively simple 
calculations that, when compared to 
pure-ice clouds, water-containing cirrus 
clouds can significantly enhance the at- 
mospheric warming between the surface 
and the cloud base and, at the same time, 
can produce a cooling of the surface 
from the reduced downward solar flux. 
Although in these exercises we assumed 
that the cirrus clouds persisted for the 
24-hour period over which the net heat- 
ing rate calculations were averaged, it 
should be acknowledged that our mea- 
surements were insufficient to character- 
ize the cloud layer over such a time 
scale. Nonetheless, it is clear that the 
presence of even a thin water layer at the 
cirrus cloud base will modify the funda- 
mental radiative properties of the cloud, 
most notably the infrared emissivity and 
the solar albedo, and will therefore have 
an impact on attempts to model the cli- 
mate of the earth-atmosphere system. To 
aid in the determination of the requisite 
cloud microphysical inputs for future cli- 
mate models, it is of paramount impor- 
tance to obtain climatological data on the 
frequency and distribution of liquid wa- 
ter within cirrus clouds. It would appear 
from the findings reported here that 
ground-based observation programs can 
be used to provide this information. 
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Myosin: A Link Between Streptococci and Heart 

Abstract. Murine monoclonal antibodies to Streptococcus pyogenes reacted with 
skeletal muscle myosin. High molecular weight proteins in extracts of human heart 
tissue that reacted with an antibody to S. pyogenes also reacted with a monoclonal 
antibody to ventricular myosin. Adsorption of the antibody to streptococci with S. 
pyogenes simultaneously removed reactivity of the antibody for either S. pyogenes or 
myosin. These results indicate that myosin shares immunodeterminants with a 
component of S. pyogenes. 

Heart-reactive antibodies frequently 
have been associated with acute rheu- 
matic fever, a sequela of infection with 
Streptococcus pyogenes (group A strep- 
tococci) (1, 2). These antibodies have 
been reported in acute post-streptococ- 
cal glomerulonephritis and in uncompli- 
cated infections, although less frequently 
and in lower titers (2). Antibodies that 
cross-react with heart tissue and S.  pyo- 
genes and S .  mutans have also been 
produced in animals after immunization 
with these microorganisms, but direct 
evidence for a relation between the anti- 
bodies and the disease process has not 
been forthcoming (3-5). Nonetheless, 
with the advent of streptococcal vaccine 
studies (6),  the identification of the 
cross-reactive components of the strep- 
tococcus and human tissue has become a 
problem. 

Evidence has accumulated over the 
past 30 years suggesting that the cross- 
reactive antigens in both heart and strep- 
tococci are membrane-associated. This 
suggestion was made primarily because 
of the sarcolemmal fluorescence ob- 
served when antibodies from animals 
immunized against a group A streptococ- 
cus were reacted with heart tissue (3). In 

addition, the membranes of a group A 
streptococcus were found to be effective 
adsorbents of the heart-reactive antibod- 
ies in the sera of humans or immunized 
animals (3, 7). Skeletal muscle, thymus, 
kidney, liver, brain, and skin have also 
been reported to react with antibodies 
produced after streptococcal immuniza- 
tion or infection (8, 9). Other compo- 
nents of group A streptococci have been 
implicated in the cross-reactivity, includ- 
ing the type-specific M protein and the 
group-specific carbohydrate (10, 11). Al- 
though little attention has been given to 
the cross-reactive antigens of the host 
tissue, comparison of the structural rela- 
tion between group A streptococcal M 
protein and a-tropomyosin has shown 
that the two proteins share a similar 
seven-amino-acid residue periodicity 
that accounts for their high a-helicity 
(12). However, no immunologic cross- 
reactivity between streptococcal M pro- 
tein and tropomyosin has been con- 
firmed. 

A set of cross-reactive murine mono- 
clonal antibodies to group A streptococci 
and heart was produced and character- 
ized (13). Those monoclonal antibodies 
that were strongly reactive with compo- 




