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ABSTRACT

Current understanding and knowledge of the composition and structure of cirrus clouds are reviewed and
documented in this paper. In addition, the radiative properties of cirrus clouds as they relate to weather and
climate processes are described in detail. To place the relevance and importance of cirrus composition, structure
and radiative properties into a global perspective, we present pertinent results derived from simulation experiments
utilizing models with varying degrees of complexity, which have been carried out for the investigation of the
influence of cirrus clouds on the thermodynamics and dynamics of the atmosphere. In light of these reviews,
suggestions are outlined for cirrus-radiation research activities aimed toward the development and improvement
of weather and climate models for a physical understanding of cause and effect relationships and for prediction

purposes.
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1. Introduction

Cirrus clouds, which regularly cover about 20% of
the globe, have been identified as one of the major
unsolved components in weather and climate research
(Bretherton and Suomi, 1983). Because of high loca-
tions in the earth’s atmosphere, their detailed micro-
physical compositions have only recently been studied
through the availability of high flying aircraft equipped
with sophisticated instrumentation and remote sensing
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by means of lidar. However, convincing mechanisms
as to the formation and dissipation of cirrus as func-
tions of various temporal and spatial scales have not
been available either from the thermodynamic or dy-
namic viewpoint.

Unlike water clouds, high level cirrus, which contain
a significant amount of large, nonspherical ice crystals
having low concentrations, are normally optically thin
and nonblack. It has been recognized physically and
numerically that the influence of optically thin and
nonblack cirrus on the radiation field of the earth-
atmosphere system, and hence on weather and climate
components, depends on both the solar and thermal
IR radiative properties which, in turn, are modulated
by their compositions and physical locations in the at-
mosphere. The degree and extent of the so-called
greenhouse-versus-albedo effects involving cirrus will
lead to significant atmospheric differential cooling and
heating in vertical as well as horizontal scales. These
effects, along with cloud-radiation feedbacks, are rec-
ognized to be dominant modes in climatic perturbation
processes and appear to have a profound influence on
synoptic and global weather systems, at least in time
scales longer than three days. In this review paper, we
wish to document our current knowledge and under-
standing of the physical composition and dynamic
structure of cirrus and their radiative properties in re-
lation to weather and climate processes and in the con-
text of a global perspective.

In section 2, we present a global view of cirrus clouds
from a series of satellite IR cloud pictures. Next, the
composition and structure of cirrus clouds derived from
in situ observations and remote sensing are described
in detail in section 3, where we also introduce the
available cirrus cloud climatology. Radiative properties
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of cirrus clouds including aspects of light scattering,
radiative transfer and broadband flux observations are
then defined in section 4. In particular, solar heating
and thermal IR cooling profiles in cirrus cloudy at-
mospheres, along with the definition of the cirrus IR
emissivity, are physically discussed. In section 5, nu-
merical experiments that have been performed for the
investigation of the effects of cirrus clouds on the ther-
mal and dynamic structure of the earth-atmosphere
system utilizing one-dimensional, two-dimensional and
general circulation models are reviewed. In light of nu-
merical experiments which have been carried out in
past years, primarily for climatic perturbation studies,
prospective research activities aimed at a hopeful so-
lution to the intricate problems of cloud-radiation in-
teractions and feedbacks in weather and climate sys-
tems are suggested in the summary section.

2. A global view of cirrus from satellites

It has been recognized that cirrus clouds are global
in nature and are relatively stable and long-lived, re-
siding as they do in the upper troposphere and lower
stratosphere where they are mostly associated with
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large-scale weather disturbances. Several attempts have
been made to identify cirrus clouds from satellite cloud
pictures and correlate their activities with the general
circulation of the atmosphere (Erickson, 1974; Doswell
and Schaefer, 1976; Fraedrich et al., 1976; Wexler and
Skellman, 1979). In this section, we wish to describe
the formation and dissipation of cirrus clouds on a
global scale, based on GOES IR pictures, to place their
relevance and importance in weather and climate sys-
tems into proper perspective.

Depicted in Fig. 1 for this demonstration is a full
disc IR picture at 2345 GMT 23 February 1984. To
identify cirrus cloud cover, normal IR grey scales are
used, i.e., warmer areas are darker and cooler areas are
lighter. Since temperature normally decreases with
height in the troposphere, the whitest areas are assumed
to be high clouds. The facts that this is a Northern
Hemisphere late winter situation, that the polar regions
are generally outside the picture, and that the 2345
GMT picture is daytime minimize the chances that the
white areas may be associated with cold surface tem-
peratures.

It is quite clear that cirrus is indeed global in nature,
being present in all latitudes and without respect to

FIG. 1. Full disc IR picture at 2345 GMT 23 February 1984.
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land or sea or season of the year. Moreover, it is noted
that these clouds, as revealed from subsequent IR pic-
tures, are undergoing changes, sometimes significant,
In area coverage, thickness, texture and position. In
order to spotlight these changes, the principal cirriform
cloud systems presented in Fig. 1 will be described.
The most striking cirriform cloud feature is the large
spiral-comma-shaped pattern whose center position,
estimated by following the spiral cloud counterclock-

. wise and inward to regions of greater curvature, is ap-
proximately 800 km west of the Washington coastline.
The system is associated with a major surface cyclone
located just to the northeast of the cloud center. Lower
clouds and precipitation associated with the large-scale
rising motion exist under much of this high-cloud can-
opy. This cloud system runs parallel to and just slightly
south of the polar jetstream to 160°W and to the sub-
tropical jet upstream of this point.

To the north of this cloud band over the northern-
most areas of the Pacific, another bright cirriform area
is associated with-a complex of three surface lows and
associated frontal systems. Further to the west, the
leading edge of a large cirriform cloud mass is moving
into the picture, representing a major developing storm
off the coast of Japan. Moving southward from the
midlatitudes of the Northern Hemisphere, perhaps the
most impressive area of cirriform cloudiness in the en-
tire photo is seen over the Pacific Ocean between Ha-
waii and Mexico. This pattern is associated with a huge,
although rather weak trough aloft which is linked with
the subtropical jetstream that curves southward near
35°N, 160°W and loops down to near the equator be-
fore turning northeastward. The brightness of the cir-
riform clouds, coupled with light grey areas (middle
clouds) below, hints strongly of an active zone of
weather activity, although further east, broken, largely
transverse bands of cirriform clouds are spreading
eastward into Mexico. A

The equatorial area in Fig. 1 is characterized by
strong, predominantly diurnal convection over western
South America with much production of anvil cirrus
and a zone of Intertropical Convergence (ITCZ) that
extends, in very broken fashion, across the Pacific at
10°S. The most noticeable area of cirriform cloudiness
in the ITCZ is in the central Pacific. Here, a collection

of mesoscale and synoptic scale clusters of cumulo-.

nimbus, some embedded in areas of middle clouds, is
producing the brightest (coldest) cirriform cloudiness
in the picture. The area is moving slowly westward,
characteristic of many disturbances in the ITCZ, al-
though cirrus outflow indicates the presence of a trough
aloft over the area, which may be enhancing the de-
velopment.

In the Southern Hemisphere, the dominant cirriform
cloudiness is associated with the strong cold front that
extends north-northwestward from an occluded front
anchored in an intense low centered at 57°S, 140°W.
Other features of interest in the Southern Hemisphere,
which has a late summer circulation that is as intense
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as the late winter circulation of the Northern Hemi-
sphere, include a low pressure system that has been
cut off from the westerlies at 31°S, 104°W, character-
ized by some spiral shaped cirrus and middle clouds.
On the western edge of the picture, a weak cold front
with a thin cirrus band approaches New Zealand. Fi-
nally, to the north of this front, a band of cirrus stretch-
ing north-northwestward from 30°S, 165°E is asso-
ciated with a surface low at 19°S, 158°E and a shear
line aloft.

At this point, we have described the principal cir-

_riform cloud systems at 2345 GMT 23 February 1984;

the changes in these systems during the ensuing 48 h
will now be briefly noted. The cirriform cloud pattern
west of Washington depicted in Fig. 1 changes from
the well-defined spiral with the original surface low to
a disorganized, blotchy mass of less bright (warmer)
clouds during the dissipation-reformation process, and
finally to a redevelopment of brighter, more organized
masses coming together with the major storm devel-
opment (48 h later, as shown in Fig. 2).

A hugh cirriform spiral, characteristic of extratrop-
ical storms, developed from the large cloud mass in
the north Pacific that was associated with three surface
low pressure areas (Fig. 2). The thin line of cirrus on
the poleward side of the cold frontal band stretched
from 47°N, 135°W to 35°N, 154°W. This line is ad-
jacent to the polar jet stream which cuts across the
frontal zone near the west coast of central British Co-
lumbia. To the north of this intersection of jet stream
with frontal zone, the cirrus is less bright than the cirrus
to the south of the jet. Another major storm that boasts
a huge cirriform frontal band and a spiral center at
43°N, 161°E is also seen in Fig. 2. This is the same
storm that was just coming into view from the west in
Fig. 1.

The principal equatorial feature in Fig. 2 is the ITCZ
near 5°S stretching across the Pacific Ocean. This zone
is much better defined than in Fig. 1 because it is com-
posed of at least six synoptic scale areas of bright cu-
mulonimbus cloud clusters which generally move east
to west, In the Southern Hemisphere there has been
relatively little change in the 48 h period between Figs.
2 and 1 due to the fact that the 500 mb flow pattern
was initially a Rex-type blocking situation. Lastly, the
cirriform band of cloudiness near 55°S, 175°W in Fig.
2 is associated with a strong, new cold front beginning
to sweep northeastward.

In light of the aforementioned description, it is quite
evident that the formation, maintenance and dissipa-
tion of cirrus clouds are directly associated with large-
scale synoptic features and disturbances and in part
related to deep-cumulus outflows. While the mecha-
nisms are understood qualitatively, the quantitative
basis for their formation and dissipation has not been
physically resolved. In addition, the question of the

~ feedback of cirrus formation to the synoptic and deep-

cumulus systems through radiative perturbations as a
function of temporal and spatial scales and its relevance
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"FIG. 2. As in Fig. 1 except for 25 February 1984.

to weather and climate prediction is still open to sci-
entific speculation.

Finally, it should be pointed out that in the preceding
discussion, we have completely ignored the problem
of thin cirrus. We note that thin cirrus was reported
over Alabama in Fig. 1 by ground weather observers.
In the IR picture, this cirrus is barely seen as a thin
grey streak running north~south through the state. It
is clear that this type of cloudiness over data sparse
regions such as the ocean would often go unidentified.
It is also clear that the identification of thin cirrus by
using IR temperature techniques from satellites is ex-
tremely difficult, in view of the fact that they are far
from blackbodies. Certainly, the physical and dynamic
mechanisms for the formation and dissipation of glob-
ally distributed thin cirrus and their effects on weather
and climate systems are questions unlikely to be re-
solved without considerable research effort.

3. Composition and structure of cirrus
a. In situ observations

Weickmann (1945, 1947) was the first cloud phys-
icist to undertake the measurement of the composition

of cirrus in the atmosphere. Using the technique of
direct in-flight samplings by means of oil-covered slides
and, subsequently, microphotographs, he showed that
cirrus clouds are predominantly composed of columnar
crystals. In cirrostratus, crystals have a length of ap-
proximately 100 um and a width of about 40 um which
vary with temperature, duration of supersaturation,
and concentration. The concentration of ice. crystals
in cirrostratus clouds is about 100-1000 L™, In cir-
rocumulus, it was found that ice crystals are in the
form of bundles of incompletely built columns. The
length of one component of such a bundle is on the
average about 200-300 um with a width of 50-100
pm. According to Weickmann, the water content in
cirrus clouds is of the order of 0.01 g m™3 (see also
Aufm Kampe and Weickmann, 1957).

On the basis of snowflake replicas collected through-
out the world, Schaefer (1951) reported that cirrus
clouds result from spontancous nucleation and that
common crystal types in cirrus are the hexagonal plate
and column and the irregular or asymmetric crystal.
Evidently, there was a lack of investigation of the com-
position of cirrus clouds during the *50s and ’60s. It
was not until the early ’70s that the study of the mi-
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crostructure of cirrus clouds was carried out (Heyms-
field and Knollenberg, 1972). For the first time, the
optical-array spectrometers designed by Knollenberg
(1970) were used to make continuous particle size dis-
tribution measurements in cirrus on a routine basis.
The average ice crystal concentration for crystals longer
than 15 um in cirrus generating cells was found to be
10-25 L™!. The mean crystal length is 60-1000 um
with an ice water content of 0.15-0.25 g m™>. The pre-
dominant particle habits are found to be columns, bul-
lets, rosettes (75%) and plates (25%).

Hobbs et al. (1975) carried out a series of measure-
ments to explore the distribution and mass concentra-
tion of ice in cirrus clouds. An airborne optical ice
particle counter designed by Turner and Radke (1973)
was used to measure the concentration of ice particles,
and a continuous particle sampler with a metal foil
impactor was employed to collect and replicate the
cloud particles. The crystal shapes associated with cir-
rostratus, cirrocumulus and cirrus were found to be
columns, plates and bullets with sizes ranging from
about 100 to 1000 um. It is noted that many crystals
with sizes smaller than 100 um may be missed by the
sampling techniques. The ice water content observed
was from about 0.006 to 0.3 g m~>. On the basis of
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FIG. 4. Ice-water content as a function of temperature. Data from
Heymsfield and Platt (1984). The solid curve represents the best fit
to the data points.

their observations, cirrus clouds appear to be generally
associated with upper level troughs.

A series of in situ measurements of the microphysical
properties of cirrus clouds was also undertaken by
Heymsfield (1975a, 1977). In his 1975 paper, he re-
ported observations of ice crystal characteristics for
cirrus uncinus and cirrostratus. The predominant ice
crystal types found were polycrystalline bullet rosettes,
single bullets, banded columns, and plates. The ice wa-
ter content was found to be less than 0.02 g m™>. Strong
evidence for the temperature dependence of particle
sizes and concentrations was suggested. Typical particle
spectra for these clouds are depicted in Fig. 3. For the

. cirrus uncinus, we find a biomodal distribution with a

second maximum concentration peak at about the 500
um region. Also, based on this dataset, there are quite
a few relatively small crystals (~20-50 um) existing
in cirrus clouds which have not been previously re-
ported. Heymsfield (1977) also presented comprehen-
sive ice crystal data collected from stratiform ice clouds
associated with warm frontal overrunning systems,
warm frontal occlusions, closed lows aloft and the jet
stream. He illustrated that the ice water content and
mean length of the ice crystal (via the ice water content)
may be correlated with the temperature. Based on this
dataset, Heymsfield and Platt (1984) depicted param-
eterization equations for the ice crystal concentration
as a function of maximum dimension and temperature
for a 5°C interval from —20° to —60°C. The conclusion
derived from their analyses is quite significant from
the point of view of radiative transfer computations as
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well as the computation of ice content in numerical
models. What Heymsfield’s measurements (1977) tell
us is that temperature is the predominant factor con-
trolling the ice crystal size and the consequence of the
ice content. In Fig. 4 we use the data presented in Table
2 of Heymsfield and Platt’s paper and fit the observed
mean ice content as a function of temperature in the
form

In(OIWC) = —7.6 + 4 exp[—0.2443
X 1073(|T) = 20)**%], |7|>20. (3.1)

Thus, once the temperature for a given layer in the
atmosphere is given, the ice content for ¢irrus clouds
may be approximately evaluated if and when the cloud
is allowed to form.

In a series of reports, Varley et al. (1980) at the Air
Force Geophysics Laboratory presented observations
of typical habit and distribution of ice crystals found
in relatively thin cirrus clouds. Three instruments were
employed in addition to the replicas for the identifi-
cation of the shape and size of ice crystals in cirrus
clouds. These included a scatter probe that was devel-
oped for the sizing of spherical water droplets from 20
to 30 um and Knollenberg’s 1-D (26-312 um, 400-
4700 um) and 2-D (25-800 um, 200-6400 um) probes.
The predominant crystal form was found to be bullet
rosettes with a few plates and columns. The ice water
contents for thin cirrus and cirrostratus are, respec-
tively, on the order of 1073 and 1072 g m™>. Since the
scatter probe has been recognized to be an unreliable
detector for nonspherical ice crystals, it is appropriate

‘to assume that the sizes derived from this instrument
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did not correspond to the major dimension of the ice
particles. Their measurements confirm Heymsfield’s
observation that a large number of small ice crystals
on the order of 20-50 um exist in cirrus clouds. One
interesting fact which I noted from their synoptic anal-
yses was that at least some thin cirrus clouds are directly
related to high pressure systems. A summary of the
above mentioned aircraft observations is listed in
Table 1.

With respect to the aspect ratio (i.e., the ratio of
width to length) of ice crystals, Auer and Veal (1970)
presented a comprehensive analysis based on available
laboratory and field data for various types of ice par-
ticles. Heymsfield (1972) made an effort to relate spe-
cifically the major and minor axes of ice crystals oc-
curring in cirrus clouds. He derived a number of em-
pirical equations correlating the length (L) and width
(d) of bullet (b) and column (c) types for temperatures
below about —20°C. These are, respectively, given by
(L and d are in units of mm)

0.25L.%7, L <0.3 mm

= o (3.2a)
0.19L,°%%, L>03mm
0.5L,, L <03mm

= (3.2b)
02L%% L >0.3mm.

Next, we discuss the orientation problems concern-
ing ice crystals in cirrus clouds. Jayaweera and Mason
(1965) studied the behavior of freely falling cylinders
in a viscous fluid and found that if the ratio of diameter
to length is less than unity, cylinders would fall with

TABLE 1. Aircraft observations of the composition and structure of cirrus clouds.

Investigator Cloud type Synoptic condition Composition
- Weickmann (1945, 1949) cirrostratus, — column, bundle of columns
cirrocumulus L ~100-300 gm

Heymsfield and Knollenberg (1972) cirrus uncinus,
cirrostratus,

anvil

Hobbs et al. (1975) cirrus, cirrostratus

(~6-7 km)

Heymsfield (1975) cirrus uncinus

cirrostratus

Heymsfield (1977) stratiform ice

clouds

Varley et al. (1978-1980) thin cirrus,
cirrostratus

(~8-9 km)

IWC ~0.01 g m™

— bullet rosette, column (75%),
plate (25%)
L ~600-1000 um
IWC ~0.15-0.25 gm™

bullet, column, plate
L ~100-700 pm
IWC ~0.01-0.1 gm™

upper level trough, frontal
system

Temp. ~ —19-—58°C,
- strong wind shear

bullet rosette, column, plate
L ~20-2000 ym

IWC ~0.15-3gm™

L ~20~500 um

IWC ~0.01-0.15gm™3

bullet rosette, column, thick
plate

L ~300-600 um

IWC ~0.001-1 gm™

bullet rosette, column, plate
L ~20-2000 um
IWC ~0.001-0.05 g m™3

Temp. ~ —10-—60°C
frontal system jet stream

upper level trough high
pressure system
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their long axes horizontal. Observations by Ono (1969)
in clouds indicated that columnar crystals fall with their
major axes parallel to the ground, while plates fall with
their major axes horizontal. Platt et al. (1978) dem-
onstrated from lidar backscattering measurements that
ice crystals in cirrus clouds at approximately —15°C
are predominantly plates oriented horizontally. They
found that the return signal from ice crystals for ver-
tically pointing laser beams largely retains the polar-
ization state of the incident energy and that for this to
occur the plates must be perpendicular to the laser
beams. '

In view of the aforementioned reviews, we may con-
struct, to the best of our understanding, a general pic-
ture of the composition and structure of cirrus clouds
as follows.

1) There are several types of cirrus clouds, including
thin cirrus and contrails, cirrostratus and cirrus un-
cinus.

2) Their base heights in the earth’s atmosphere vary
greatly with respect to seasons and localities, but gen-
erally range from 4 to 15 km or so with their cloud
base temperatures below about —20°C (see also Ap-
pleman, 1961, and further discussion in subsection 3d).

3) Cirrus clouds are composed of predominantly
bullets, columns and plates. The fact that halos and
sundogs were frequently reported from the aircraft ob-
servations reveals that these particles must have a basic
hexagonal structure.

4) The ice crystal size distributions vary greatly in
cirrus clouds. But for the purpose of radiative transfer
calculations, the mean distributions, depicted in Fig.
3 for cirrostratus and cirrus uncinus, are useful.

5) The ice water contents for various types of cirrus
clouds may be described by Eq. (3.1) in which they are
correlated with the temperature of the cloud.

6) A majority of ice crystals in cirrus clouds seem
to be horizontally oriented with their longer axes par-
allel to the ground.

7) The aspect ratio of bullets and columns in cirrus
may be defined by Eq. (3.2).

8) Cirrus (<1 km) and cirrostratus are probably as-
sociated with either high pressure systems or upper level
troughs. Cirrus uncinus are related to either mesoscale
or larger-scale synoptic disturbances.

b. Remote sensing
1) ACTIVE REMOTE SENSING

The utilization of lasers for atmospheric soundings
has increased quite rapidly in recent years. The ability
to generate very narrow beams and short pulses allows
for the atmospheric application of lasers even in day-
light. Also, the output of the laser in general contains
a high degree of coherence in a well-defined polariza-
tion state, permitting additional atmospheric param-
eters to be measured. The state-of-the-art of laser de-
velopment has led to the development of lidar systems
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that use the scattered signal of a laser beam from the
atmosphere to identify atmospheric properties by var-
ious scattering and absorption processes. One of the
applications of lidar systems has been associated with
cloud detection. It is noted that with low and middle
clouds, many of the attractive advantages of laser beams
are substantially degraded due to strong attenuation
by multiple scattering and/or absorption of cloud par-
ticles. :

One of the advances in cloud detection through th
use of lidar systems has been the identification of ice
and water from the backscattered depolarization signal.
Liou and Lahore (1974) and Sassen (1974) demon-
strated in theoretical and laboratory settings that non-
spherical ice crystals will generate a significant com-
ponent of cross-polarization from a polarized incident
beam whereas spherical water droplets largely retain
the polarization state of the incident radiation. Field
studies by Sassen (1977), Pal and Carswell (1977), Derr
et al. (1977) and Platt et al. (1978) demonstrated quite
convincingly the feasibility and applicability of ice—
water discrimination from ground-based lidar systems.
Sassen (1977) also illustrated the potential of the de-
polarization technique for the identification of various
types of ice crystals and snowflakes. More recently,
Spinhirne et al. (1983) employed the backscattered de-
polarization technique to observe the thermodynamic
phase of cloud particles at the cloud top from a lidar
system on board a high-flying WB-57F aircraft. Their
analysis also demonstrated the potential usage of a
space-borne lidar for the detection of thin cirrus. It
appears that a satellite-borne lidar system would be
quite useful for a precise determination of the top and
base heights of cirrus clouds over the globe.

However, in terms of the inference of the compo-
sition of cirrus clouds, the success of utilizing lidar sys-
tems appears to be quite limited. This is owing to the
fact that on one hand, cirrus clouds are composed of
a mixture of several types of ice crystals with varying
degrees of external complexity and on the other, theo-
retical understanding of the scattering and polarization
of nonspherical and irregular ice crystals is insufficient.
While there still appears to be room for improvement
in the theoretical analysis and laboratory experiments,
it is not entirely clear whether lidar backscattering and
polarization techniques could be developed for appli-
cations to the inference of the shape and size distri-
butions of ice crystals. In any event, this brief discussion
suffices to indicate the limitations of any single remote
sensing system.

Nevertheless, lidar systems are ideal tools for mon-
itoring the precise position of cirrus clouds, including,
perhaps, invisible cirrus, with respect to their base and
top heights and possible layer structure. For that matter,
they are also useful for the detection of the base heights
of all other clouds. Shown in Fig. 5 is a display of the
backscattering returns for a cirrus cloud (courtesy of
K. Sassen) from a ruby lidar. The cirrus involved is a
thick cloud, but the ruby laser was able to penetrate
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FIG. 5. Backscattering returns of a ruby laser beam from a cirrus
cloud (courtesy of K. Sassen). Py and P, denote, respectively, the
parallel and perpendicular components with respect to the incident
beam.

through the cloud all the way to the cloud top which
is located at the tropopause. The backscattered laser
beam identifies the cloud base at 7.15 km from both
parallel and perpendicular components. The sub-layer
structure is clearly illustrated in this graph. The fact
that the depolarization ratio, defined as the ratio of the
returned parallel power to the perpendicular power, is
greater than ~0.3 reveals that ice crystals are predom-
inant in various cloudy layers. The strong backscat-
tering signal (parallel) coupled with a small depolar-
ization ratio suggests that this layer cloud was probably
composed of horizontally oriented ice crystals, pre-
sumably plates.

In light of the foregoing discussion, it is evident that
the detection of cloud positions, especially in the case
of cirrus clouds, by means of lidar systems on a routine
basis when coupled with conventional cloud observa-
tions would enhance the reliability of cirrus cloud cli-
matology from the point of view of the vertical struc-
ture. This conclusion is also supported by the fact that
it is very difficult to derive reliable and precise infor-
mation on the cloud position, particularly the base
height, from the presently available sounding units on
board satellites. Progress in the area of remote sounding
of cirrus clouds from satellites will be discussed next.

2) PASSIVE REMOTE SENSING

Orbiting meteorological satellites provide a unique
opportunity for observing the earth and the atmosphere
globally and on a routine basis. The global cloud pic-
tures from IR emission illustrated in Figs. 1 and 2 serve
as good examples of estimating the cloud cover qual-
itatively based on visual inspection. However, because
of the great variability of the optical properties of high
cirrus clouds, it is extremely difficult to obtain accurate
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information about their geographical distribution using
conventional visible and IR radiometers. There are two
problems encountered in the mapping of clouds. One
is concerned with the horizontal cloud cover while the
other is associated with the inference of the vertical
structure of clouds. As will be discussed below, both
cloud parameters are equally important in the radiation
field of the earth-atmosphere system and, hence, in
weather and climate processes.

In recent years, with the advent of multichannel im-
agery such as the Advanced Very High Resolution Ra-
diometer (AVHRR) and the great increase in computer
power, it has become possible to utilize objective tech-
niques to extract cloud amount as well as some vertical
cloud parameters. With the growing interest in devel-
oping a cloud climatology, there are now a number of
techniques available for extracting cloud cover param-
eters from the satellite measurements. These techniques
can generally be divided into two classes. One uses ra-
diative transfer calculations coupled with a threshold
test for the detection of cloudy pixels (e.g., see Rossow
et al., 1983), while the other is based on the identifi-
cation of clusters in multidimensional radiance space
formed by one or more channels (e.g., see Coakley and
Bretherton, 1982). These techniques normally assume
that clouds in the infrared are blackbodies, however.

In a recent paper by Barton (1983), data from two
narrow-band channels in the H,O-CO, 2.7 um band
on board Nimbus 5 were analyzed to yield the high
cloud cover and height information. The advantage to
using this absorption band is that because of strong
absorption no radiation reflected by the surface or low
and middle clouds is detected by the radiometer, except
clouds higher than 6 km. Figure 6 depicts the seasonal
zonal average distributions of the occurrence of high
clouds, presumably cirrus clouds, for a period from
December 1972 to February 1975 derived from Bar-
ton’s study. The region of maximum high cloudiness
occurs just north of the equator, except in the Southern
Hemisphere summer. The zonal distribution for the
winter season has the same feature as the other seasons.
However, the maximum and minimum patterns shift
10° to the south. Also, relatively high cloud-free regions
are seen to exist near 25°N and 20°S.

Research advances have been made on remote sens-
ing of the vertical structure and amount of clouds, em-
ploying sounding radiometers. Smith and Woolf (1976)
presented a statistical covariance method for inferring
the cloud altitude and amount using the HIRS data.
McCleese and Wilson (1976) and Chahine et al. (1977)
demonstrated that cloud heights and amounts can be
recovered using infrared frequencies in the CO, ab-
sorption bands. Feddes and Liou (1978) derived the
ice and water content of high and middie clouds from
parameterization of Nimbus-6 HIRS data using a
combination of water vapor and carbon dioxide chan-
nels. Liou (1977), in particular, proposed a theoretical
retrieval technique to infer the cirrus cloud amount
and thickness by means of four radiance measurements
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~ in the 10 pgm window region. More recently, Yeh and
Liou (1983) developed a sounding technique based on
a parameterization of the infrared radiance transfer for
the retrieval of high cloud top height and thickness.
Utilizing the concept of adjacent channels in the 15
um CO; band, similar to that discussed by McCleese
and Wilson (1976), and combined with the 6.7 um
H,0 band, which has the peak of the weighting function
in the vicinity of cirrus clouds, Yeh and Liou dem-
onstrated some success in the derivation of cirrus top
height and thickness under overcast conditions. Curran
and Wu (1982) developed a technique for remotely
determining cloud-top thermodynamic phase and par-
ticle size utilizing the measured reflection functions at
0.83, 1.61 and 2.125 pm from multichannel scanning
radiometers on Skylab during December 1973.
Whether such a technique could be employed for rou-
tine observations from a satellite point of view should
be explored.

It is conceivable that sounding techniques for the
inference of the cirrus top and thickness over the globe
in conjunction with the cirrus cloud cover climatology
described below may be developed in the future for
operational purposes. In conjunction with this, the re-
trieval program developed by Yeh (1984) appears to
shed some light on the possibility of determining cirrus
cloud parameters from satellites.

¢. Dynamic formation of cirrus

In section 2, we pointed out that cirrus cloud systems
are normally associated with synoptic and mesoscale
disturbances and partly related to deep-cumulus out-
flows. Our day-to-day experience shows us that cirrus
clouds have a fibrous appearance. It is also noted that
most extensive cirrus sheets are associated with frontal
systems or formed as a widespread anvil cloud remains
when the cumulus has dissipated.

Ludlam (1948) first attempted to explain the for-
mation of cirrus uncinus from a thermodynamic point

of view. Since ice clouds are generally formed at sat-
uration humidities with respect to water and are there-
fore at a considerable supersaturation with respect to
ice, ice particles grow rapidly on a relative sparsity of
effective nuclei and achieve high fall velocities. Because
of the wind shear, the typical form of cirrus uncinus
appears as a trail of precipitation. Furthermore, Ludiam
(1956) described a qualitative mechanism for the con-
tinuous generation of ice crystals in localized regions.
It was suggested that crystal growth in the ice crystal
trails warms the surrounding air due to significant latent
heat release. Convective bubbles of the warmed air then
rise out of the trails which form fresh clouds after as-
cending a few hundred meters adjacent to the head of
the trail.

Conover (1960) discovered that the most pro-
nounced cirrus bands frequently occur in southwesterly
flows adjacent to the jet stream core on the warm side.
The cloud region stretches over a narrow area 45-65
km wide and several hundred kilometers long, and it
is found that the cirrus bands parallel certain high-
level temperature discontinuities. Reuss (1967) found
that cirrus bands are formed at the boundary between
two air masses of different temperatures and are located
just above the layers of strong vertical wind shear. The
vertical structure of cirrus clouds was not discussed in

“these two papers.

The mechanisms for the formation of cirrus uncinus
clouds, in connection with their shape and extent, were
investigated by Yagi et al. (1968). Using observations
by stereophotographs which were analyzed by a trig-
onometric method, they explained that the movement
and elongation of cirrus uncinus were due to the pre-
vailing vertical wind shear at the cloud level. Also, they
pointed out that the horizontal component of the
comma-shaped cirrus could not be explained without
consideration of the temporal and spatial variations of
the vertical wind shear at the cloud level. Harimaya
(1968) constructed a microphysical model coupled with
assumed horizontal winds to quantitatively compute
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the shape of cirrus uncinus. Based on numerical com-
putations, he concluded that the shape of cirrus uncinus
depended on the mass of ice particles (but not so much
on the ice crystal shape) and the vertical wind shear.
Although his model did not include an interactive dy-
namic formation, it was, nevertheless, a first modeling
attempt for cirrus clouds. Yagi (1969) further examined
the detailed synoptic conditions at the cirrus cloud
level, using available radiosonde data and stereopho-
tographs. He found that at the top of cirrus clouds
there was a layer with a dry adiabatic lapse rate and
vertical wind shear and that above the cloud there was
a stable layer which prevents further growth of the
cloud. In the case of cirrus uncinus, the trail was in a
stable layer, whereas in the case of spissatus and fiblatus
clouds, the lower part was quite unstable. From his
analysis, it appears that the static stability in the lower
part of the cloud plays a significant role in the shape
and extent of cirrus clouds. However, in situ cloud
physics and dynamic observations were not available.

Based on comprehensive aircraft measurements of
the temperatures, horizontal wind velocities and par-
ticle spectra at different altitudes, Heymsfield (1975b,c)
suggested several plausible physical mechanisms for the
formation of cirrus uncinus clouds. For cirrus uncinus
oriented perpendicular to the direction of the winds,
there appears to be a layer of lifting along which con-
vective cells develop. For isolated cirrus uncinus, there
seems to exist a stable layer below the cirrus head region
where wave motions generate disturbances from which
convection occurs. In addition, Heymsfield argued that
there are two different mechanisms for the maintenance
of “long-lasting” cirrus uncinus clouds (on the order
of several hours). One of these is the local cooling in
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the trail of the cloud due to evaporation of ice crystals.
Also, due to the convergence with positive wind shear
and divergence with negative wind shear, which is as-
sociated with the downdraft of an existing generating
cell, new cells may be produced. A conceptual model
of the cirrus uncinus cloud is depicted in Fig. 7 for
reference purposes.

It is quite evident in light of the foregoing discussions
that the activities of cirrus clouds are of subgrid scale
in'large-scale numerical models in terms of the hori-
zontal extent as well as the vertical thickness. Conse-
quently, their formation and dissipation will need to
be parameterized in numerical models.

In terms of modeling, Starr (1984) recently designed
a two-dimensional model specifically for the simulation
of the evolution of cirrus clouds. Parameterizations of
the vertical velocity of ice crystals, sublimation and
evaporation between ice and vapor were carried out.
In addition, the eddy terms were expressed in terms of
the large-scale diffusion. Depicted in Fig. 8 are contour
maps of the ice-water mixing ratio field during a sim-
ulation of thin cirrus cloud layers from their model.
The maximum ice-water contents shown in these
graphs are on the order of 1073 g m™3, close to those
observed by Heymsfield and Varley sited previously.
His simulation results are quite encouraging in view
of the fact that many physical and dynamic simplifi-
cations were utilized in the model! development, Starr’s
model was structured with a very fine spatial scale (on
the order of 1 km) and the cloud cover was not spe-
cifically computed in the model. The manner in which
some of the ideas expressed in his work could be utilized
in connection with the cirrus cloud formation in gen-
eral circulation models requires in depth study.

~— WIND DIRECTION

~—— GROWTH
\ \ REGION

CLOUD BECOMES WISIBLE
NUCLEATION LEVEL
UPDRAFT BEGINS HERE

STABLE LAYER

EVAPORATION REGION

FIG. 7. A conceptual model for the cirrus uncinus cloud. (After Heymsfield, 1975b.)
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To the best of my knowledge, no specific effort has
been made to incorporate a physically based cirrus
cloud formation scheme into a GCM. However,
Sundgqvist (1978, 1981) proposed a numerical model
for nonconvective condensation processes, intended for
incorporation into GCMs, in which the liquid water
content as a prognostic variable was introduced. It ap-
pears that some of the parameterization processes for
evaporation and condensation could be of use to cirrus
cloud applications. In order to gain some physical in-
sight into the parameterization requirements of an in-
teractive cloud formation scheme in large-scale weather
and climate models, it seems appropriate to present
the basic equations governing the specific humidity ¢
and the mixing ratio of cloud water /. In the absence
of ice related processes, these are given by

dpq

A\
Y + pVg

~ 200+ 21~ nE + E) - V0VE (33)
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+ V.pV
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= nQ—pP“%(l ~ ME,—V-pVT. (3.4)

2
L

In these equations, p denotes the density which is
needed for the height coordinate, V the vector velocity,
L the latent heat, n the cloud cover, Q the heating rate
due to condensation, E,/L and E./L the evaporation
rates for rain drops and cloud drops, respectively, P
the precipitation generation rate, and V¢’ and VT the
eddy fluxes for the specific humidity and the mixing
ratio of cloud water, respectively. -

In Sundqvist’s pioneering work, the last term in Eq.
(3.3) was neglected and the vertical eddy for cloud water
was expressed in terms of its average terminal velocity.
Also, the large-scale wind field was prescribed in the
model using GCM results. The precipitation rate was
parameterized in terms of the cloud water which fol-
lowed the ideas presented by Kessler (1969) and Ogura
and Takahashi (1971) for the modeling of mesoscale
convective clouds. Moreover, the evaporation rate for
rain drops was assumed to be proportional to the square
root of the precipitation rate for cloud particles, while
the evaporation rate for cloud drops was neglected. Fi-
nally, it is noted that Sundqvist did not include an
interactive radiation scheme in the thermodynamic
equation and assumed a critical relative humidity of
80% to compute the cloud cover. The spatial and tem-
poral distribution of radiative heating and cooling rates
will affect the humidity and cloud fields indirectly via
the large-scale wind field. For applications to cirrus
cloud formation, the terms involving Q, E,/L, E;/L
and P should be changed and expressed for ice crystal
conditions. Processes associated with deposition, sub-
limation, melting and freezing need to be parameter-
ized in terms of the specific humidity and ice content
mixing ratio along with other relevant large-scale vari-
ables. The coupling of the cirrus—moisture model with
appropriate dynamic settings for cirrus cloud formation
is certainly a research area of considerable challenge.

The success of forming cirrus clouds in weather and
climate models based on physical principles critically
depends on the availability of cloud cover, cloud height,
cloud liquid water content and cloud particle data over
time and spatial scales compatible with the models.
With the increasing availability of global cloud data,
for example, from the International Satellite Cloud
Climatology Project (ISCCP) and the additional cloud
physics and radiation data for cirrus to be obtained
from the First ISCCP Regional Experiment (FIRE), we
envision the opportunity for a quantum advance in
our knowledge and understanding of the dynamic for-
mation of clouds in general, and cirrus in particular,
in the context of weather and climate models during
the next five years or so.
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d. Cirrus cloud climatology

As will be discussed in section 5, clouds may be con-
sidered to be the most important parameter controlling
the heat budget of the earth-atmosphere system and,
hence, its climate. Reliable and detailed cloud infor-
~ mation on a global scale is therefore required for the

construction of weather and climate models and for
the understanding of weather and climate processes.
In recognition of the relevance and significance of cloud
climatology data to climate problems, the International
Satellite Cloud Climatology Project has been estab-
lished (Schiffer and Rossow, 1983) to provide a five-
year global cloud cover climatology from satellite ob-
servations, commencing in 1984. Undoubtedly, this
project will eventually produce a comprehensive cloud
(including cirrus) cover climatology for weather and
climate research.

However, the most widely used cloud climatology
at present is that developed by London (1957) who
compiled available surface cloud observations back in
the *30s and ’40s. The two primary merits of this cli-
matology are that it provides the zonal distribution of
clouds by type and height for the Northern Hemisphere
in addition to the distribution of the total cloud cover
amount. Clouds were divided into six types which in-
clude high clouds (Ci, Cs), middle clouds (As, Ac), low
clouds (St, Sc), cumulus, cumulonimbus and nimbo-
stratus. In Fig. 9 the cloud base heights for these six
types as functions of latitude are depicted along with
their thicknesses and mean annual cloud cover. It is
noted that cirrus base heights vary with latitude but
their thicknesses are fixed at 1.7 km. It is fortunate that
we have London’s cloud data for climate studies.
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However, it is unfortunate that these are the only com-
plete cloud data that are available for use by the sci-
entific community at this time. We also note that Sas-
amori et al. (1972) gave the fractional cloud cover in-
cluding cirrus for the Southern Hemisphere.
Collections of cirrus cloud climatologies over specific
regions were described by Appleman (1961) in a WMO
report. Data include the frequency of occurrence, cloud
base heights and thicknesses obtained from the Inter-
national Cloud Year (ICY) of 1896-97 and reported
over Great Britain, the United States, Canada and
Western Europe in the *50s. The cirrus heights vary
with latitude and season and are comparable to those
presented by London. The reported mean thickness of
cirrus cloud layers is between about 1-2 km. In Lon-
don’s data, the cirrus thickness is set to be 1.7 km re-
gardless of the latitude and season. The data described
and analyzed by Appleman are largely limited over
land areas and no attempt was made to derive a global
cirrus distribution. )
Recently, Woodbury and McCormick (1983) re-
ported the spatial extent and frequency of cirrus clouds
analyzed from SAGE (Stratospheric Aerosol and Gas
Experiment) extinction data over a 15 month period.
The SAGE experiment utilizes the solar occultation
technique. The analysis separates cirrus cloud obser-
vations into cirrus and thin cirrus based on the observed
extinction values from the satellite experiment. SAGE
cirrus results were then compared with data presented
by Hahn et al. (1982) based on surface observations.

~ Comparisons showed significant differences between

two independent datasets. In view of the fact that the
surface observations generally underestimate cirrus
cloud cover and that SAGE cirrus results require ap-
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FIG. 9. Zonally averaged climatology of cloud type, cover and thickness, including cirrus,

for the Northern Hemisphere.
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propriate validations, it is not surprising to find these
differences. The cirrus results derived from SAGE are
quite interesting and significant, especially for thin cir-
rus clouds which are frequently missed by surface ob-
servations. Also, as pointed out in subsection 3b,2, thin
cirrus clouds are extremely difficult to detect from the
satellite sounding units currently available. Woodbury
and McCormick (1985) extended their analysis to cover
the time period from February 1979 to November 1981
and to provide not only the zonally averaged cirrus
cloud cover but also the cirrus global distribution. It
seems that SAGE data should be carefully analyzed
with respect to the frequency of occurrence and posi-
tion of thin cirrus clouds so as to compliment other
cloud climatology efforts.

Although evidence for changes in global average
cloudiness does not exist at present because of the lack
of proper cloud climatology data, there may exist ev-
idence that more localized cloudiness has increased.
Machta and Carpenter (1971) reported on secular in-
creases in the amount of high cloud cover in the absence
of low or middle clouds at a number of stations in the
United States between 1948 and 1970. It has been sug-
gested (Machta and Carpenter, 1971; Changnon, 1981)
that there may be a link between this increase in cloud-
iness and the expansion of jet aircraft flights in the
upper troposphere and lower stratosphere in the lati-
tude range between 30° and 65°N. While it is not the
prime objective of this review to speculate on the pos-
sible increase in cirrus cloudiness, if this link does exist,
however, such an increase may have serious implica-
tions for the radiation balance of the earth-atmosphere
system and a consequent impact on the planet’s cli-
mate.

4. Radiative properties of cirrus clouds

To begin the discussion on the radiative properties
of cirrus clouds, we shall first describe the optical prop-
erties of ice. The index of refraction for ice generally
varies in two directions for extraordinary and ordinary
waves. However, for all practical purposes, in atmo-
spheric light-scattering and radiative transfer studies,
it suffices to use the index of refraction corresponding
to the extraordinary wave.

The real and imaginary parts of the refractive index
of ice were comprehensively tabulated by Irvine and
Pollack (1968) based on available laboratory measure-
ments prior to that year. Schaaf and Williams (1973)
measured the absorptivity and reflectivity of a film of
ice at —7°C in the wavenumber range 5000 to 300
cm™! and derived the real and imaginary parts of the
refractive index. More recently, Warren (1984) carried
out detailed compilations and analyses of the real and
imaginary parts of the refractive index of ice at ~7°C
temperature for wavelengths A < 167 um, which should
be valid for use at temperatures between —60° and
0°C. Shown in Fig. 10 are the graphs for these values.

KUO-NAN LIOU

1179

~—r—r——

REAL

e 4
o N o> ® O

LAYV S

INDEX OF REFRACTION
o
™

IMAGINARY

10°¢
[ |
'o'B.
A —
10? 10 10?

WAVELENGTH {um)

FIG. 10. Real and imaginary parts of the refractive index of ice in
solar and thermal infrared wavelengths. (After Warren, 1984 with
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The real part is seen to vary from 1 to about 1.7 for
wavelengths of interest to atmospheric energy studies.
The imaginary part which is associated with the ab-
sorption coefficient, on the other hand, varies greatly
with the wavelength. At 0.9 pm, it is about 1076, but
at 3 um, a value of 0.75 is seen. It is also noted that
ice exhibits relatively strong absorption at about 1.6
pm where water shows a minimum absorption. Because
of the rapid variations in the absorption coefficient of
ice, care must be taken in the radiative transfer analysis
covering the entire solar and thermal infrared spectral
regions.

a. Light scattering by ice crystals

In accordance with in situ observations noted in sec-
tion 3, cirrus clouds are largely composed of nonspher-
ical bullets, columns and plates. Unlike the scattering
of light by spherical water droplets, which is governed
by the so-called Mie solution, the light scattering and
polarization characteristics of these nonspherical ice
crystals are largely unknown. In addition, the sizes of
these ice crystals range from 10 to 1000 um, which are
comparable to or larger than the typical emission
wavelength in the thermal infrared region of the earth-
atmosphere system and will therefore affect the transfer
of thermal infrared radiation.

Since columnlike crystals are frequently observed,
a first approximation to model these particles has been
to use circular cylinders for light scattering investiga-
tions. Basically, exact far field analytic solutions may
be derived and numerically computed from the elec-
tromagnetic wave equation in cylindrical coordinates
(infinite in the z-direction) for arbitrarily oblique in-
cidence (e.g., sce Kerker, 1969; Liou, 1972a). Liou
(1972b) made the first attempt to model the single-
scattering properties of ice clouds utilizing the scattering
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solution for long circular cylinders. Ice cloud models
containing preferred and randomly oriented ice cyl-
inders were employed in single-scattering computa-
tions. It was found that, when compared with ice
spheres, long ice cylinders scattered more light in the
side directions at the expense of scattering in both for-
ward and backward directions. In addition, it was also
pointed out that the glory and cloud-bow features,
which are produced by spherical particles, were either
lost or largely reduced and smoothed out due to non-
sphericity. Thus, for irregular ice crystals, it should be
expected that neither glory nor cloud-bow features
should be present. This distinction appears to make
possible the differentiation between spherical droplets
(or ice particles) and irregular ice crystals by means of
active or passive remote sensing. Recently, Stephens
(1980a) used the cylindrical scattering solution given
by Liou (1972a,b) and performed single-scattering and
radiative transfer calculations involving ice clouds.

It is noted that exact scattering solutions for prolate
and oblate spheroids from the electromagnetic wave
. equation were derived and numerically tested (e.g., see
Asano and Sato, 1980) and various exact numerical
solutions for arbitrary but symmetrical irregular par-
ticles were also developed (e.g., see Barber and Yeh,
1975). However, all of these methods have been suc-
cessful only when size parameters are very small (say
less than about 20). Since the sizes of atmospheric hex-
agonal ice crystals are normally much larger than or
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at least comparable to the wavelengths in the solar (0.2~
4 um) and thermal infrared (4-50 um) for applications
to the earth and the atmosphere, the geometrical ray
tracing method may be utilized to evaluate their scat-
tering characteristics. The geometrical ray tracing
method has long been used to understand and to ex-
plain the magnificent halos (e.g., see Greenler, 1980).

Computations of angular scattering patterns for
hexagonal crystals were first reported by Jacobowitz
(1971) assuming infinitely long hexagonal columns.
Wendling et al. (1979) and Liou and Coleman (1980)
undertook a more comprehensive ray-tracing analysis
to evaluate the scattering phase functions for finite
hexagonal columns and plates. More recently, Cai and
Liou (1982) developed a scattering model involving
complete polarization information for arbitrarily ori-
ented hexagonal columns and plates on the basis of
ray tracing principles which includes contributions
from geometric reflection and refraction and Fraun-
hofer diffraction.

Shown in Fig. 11 are the scattering phase functions
Py, for randomly oriented ice columns (120 um) and
plates (20 um) for an incident wavelength of 0.7 um
(left diagram). Also shown for comparison is the mea-
sured scattering phase function derived from a number
of scattering experiments for small plates, having sizes
of about 5 um, illuminated by a 0.6328 um laser beam
reported by Sassen and Liou (1979a). The vertical bars
in this figure depict the standard deviation of the mea-

30 60 90 120 150 180
SCATTERING ANGLE &

FiG. .l I. .Compgrison of t‘he computed and measured scattering phase functions (left), dégree of linear polarization (upper right) and
depolarization ratio (lower right) for randomly oriented columns and plates. The modal dimension of the plates observed in the scattering

experiments is ~5 pum. (After Cai and Liou, 1982.)
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sured data. Large columns generate a larger and broader
peak at the 22° halo region and at the 150° scattering
angle region. However, the basic features are the same
for hexagonal columns and plates. It is noted that the
experimental data reveal small maxima at about 22°
and 155° scattering angles which are in general agree-
ment with results derived from geometric ray tracing
calculations, In addition, illustrated on the right of Fig.
11 are the computed and measured degree of linear
polarization and depolarization ratios using a horizon-
tally polarized light for columns and plates. As shown,
the computed linear polarization (upper graph) and
depolarization ratio (lower graph) for 20 um size plates
closely matches the experimental data for plates having
a modal diameter of about 5 um, presented by Sassen
and Liou (1979a,b).

Employing the program developed by Cai and Liou
(1982), computations of the single-scattering properties
for a number of wavelengths, and columns and plates
of various sizes were carried out. Table 2 summarizes
the resulting single-scattering parameters including the
extinction cross section, single scattering albedo, (i.e.,
the ratio of scattering to extinction cross sections) and
asymmetry factor, denoting the strength of forward
scattering by cloud particles. The corresponding wave-
length and particle size (L = length, a = radius) along
with the refractive indices are also listed in the table.
The normalized phase functions as functions of the
scattering angle not presented here are also available
for cases presented in Table 2. Unfortunately, because
of a large amount of computer time required in cal-
culating single scattering parameters and phase func-
tions, we have not been able to obtain these parameters
for additional wavelengths and crystal sizes.

The foregoing wavelengths were basically selected
for applications to laser transmission and satellite
sounding of cirrus clouds from AVHRR. However, for
applications to radiative transfer in connection with
atmospheric energetics, the single scattering parameters
for wavelengths other than those presented here could
be extracted by interpolations and extrapolations of
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the present results and by properly taking into account
the slow variation of the refractive index depicted in
Fig. 10. Since an exact and efficient Mie scattering pro-
gram has been available (Wiscombe, 1980), can equiv-
alent ice spheres replace hexagonal ice crystals for sin-
gle-scattering calculations? In view of the fact that
spherical particles do not generate the scattering fea-
tures described above and that there are no unique
rules governing the so-called equivalent spheres with
respect to hexagonal crystals, it appears appropriate to
state that if intensity patterns are required (e.g., for
remote sensing applications) hexagonal crystals should
be utilized in the analysis of light scattering and radia-
tive transfer involving cirrus clouds. For flux calcula-
tions, the use of equivalent ice spheres to replace hex-
agonal ice crystals for energetic analyses would require
some in-depth investigations. Basically, we need to find
the proper manner in which the single-scattering pa-
rameters for equivalent ice spheres may be adjusted
for net flux and heating rate calculations.

Finally, it should be pointed out that all the single-
scattering parameters and phase functions presented
in this section are for hexagonal crystals randomly ori-
ented in three-dimensional space. As noted in subsec-
tion 3a, large columns, bullets and plates probably will
have preferred orientations with their longer axes par-
allel to the ground. While the mathematical averaging
procedure to obtain the scattering phase function for
randomly oriented hexagons in two-dimensional space
is straightforward (Asano, 1983a), the numerical com-
putations become quite involved and the scattering
phase function and extinction and scattering cross sec-
tions now depend on the directions of incident and
emergent beams.

b. Radiative transfer in cirrus cloud layers
1) SOLAR RADIATION

Solutions to the transfer of solar and thermal infrared
radiant intensity through cirrus cloud layers are fun-

TABLE 2. Real and imaginary parts of the refractive index, extinction cross section, single-scattering albedo &y
and asymmetry factor g for various wavelengths and crystal dimensions.

L/a A

O

(um) (um) m, m (107* cm?) o g
300/60 0.55 1.310 0.000 5.653* 1.000 0.988
0.7 1.310 0.000 5.653 1.000 0.987
1.3 1.296 12X 107% 5623 0.979 0.985
3.8 1.383 0.007 5.623 0.570 0.982
10.6 1.097 0.134 5.653 0.531 0.975
10.8 1.038 0.169 5653 0.530 0.968
11.9 1.259 0.409 5.653 0.550 0.967
5/1 0.7 1.310 0.000 0.002 1.000 0.831
2/2.5 0.7 1.310 0.000 0.003 1.000 0.804
30/37.5 10.6 1.097 0.134 0.735 0.561 0.969
8/10 0.6328 1.310 0.000 0.012 1.000 0.895

* The accuracy of g, is only up to the third decimal point.
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damental to the understanding of solar and IR fluxes,
and solar heating and IR cooling rate distributions in
cirrus cloudy atmospheres. In this section, we will begin
with the discussion of the basic radiative transfer equa-
tions with applications to ice clouds. Under the plane-
parallel approximation, the transfer of diffuse intensity
I, in a scattering and absorbing medium, consisting of
randomly located spheres or randomly oriented non-
spherical particles, for flux applications may be written
in the form

dI )\(T” ﬂ)
§—

dT = I)\(Ts IJ) -

~ 1
3’23 f P, WO, ot

~ > FoPy, —p)e™  (4.1)
s
where 7 denotes the optical depth which is a function
of wavelength, u = cosf, 8 the emergent zenith angle,
po = cosfly, G, the solar zenith angle, &), = g;,/a.,, the
single scattering albedo, o, and o, the scattering and
extinction cross sections, P, the normalized scattering
phase function, and Fj, the incident solar flux. Equa-
tion (4.1) is to be solved by imposing proper boundary
conditions for the scattering and absorbing medium.
[t is clear that in order to solve Eq. (4.1), information
about the optical depth which is related to the extinc-
tion cross section, the single-scattering albedo and the
phase function desribed previously is needed. Once the
diffuse intensity has been calculated from Eq. (4.1), the
monochromatic upward and downward fluxes may
then be evaluated by

) =4 [ e, wond @20

Fy(r) = % J; L7, Wpdu + poFoe™ ™. (4.2b)

Moreover, it is conventional in radiative transfer to
define the radiative properties of a scattering and ab-
sorbing cloud layer in terms of nondimensional pa-
rameters. Let the optical depth of a cloud layer at the
wavelength A be r; and assume that there is no at-
mosphere above and below such a layer. In the solar
region, we define the reflection r and transmission # of
the cloud layer in the forms

ry = FX0)/uoFon (4.3a)

tr = Fx(71)/1oFon. (4.3b)

Based on the conservation of radiative flux, i.e., without
the external energy souce and since the internal emis-
sion in the solar spectrum can be ignored, the absorp-
tion a, is then given by (1 — r, — 7).

2) THERMAL IR RADIATION

In the thermal infrared region, the equation of ra-
“diation transfer may be expressed by
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dl(7, )
p EXL B

~ 1
w
=L, w—-= f Px(u, w7, 1)yt
du 2 Ja

= (1 = &IB[T(7)] (4.4)

where B, is the Planck radiance as a function of tem-
perature 7, and the last term represents the internal
emission contribution to the diffuse intensity. This
equation differs from Eq. (4.1) only in the source term.
We define the cloud top and base emissivities corre-
sponding to cloud top and base temperatures 7, and
T}, respectively, as follows:

ex = F)0)/xB\(T))
& = Fx(r1)/mB\(Ty). -

(4.5a)
(4.5b)

T, ~ T, then one emissivity may be defined such
that ¢, ~ (ex + e)\)/2 Since the earth and the atmo-
sphere below the cloud also emit energy and since the
earth’s surface temperature is generally higher than that
of the cloud, it is necessary to consider the infrared
reflectivity 2, and transmissivity 7, of the scattering
and absorbing cloud layer due to radiative flux incident
from below. Assummg that the upward flux reachlng
the cloud base is denoted by F )\(7’1) and that the emis-
sion from the cloud By\(T) is set to be zero, then we
write

R = FX(T)/Fx(1) (4.6a)

T\ = FNO0)/F\(7)). (4.6b)

Clearly, reflectivity is generated via the scattering of
cloud particles. This is especially important for cirrus
clouds which are composed of large ice crystals. Owing
to the scattering processes, as well as the nonisothermal
nature of the cloud, the concept of the local thermo-
dynamic equilibrium, via the Kirchhoff law, is not ap-
plicable to the cirrus cloud layer as a unit.

One final note may be in order. It has been conven-
tional knowledge that water clouds may be treated as
blackbodies in the thermal infrared region. This is in
view of the fact that high droplet number densities are
generally observed in water clouds. Even a thin low
stratus of a few hundred meters can be treated to a
good approximation as a blackbody because of its high
number density. The other physical aspect noted is that
water droplets are normally quite small (<10 um).
Thus, their scattering effects with respect to the larger
IR wavelengths are relatively small and probably could
be ignored. Consequently, it appears physically appro-

-priate to assume that localized portions of the water

cloud are in thermodynamic equilibrium. However,
high cirrus clouds, which are composed of large ice
crystals with low number densities, are generally non-
black and cannot be described in the context of local-
ized thermodynamic equilibrium so far as infrared
emission is concerned.

Although methods developed for solving Egs. (4.1)
and (4.4) are numerous (e.g., see Lenoble, 1977; Liou,
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1980), only limited studies have focused on the cirrus
cloud problem. Assuming that cirrus clouds are com-
posed of randomily oriented long cylinders and utilizing
a modified two-stream approximation for radiative
transfer, Liou (1973) reported reflection, transmission
and absorption properties of cirrus cloud layers in the
visible and near-infrared wavelengths. For the first time,
the nonsphericity of ice crystals was incorporated into
radiative transfer analysis. In the infrared region, Liou
(1974) derived the transmissivity, reflectivity and
emissivity of cirrus clouds in the 10 gm window by
means of the discrete-ordinate method for radiative
transfer. Stephens (1980a) also presented infrared
emissivity and reflectivity in the window wavelength
for cirrus clouds using the cylindrical scattering model
and an adding method for radiative transfer. He in-
dicated that the most significant difference between cy-
lindrical and spherical models in the computation of
infrared radiative properties involves the reflectivity
which is important in the parameterization of the ra-
diative properties of cirrus clouds, More recently, Wu
(1984) discussed some aspects of parameterizing the
cirrus IR emissivity in the 10 um window wavelength.
The effective emissivity is shown to be composed of
effective absorption, scattering and reflective emissiv-
ities, which can be parameterized from basic cloud
physics and radiative terms. On the experimental side,
Platt and Gambling (1971) carried out combined ruby
" lidar and 10 um window observations and found that
the cirrus emissivity varies considerably over the period
of measurement. In follow-up works, Platt (1973, 1975)
reported more comprehensive observations of the cirrus
emissivity in the 10 um window and gave a value of
~0.38. Recently, Platt et al. (1980) and Platt and Dilley
(1981), based on satellite and lidar observations, esti-
mated the cirrus emissivity and gave values from 0.2
to 0.95 with the corresponding albedo from 0.1 to 0.32,
The foregoing values reported by Platt et al. represent
a significant variability in the radiative properties of
cirrus from an experimental perspective. For applica-
tions to remote sensing and atmospheric energetics, it
is necessary that a physical correlation between the ra-
diative and composition (and geometric) properties of
cirrus clouds be established.

3) SOLAR RADIATION TRANSFER IN HORIZONTALLY
ORIENTED ICE CRYSTALS

As discussed in the section on cloud composition,
large ice crystals occurring in nature may have a pre-
ferred orientation. In addition, we pointed out in the
light scattering section that the scattering phase func-
tion and extinction and scattering cross sections for
horizontally oriented hexagons depend on the incident
and emergent light beam. As a result of these compli-
cations, Eq. (4.1) is no longer valid in the solar radiation
region. Liou (1980) undertook the theoretical formu-
lation of the transfer of radiation in horizontally ori-

KUO-NAN LIOU

1183

ented ice crystals. If one defines the vertical ice path
length in the form,

u=f Mz"ydz'
0

where N denotes the number density of the ice crystals,
then the basic equation may be expressed by

dl\(u; u,
u —w = 1\ 1, Dodn)
U

1 2 1
+ an f ou )P\, &5 i, ¢ ) (u; i, ¢')du'dd'
T JO -1

1 e
t s o(—o)Pa(k, &; —Ho, o)Fore™ e+ o

(4.7)

where ¢ denotes the azimuthal angle and the scattering
and extinction cross sections, o, and o, are now func-
tions of the incident angle. Also, the scattering phase
function depends on the directions of the incoming
and outgoing beams. If the single-scattering parameters
are known through single-scattering calculations, a so-
lution to the intensity distribution in a cloud composed
of randomly oriented ice crystals in a horizontal plane
may be obtained. Stephens (1980b) discussed some as-
pects of the transfer of solar radiation through ice clouds
which are optically anisotropic. Asano (1983b) carried
out a more detailed analysis of the transfer of solar
radiation in ice clouds with the single-scattering prop-
erties varying with the incident angle of the light beam.
It was shown that the reflection and transmission
properties of cirrus clouds with optical depths < 1 de-
pend quite significantly on whether the ice crystals are
oriented randomly in three-dimensional space or in a
horizontal plane. Neither Stephens’ nor Asano’s anal-
yses accounted for the scattering features produced by
hexagonal crystals, however. Basically, what we need
is the quantitative effects of horizontal orientation on
the reflection and transmission properties of cirrus
clouds in the solar region so that appropriate adjust-
ments may be made for the flux and heating rate cal-
culations involving cirrus.

c¢. Broadband radiative flux transfer in cirrus cloudy
atmospheres

1) THEORETICAL ASPECTS

To apply the information on the light scattering and
radiative transfer properties of cirrus clouds for prac-
tical atmospheric energetic studies, it is necessary to
extend our discussion to cover the entire solar and
thermal IR spectra and to understand the manner in
which the cloud layers interact with absorbing gases in
the atmosphere. In Fig. 12 we depict the solar and IR
spectra and identify various absorbers in the graph.
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FIG. 12. Solar and‘thermal infrared absorption spectra. Major absorbers are depicted in these spectra.

While the real and imaginary parts of the refractive
indices for ice vary slowly, the absorption lines corre-
sponding to H,O, CO, and O, are highly variable in
the wavelength (or wavenumber) domain. In order to
efficiently evaluate the transfer of solar and thermal IR
fluxes in an atmosphere containing a cirrus cloud, the
solar and IR spectra are divided into a number of in-
tervals according to the position of the absorption
bands of H,O, CO, and O;. The gaseous transmittances

are then calculated for each band interval with appro-
priate pressure and temperature corrections to account
for inhomogeneous atmospheric paths. Subsequently,
exponential fittings are performed to get a set of equiv-
alent absorption coeflicients for the band so that the
scattering and absorption contributions due to ice
crystals may be properly included in the transfer cal-
culations. This technigue has been widely used for the
incorporation of aerosol and cloud scattering contri- -
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butions in absorbing atmospheres (Liou and Sasamori,
1975; Ackerman et al., 1976; Feigelson, 1981; Wis-
combe et al., 1984).

An alternative approach for the incorporation of
scattering processes in absorbing atmospheres has been
the use of the so-called k-distribution method originally
developed by Arking and Grossman (1972) and further
developed by Chou and Arking (1980, 1981). The
method makes use of the fact that for a homogeneous
atmosphere the transmittance within a relatively wide
spectral interval is independent of the ordering of the
value of the absorption coefficient k£ with respect to the
wavenumber. However, it depends only on the fraction
of the interval that is associated with a particular value
of k. This fraction is simply a probability density func-
tion. In essence, this method is equivalent to the ex-
ponential fitting mentioned above from the numerical
computation point of view. .

Assuming that the methodology for the computation
of the transfer of spectral bands in absorption and scat-
tering atmospheres has been established, we may pro-
ceed to discuss the broadband radiative flux transfer.
In reference to Eq. (4.2), the total upward and down-
ward fluxes covering the entire solar or thermal IR
spectrum may be written in the form

© N
F'(p) = fo FYpr ~ 3 FE AN (48)
i=1

where N denotes the number of the spectral interval
selected. Also, we have changed the 7-coordinate to the
p (pressure) coordinate. In the solar region, the solar
constant may be defined by S = [° Foxd\. In the ther-
mal region, the Stefan~Boltzmann’s law gives o7
= [o° #B:\(T)d\. Consequently, broadband reflection
and transmission in the solar region and broadband
emissivity in the thermal IR region associated with
cloud layers similar to those given in Eqgs. (4.3), (4.5)
and (4.6) may be properly defined.

Because of the complexity in the determination of
the broadband thermal IR emissivity, a simplified ap-
proach has been used to approximate its value. Chylek
and Ramaswamy (1982) and Stephens (1984) proposed
the following exponential form for the monochromatic
flux emissivity:

1 1 -1
& = fo [t — exp(—k\"W/u)ludp [ fo #du:]

~ | — exp(—Bkx’W) (4.9)

where k,° is the mass extinction coefficient for cloud
particles, W is the vertical liquid water content and 8
~ 1.66 is known as the diffusivity factor. The expres-
sion defined in Eq. (4.9) accounts for absorption and
single-scattering of cloud particles but it does not in-
clude the multiple scattering effects. For broadband
applications, it has been argued that, since the variation
of k,¢ with wavelength is relatively smooth owing to
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the more continuous nature of water absorption com-
pared to molecular absorption, the grey approximation
may be applicable, viz.,

¢/ =~ 1 — exp(kW) (4.10)

where K = 3k° and k°is the wavelength-averaged mass
extinction coefficient which may be symbolically writ-
ten

k¢ = f k)\cB;\( T)dA/UT‘t.
0

" As stated above, the computation of the flux emis-
sivity based on Eq. (4.10) is a physical simplification.
Thus, for remote sensing and atmospheric energetic
applications, the window and broadband flux emissiv-
ities computed from Eq. (4.10) are subject to verifi-
cation. While a comprehensive comparison program
for the cirrus emissivity derived from Eq. (4.10) and
more exact radiative transfer programs has not been
performed to the best of my knowledge, I suspect that
Eq. (4.10) may be adequate for optically thin and
moderately thick cirrus. For thick cirrus, multiple scat-
tering effects intensify and the downward IR reflectivity
becomes significant. Equation (4.10), which has a lim-
iting value of 1 when W — oo, is not sufficient to ac-
count for the apparent (or effective) flux emissivity.
Alternately, one may utilize measured data to get k£,
known as the effective absorption coeflicient with con-
ventional units of cm? g~!. Based on broadband flux
measurements for cirrus clouds discussed below, Pal-
tridge and Platt (1981) obtained a value of 0.056 for
k¢, while Griffith et al. (1980) gave a range of 0.076 to
0.096 for k°. As shown in Fig. 13, the variations of k¢
between these two measurements are quite significant.
In future experiments, a mean k¢ should be narrowed
down with a range of uncertainty given (see section
4c¢(2ii) and Fig. 14 for further discussion).

Conceivably, if solar and IR radiative properties for
clouds can be calculated “exactly” under a number of
atmospheric conditions, parameterizations may be
carried out to define these properties in terms of some
key cloud variables. One such cloud parameter for ra-
diative transfer computational purposes has been
identified as the vertical liquid water content. Liou
(1976) obtained the reflection, transmission and ab-
sorption of solar radiation by cirrus cloud layers uti-
lizing the discrete-ordinate method for radiative trans-
fer. Further, Liou and Wittman (1979) presented a pa-
rameterization of the radiative properties of cirrus as
functions of the solar zenith angle (in the solar region)
and the ice-water content of cirrus in terms of known
mathematical functions.

Kinne (private communication, 1985) carried out a
more comprehensive parameterization on the radiative
properties of cirrus clouds. In the calculation of the IR
emissivity for climatic applications, he assumed that
the averaged cirrus particle distribution is a combi-
nation of two size distributions for cirrus uncinus and
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FIG. 13. The cirrus IR emissivity as a function of the vertical ice content
from various theoretical sources.

cirrostratus derived by Heymsfield and depicted in Fig.
3. The IR emissivity curve as a function of the vertical
ice content, based on detailed radiative transfer cal-
culations, is shown in Fig, 13. In this figure, results
from Liou and Wittman who used a polynomial fitting,
and an exponential fit, i.e., 1 — exp(—kW) with k
= (.1 and 0.06 discussed previously, are also depicted.
Liou and Wittman’s results are limited to a vertical
content of ~5 g cm™2 and therefore are not applicable
to very thin cirrus. Kinne’s computational results based
on radiative transfer, including multiple scattering,
demonstrate that the IR emissivity follows closely with
the exponential attenuation for the vertical ice content
less than about 20 g m™2. For the ice particle size dis-
tribution employed in the calculation, it appears that
multiple scattering effects are important only for op-
tically thick cirrus clouds. In order to apply these emis-
sivity values for weather and climate studies, it is nec-
essary to have a cirrus cloud model in which the ice
content can be interactively computed.

2) AIRCRAFT OBSERVATIONS OF BROADBAND RA-
DIATIVE FLUX IN CIRRUS CLOUDS

(1) Solar radiation. Aircraft measurements of
broadband incoming (downward) and outgoing (up-
ward) hemispherical solar fluxes at the cloud top and
bottom allow the evaluation of the reflection, trans-
mission and absorption of cloud layers. Let the {otal
downward and upward fluxes at the cloud top (z,) and
base (z;) be denoted by F'(z,) and F'(z,), and F'(z;)
and F'(zp), respectively. Then the reflection and trans-
mission of the solar radiation for a given solar zenith
angle 6, are given by

r=F'(z)/F\z) 4.11)
t = FYzp)/F(z)). (4.12)
And the cloud absorption may‘ be obtained from the

divergence of the net flux at the cloud top and base in
the form

a = {[FY(z) — F'(@)] — [F)(zs) — F'(zp)]}/F!(2).
(4.13)

Employing the airborne Eppley precision spectral
pyranometers, Drummond and Hickey (1971) derived
a mean reflection of 20% for cirrus-cirrostratus clouds
when the solar elevation angle was about 65°. Reynolds
et al. (1975) analyzed the upward and downward solar
flux data measured from aircraft during the Barbados
Oceanographic and Meteorological Experiment
(BOMEX). They illustrated that the reflection of thick
cirrus clouds ranged from 47 to 59%, whereas absorp-
tion were, respectively, 13-14% and 27-40%. Their re-
sults clearly indicated the large variability in reflection
and absorption of thick cirrus clouds, probably due to
the change in the cloud composition and thickness. It
is also interesting to note that the observed results of
Reynolds et al. revealed that absorption of solar flux
in the cloud-free troposphere was as large as 26%. Un-
fortunately, no detailed atmospheric water vapor profile
and cloud composition and structure were recorded
during the radiation experiment nor were the uncer-
tainties of the aforementioned values derived from
measurements assessed by these authors. More re-
cently, Paltridge and Platt (1981) carried out aircraft
measurements of solar and infrared radiation along
with the microphysics for a number of cirrus cloud
decks with thicknesses from 1.5 to 2.5 km. They re-
ported solar absorption and reflection on the order of
0.14 and 0.4, respectively. Certainly, carefully designed
field experiments involving radiation and cirrus cloud
measurements should be carried out to narrow down
the uncertainty in the solar radiative properties of cirrus
clouds and to provide climatological mean and stan-
dard deviation of these properties according to lati-
tudes.
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(it) Thermal IR radiation. The basic physical pa-
rameter associated with the cloud thermal IR radiation,
which can be deduced from aircraft measurements of
upward, F m(z) and downward, F m(z) broadband
fluxes at a given height, is the so-called emissivity. Since
the cloud temperature may vary significantly, two
components involving upward and downward emis-
sivities are defined by (Cox, 1976)

(z) = [F'(z) — F@)/[oT/ ~ F'(z})]
€(zp) = [FY(zp) — FA(2))/[oTy' — F'(z)].

The emissivities so defined are referred to as effective
emissivities since they are defined in terms of measured
flux densities which contain components due to scat-
tering of cloud particles.

Griffith et al. (1980) carried out aircraft observations
of the thermal IR radiative properties of tropical cirrus
clouds and reported emissivities derived from the mea-
surements. An interesting point derived from their data,
and perhaps an important one from the radiative
budget point of view, is that observed tropical cirrus
clouds which have a geometric thickness within 1 km
are generally optically thick with emissivities ap-
proaching unity. This study suggests that there may be
sngmﬁcant spatial variations in the radlatlve properties
of cirrus clouds.

The aforementioned paper by Paltridge and Platt
(1981) also measured the broadband IR emissivity of
cirrus clouds with detailed supporting data on ice crys-
tal characteristics. Figure 14 depicts the broadband
emissivity as a function of the vertical ice-water con-
tent. The solid curve is the best exponential fit to the
data using Eq. (4.10) with K = 0.056. In comparison
to Fig. 13, itis noted that the theoretical results depicted
in that figure are ali within the uncertainty of observed
data. The data presented by Paltridge and Platt, as well
as by Platt and his coworkers cited in 4b(2) illustrates

(4.142)
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FIG. 14. Asin Fig. 13 but from aircraft observations. (After Paltridge
and Platt, 1981 with modifications.)
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that individual cirrus emissivity varies significantly with
a value ranging from about 0.1 to 0.9. As will be dis-
cussed below, thermal equilibrium temperature profiles
are extremely sensitive to the cirrus emissivity values
assumed in climate models. Thus, for applications to
climate problems and climate modeling, it is important
to derive a reliable global cirrus IR emissivity in terms
of its mean and variance.

d. Solar and IR heating rates in cirrus cloudy atmo-
spheres

Radiative processes influence the dynamics and
thermodynamics of the atmosphere directly through
the generation of radiative heating and cooling rates
as well as net radiative fluxes available at the surface.
Obviously, the radiative flux exchange is largely con-
trolled by the cloud field in general and cirrus clouds
in particular. We begin our discussion on the definition
of the radiative heating/cooling rates with the basic
thermodynamic equation which may be written in the
pressure coordinate in the form

T _u 9T vdT (GT RT)

o ' asinf O\ 560 5_2‘;}

c R T ar’
=Q“+ Q%+ F'+g— (4.15)

ap
where M is the longitude, # the co-latitude, a the radius
of the earth, Q€ the latent heat, Q¥ the radiative heat-
ing, F7 the horizontal eddy nonlinear viscosity for
temperature, 77 the vertical eddy sensible heat flux,
and other notations are conventional. The radiative
heating is generated through solar and thermal IR flux
exchanges in the atmosphere and may be expressed by

Of = 0s - Or =—~(Fs

17
Under partly cloudy conditions, the solar heating and
IR cooling rates Qs and Qir are given by

Osir = 1Q8r + (1 — MO (4.17)

where 7 denotes the cloud cover and the superscripts
¢ and nc represent cloud and no-cloud conditions, re-
spectively.

Fleming and Cox (1974) investigated the infrared
radiative properties of cirrus clouds and illustrated the
importance of cirrus on the heat budget in the tropics.
The influence of cirrus clouds on the infrared cooling
rate of the troposphere and lower stratosphere was in-
vestigated by Roewe and Liou (1978). They showed
that cirrus clouds strongly suppress tropospheric cool-
ing and significantly increase cooling in the stratosphere
above 20 km and that the presence of low-level clouds
significantly modifies the cooling within the cirrus
cloud. Freeman and Liou (1979) constructed a com-
prehensive radiative balance model to examine the ef-

Fpr). (4.16)
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FIG. 15. Comparison of observed and calculated cooling rates within a thick cirrus. The observed
values were taken from the report by Griffith and Cox (1977). Also illustrated are the observed
and approximated vertical profiles of ice content.

fects, of the increase of cirrus cloud cover on atmo-
spheric heating and cooling profiles and assessed the
climatic impact from the radiative transfer point of
VIEW. .

Roewe and Liou (1978) computed the IR cooling
rates within a thick cirrus and compared them with
measured values from the GATE project presented by
Griffith and Cox (1977). The observed flux and cloud
particle data were collected by the NCAR Sabreliner
during August and September 1974 in the tropical re-
gion. On the right of Fig. 15 is shown the derived ver-
tical profile of the ice content within the cirrus for 8
September 1974 reported by Griffith and Cox. The left
side of this figure illustrates the measured cooling rates
for this particular day. The calculated cooling rate cor-
responds to an averaged value for a 1 km thick cloud.
The averaged cooling rate at the cloud top layer is seen
to be ~8°C day™! from both theoretical calculations
and field observations. Near the cloud base (the cloud
base height was not reported), the averaged cooling
rate is greatly suppressed. The rather random: fluctu-
ations in the measured cooling reveal that the vertical
profile of the ice content may be more complex than
the given curve indicates. These results show that there
is a general agreement between calculated and observed
cooling rates.

In Fig. 16, we present infrared cooling (lower dia-
grams) and solar heating (upper diagrams) rates for a
number of cirrus cloudy atmospheres using standard
atmospheric temperature, water vapor and ozone pro-
files computed from a comprehensive radiative transfer

program developed at the University of Utah in which
heating and cooling rates within the cirrus are also
evaluated. Cirrus clouds with thicknesses of 0.1, 1 and
3 km are inserted in the atmosphere and a 100% cloud
cover is assumed. The base of these clouds is fixed at
8 km. The mean ice content employed in the calcu-
lation is 0.013 g m~3 which gives these clouds vertical
ice contents of, respectively, 1.3, 13 and 39 gm™2 The
extinction coefficients at the 0.55 um visible and 10
pm IR wavelengths for ice crystals are, respectively,
0.667 and 0.740 km™'. For calculations of solar flux
transfer, we employ a solar constant of 1360 W m™,
a surface albedo of 0.15, a cosine of the solar zenith
angle of 0.5 and a solar time duration of 12 h. These
values represent mean solar conditions so that the re-
sulting solar heating may be directly compared with
the thermal IR cooling. In a clear atmosphere, maxi-
mum cooling rates on the order of 2°C day™' are seen
near the ground. Another maximum is located at about
5 km due to the structure of temperature and water
vapor profiles. Cooling rates decrease to a height of
about 12 km and then increase as a function of height
due to carbon dioxide and ozone emission. In general,
we see cooling outweighs heating everywhere in a clear
troposphere by about 1-2°C day™'.

When a cirrus with a thickness of 0.1 km and a base
height of 8 km is inserted in the atmosphere, the solar
heating rate generated at the position of the cloud is
~2°C day™! but the heating below the cirrus remains
largely unchanged. The cooling rate, on the other hand,
is ~3°C day~! with small, but noticeable suppression
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FIG. 16. Thermal IR and solar heating rates for cirrus cloudy atmospheres with cirrus thicknesses
of 0, 0.1, 1 and 3 km. The cirrus base height is placed at 8 km, and the atmospheric profiles

employed correspond to standard conditions.

of cooling below the cloud. In the 1 km cirrus case,
the solar heating rate (note that this heating rate is a
daily averaged value and does not represent the in-
stantaneous solar heating at a given time interval during
the day) has a maximum of ~2.5°C day™! at the cloud
top. The IR counterpart shows a large cooling rate of
~7.5°C day™" at the cloud top generated by the cloud
emission. At the cloud base, on the contrary, a signif-
icant heating of ~5°C day™! is observed which is pro-
duced from the trapping of atmospheric upward fluxes
by the cloud. Significant suppression of the cooling be-
low the cloud is also evident. For the thick cirrus having
a vertical extent of 3 km, the solar heating at the cloud
top is ~3°C day. But cooling and heating profiles
within the cloud vary from —8.5° to +7.5°C day™".
On the average, it is anticipated that the top of a thick
cirrus will undergo strong cooling whereas at its base
large heating will take place. In comparison with results
presented in Fig. 15, it should be noted that the mean
ice content used in the present calculation is 0.013 g
m™>. As a result of the smaller ice content employed,
the cooling and heating rates at the cloud top and base,
respectively, are smaller than those produced by a thick
tropical cirrus.

Except for those presented by Griffith and Cox
(1977) and analyzed more comprehensively by Griffith
et al. (1980), there have been practically no cooling
rate measurements carried out involving cirrus clouds.
Moreover, to the best of my knowledge, solar heating
rates in cirrus cloudy conditions have not been carefully
analyzed from aircraft measurements. As is clearly de-
picted in Fig. 16, based on theoretical computations,

cirrus clouds will generate a significant vertical inho-
mogeneity with respect to heating rates. Also clearly
demonstrated in this figure is the significant horizontal
heating differential produced by the presence of cirrus
clouds. In what manner these vertical and horizontal
heating differentials will influence the dynamic pro-
cesses and the consequence of the temperature distri-
bution is still 2 mystery. Also, how cirrus clouds play
a role in the energy exchange between the troposphere
and stratosphere is largely unknown. Of course,
whether the heating and cooling profiles presented here
are representative of those in realistic atmospheres
should be checked and verified from comprehensive
field programs involving detailed cloud and radiation
measurements.

~ With respect to the application of heating and cool-
ing rate calculations to numerical models for weather
and climate studies, it should be pointed out that model
calculations are subject to the vertical and horizontal
discretization utilized. Since cirrus are generally subgrid
clouds in the vertical (as well as horizontal), computing
heating and cooling rates efficiently once the cloud is
defined appears to be an area requiring a series of nu-
merical experiments so that their effects can be properly
incorporated into a model setting.

5. Numerical experiments on the effects of cirrus
clouds on weather and climate

It has been recognized that clouds, which constantly
cover ~50% over the global sky, are the most impor-
tant regulators of the radiation balance of the earth—
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atmosphere system. While clouds reflect a significant
portion of incoming solar fluxes, they also trap the out-
going thermal infrared fluxes emitted from the earth’s
surface and lower troposphere. The prevalence of the
solar albedo effect versus the IR greenhouse effect de-
termines the gain or loss of radiative energy during a
specific climate change which leads to warming or
cooling of the earth-atmosphere system. These two ef-
fects on the local scale obviously depend on the specific
earth-atmosphere conditions under which the clouds
are embedded and their geometrical configuration and
physical composition. In addition, various feedback
mechanisms such as the humidity, coverage of ice/
snow, and dynamic transport when coupled with clouds
also affect the thermodynamic equilibrium of the at-
mosphere in an intricate way. Indeed, clouds remain
one of the least understood atmospheric components
of weather and climate systems.

In recent years, a number of studies have focused
on the subject of the cloud-radiation interaction uti-
lizing radiation budget data derived from satellites.
Hartmann and Short (1980), Herman et al. (1980) and
Ohring and Clapp (1980) attempted to determine the
relative importance of the solar albedo and IR green-
house effects due to the presence of clouds. While these
analyses illustrate that the solar albedo effect is greater
than the IR greenhouse effect at the top of the atmo-
sphere with respect to variations in the fractional cloud
coverage, the degree and extent to which these two
affect the thermal structure of the earth—atmosphere
system have not been quantified. Moreover, in what
manner clouds might be influenced by external and
internal radiative perturbations such as the anticipated
increase of CO, concentration and solar constant vari-
ations, and how in turn they would affect the response
to these perturbations are still physically unknown at
this point.

- Aspointed out previously, clouds composed of water
droplets are generally optically thick and, therefore, it
is physically appropriate to assume these clouds to be
blackbodies in the thermal infrared region. It would
appear therefore, that the solar albedo effect in the case
of water clouds will produce greater variabilities in the
radiative budget of the atmosphere due to changes in
the cloud vertical liquid water content. Charlock (1982)
demonstrated the importance of the solar radiative
properties of water clouds to the sensitivity of climatic
temperature perturbations. The solar albedo effects due
to water clouds are especially evident for the marine
stratus and stratocumulus since their emitting tem-
peratures are very close to those of the underlying ocean
surface. ,

On the other hand, high level cirrus clouds, which
contain a significant amount of large, nonspherical ice
crystals in low concentrations, are normally optically
thin and nonblack, as previously discussed. Because of
their high location in the atmosphere and low reflection
of the incoming solar fluxes, it has been physically rec-
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ognized that the presence of cirrus clouds will normally
produce a greenhouse effect from their downward
emission. In the preceding sections, we have attempted
to collect and discuss relevant microphysics, dynamics,
and radiative properties of cirrus clouds in a logical
and coherent manner. To place these into proper per-
spective with respect to their influence on global
weather and climate systems, we shall describe sensi-
tivity experiments utilizing numerical models which
have been performed for investigating the effects of
cirrus clouds on the thermal and dynamic structure of
the earth-atmosphere system. We shall begin with the
simplest one-dimensional radiative~convective model.

a. One-dimensional climate model

In their pioneering paper, which introduced the so-
called convective adjustment for climate models,
Manabe and Strickler (1964) discussed in some detail
the role of high cirrus clouds in the thermal equilibrium
temperature calculation. Using a simplified parame-
terization scheme for the transfer of solar radiation
through cloud layers, Manabe and Strickler showed
that if cirrus clouds have a solar reflection of 0.2 and
an IR emissivity of 0.5 and if they are located above
about 9 km, those cirrus clouds would exert a heating
effect on the earth’s surface. The height of cirrus clouds
was found to be the fundamental reason for the heating.
Manabe (1975) discussed the effect of contrails on the
earth’s surface temperature and pointed out the im-
portance of cirrus blackness to the sensitivity of the
surface equilibrium temperature. Manabe also pointed
out the necessity of deriving reliable radiative properties
of ice clouds in conjunction with climate studies. Based
on the observed infrared emissivity, Cox (1971) argued
that cirrus clouds may act to cool or warm the tropo-
sphere, depending on their emissivity values. Although
Cox’s conclusion was not derived from a numerical
modeling study, it serves to indicate the importance of
the cirrus emissivity in relation to climate studies.

It is quite clear from the preceding discussion that
there are two basic cirrus parameters which may exert
a significant influence on the earth’s climate and cli-
mate changes, namely, the cirrus emissivity and height
in the atmosphere. From a global perspective, it is noted
that the latitudinal dependence-of the cirrus cloud cover
and the underlying surface albedo will also play an
important role in the climate problem involving cirrus
clouds. In a recent paper by Liou and Gebhart (1982),
extensive one-dimensional numerical experiments were
carried out to study the effect of cirrus clouds on the
equilibrium temperature using a mean annual condi-
tion for the solar constant, solar zenith angle, sunlight
duration, surface albedo, and with a number of hu-
midity profiles. Cirrus thicknesses of 0.1, 1 and 3 km
corresponding to vertical ice contents of 5.18, 51.8 and
156.8 g m~2 were used in the calculation. These values
correspond to an assumed ice content of ~0.05 g m™
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which is about a factor of 4 larger than that employed
in the calculations of the heating/cooling rates pre-
sented in Fig. 16. The larger ice content value used is
probably valid for tropical conditions. In that paper,
the computed solar albedo is only ~9% for the 0.1 km
case, but such a cloud is already half-black in the ther-
mal IR region. It was also noted that a cloud with a
thickness of =3 km is practically a black cloud.
Figure 17a shows the thermal equilibrium temper-
atures for clear and various cirrus cloudy atmospheres
using a tropical humidity profile. The cloud base in
this graph is placed at 8 km. Temperatures increase
significantly below the tropopause (at ~20 km) when
a 0.1 km thin cirrus is inserted in the atmosphere. This
is caused by a combination of the large solar flux trans-
mission and thermal infrared greenhouse effect. The
result of the thin high cloud effect on equilibrium tem-
peratures derived in this study is in qualitative agree-
ment with that presented earlier by Manabe and
Strickler (1964) and more recently by Stephens and
Webster (1981). As the cloud thickness increases, the
atmospheric temperature reduces due to a significant
decrease in solar fluxes. For clouds approaching black-
bodies, we see lower temperatures above about 15 km.
This is because lower cloud top temperatures act as
surface emitters. Although the difference between the
infrared radiative properties for the 1 and 3 km cloud
cases are rather small, the temperature differences in
the two cases are on the order of 10°K below about 15
km due to the difference in the solar radiation prop-
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erties. The effects of the cloud location in the atmo-
sphere on the thermal equilibrium temperature are
shown in Fig. 17b where the cloud base is lowered to
5 km. When the half-biack thin cloud is lowered from
8 to 5 km, equilibrium temperatures vary only slightly.
However, when the thick cloud is moved to the iower
atmosphere, equilibrium temperatures decrease dras-
tically. For the cloud base in the 5 km case, the presence
of a 1 km thick cloud shows small warming with respect
to the clear atmosphere. The presence of a 3 km thick
cloud, on the other hand, produces cooling everywhere
in the atmosphere. Clearly, a thick cirrus behaves just
like a water cloud in the thermal infrared region, al-
though a portion of the solar fluxes may transmit
through it.

b. Two-dimensional climate model

Two-dimensional climate models are basically de-
signed to close the gap between three-dimensional gen-
eral circulation models for climate studies and one-
dimensional radiative-convective and energy balance
climate models. Utilizing a two-dimensional model,
Potter et al. (1978) presented some simulation results
for the model performance. However, the details of
radiation and dynamic parameterizations in the model
were not presented in the literature. Peng et al. (1982)
described a two-dimensional climate model which was
intended for the thermal response to climate changes
due to doubling of CO, and solar constant variations
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Fig. 17. Effects of the cirrus, (a) cloud thickness (or ice content) and (b) height on the thermal equilibrium temperature
in a one-dimensional climate model. (After Liou and Gebhart, 1982.)
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(Chou et al., 1982). More recently, Ou and Liou (1984)
constructed a two-dimensional climate mode} based
on the concept of the thermodynamic energy balance
which is designed specifically for the investigations of
the interactions of cloud-radiation and dynamic pro-
cesses. The model consists of feedbacks caused by sur-
face albedo and humidity variations, as well as feed-
backs due to horizontal dynamic transports as func-
tions of latitude. .
In the previous subsection, the importance of the
cirrus cloud emissivity and height to the thermal per-
turbation in dynamic and climate systems is pointed
out. To gain a quantitative measure of the sensitivity
of these two parameters to the zonally averaged tem-
perature field, two numerical experiments have been
undertaken employing Ou and Liou’s model. One is
concerned with the deviations of the climatological
mean cirrus emissivity, while the other is associated
with the changes of the climatological cirrus heights
depicted in Fig. 9. With respect to the first experiments,
the cirrus IR emissivity as a function of the vertical ice
content and in relation to the solar reflection and
transmission is depicted in Fig. 18. The vertical dashed
line at the flux emissivity of 0.47 is assumed to be the
.climatological mean cirrus emissivity. The solar re-
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F1G. 18. The relationship between the solar reflection (albedo)/
transmission and IR emissivity for cirrus clouds; uy denotes the cosine
of the solar zenith angle. The vertical dashed line at ¢, = 0.47 rep-
resents the cirrus IR emissivity determined from climatology data.
(After Ou and Liou, 1984.)
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flectance (or albedo) and transmittance, respectively,
decreases and increases gradually, with respect to the
increase of the IR emissivity e. When it approaches
unity, the solar albedo r, increases drastically. Thus,
for a thin cloud, it is expected that dr,/0¢ < 1, whereas
for a thick cloud close to black, we must have dr,/d¢
> 1. The quantity dr,/d¢ is related to the competition
between the solar albedo and the greenhouse effect.
The cirrus radiative properties depicted in this figure
are also related to the vertical ice content in units of g
m™2. At a visible wavelength of 0.55 um, the optical
depth for a cirrus with a thickness of 1.7 km having a
vertical ice content of 5.7 g m~? is about 0.5.

Perturbations of the cirrus IR emissivity were carried
out by uniformly increasing and decreasing its assumed
climatological value from 0.47 to 0.57 and 0.32, re-
spectively. As shown in Fig. 14, these emissivities are
within reasonable range of the observed values. On the
right of Fig. 19, increasing the cirrus IR emissivity from
0.47 to 0.57 produces significant warming of the tro-
posphere. In the arctic region, the large increase in the
temperature is due to the ice-albedo feedback. The hu-
midity feedback mechanism also amplifies the tem-
perature increases in the tropical troposphere. In ad-
dition, the meridional transports of sensible and latent
heat fluxes by means of eddy and mean motions causes
the temperature increase in the troposphere to be more
homogeneous. The basic reason for the temperature
increase is that additional downward fluxes are emitted
from a blacker cirrus, while solar fluxes available below
the cloud remain essentially unchanged. Subsequently,
amplifications of the temperature increases by humid-
ity, ice-albedo, and dynamic transport feedbacks take
place which lead to the equilibrium temperature de-
viations depicted in the graph. On the left of Fig. 19,
lowering the cirrus emissivity from 0.47 t0 0.32, a 15%
decrease, reverses the mechanisms described previously
and leads to significant cooling patterns which resemble
the heating patterns on the right, although the tem-
perature decreases are larger due to a greater decrease
in the emissivity. It is interesting to note that reasonable
perturbations in the cirrus IR emissivity will produce
temperature changes on the order of those due to dou-
bling of CO; and a 2% increase in the solar constant
(Manabe and Wetherald, 1980; Wetherald and Man-
abe, 1975).

Next, we investigate the sensitivity of cirrus cloud
height variations to the equilibrium temperature. To
avoid partial cloudiness in the vertical, the numerical
experiments were done by raising and lowering the cli-
matological cirrus cloud height, which is located at
about 300 mb (Fig. 9), by one model layer. In effect,
the cirrus base heights were moved to approximately
200 and 400 mb, respectively. In these experiments the
cirrus IR emissivity is fixed at 0.47. In reference to the
diagram on the right of Fig. 20, raising the cirrus clouds
in the atmosphere produces warming in the tropo-
sphere as well as the stratosphere. The temperature in-
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FIG. 19. The latitude-height distribution of temperature changes caused by a decrease (left)
and increase (right) of the cirrus IR emissivity.

crease below the cloud is largely caused by the addi-
tional water vapor path length which increases the
downward IR flux, plus the additional absorption of
solar fluxes immediately beneath the cloud. We note
that raising the cloud by 100 mb will result in a slight
reduction of its downward emission because of lower
cloud temperatures. However, the water vapor absorp-
tion and emission effects are predominant, resulting in
a positive sensitivity to the temperature perturbations.
Above the cloud, we also observe temperature increases
which are generated by the increase of net fluxes. This
increase is a result of the reduction of the upward IR
emission from the colder cloud. The temperature in-
crease is particularly evident in the tropics (<15°N)

due to the combined amplification effects of cirrus and
moisture, In comparison with Fig. 24 (right), the albedo
feedback is less pronounced since the water vapor con-
centration in the arctic region is relatively small to allow
a significant amplification to take place. Feedback
consideration due to the transport of sensible and latent
heat by mean and eddy motions reduces the gradient
of temperature increases between the tropics and the
arctic region. It is noted that cloud feedbacks in the
meridional direction cannot be simulated in a one-
dimensional setting. Finally, on the left of Fig. 20, we
see that when cirrus is lowered by 100 mb, reverse tem-
perature perturbations, i.e., temperature decreases are
shown. Because of monlinear interactions and feed-
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FIG. 20. As in Fig. 19 but caused by lowering (left) and raising (right) the cirrus height.
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backs, the latitudinal pattern differs somewhat from
the right figure.

In light of these sensitivity exercises, it is quite clear
that accurate climatological cirrus IR emissivities and
cirrus heights, perhaps as functions of latitude, are
needed to construct a reliable climate model. Such a
model may then be effectively utilized for the perfor-
mance of numerical experiments for the physical un-
derstanding of the cause and effect relationship of ex-
ternal and internal radiative perturbations, including
variations of the solar constant, increase of CO, con-
centration, volcanic dust and changes in the land sur-
face characteristics. Finally, a predictive cirrus cloud
model is needed to physically investigate the cirrus
feedback processes, as previously noted in section 3c.

¢. General circulation model

Numerous speculations have been made about the
influence of the cloud variation on the sensitivity of
climate by using general circulation models. Smago-
rinsky (1978) suggested that the increase in downward
IR fluxes due to the CO; increase will enhance evap-
oration from the earth’s surface which in turn will in-
crease the amount of low clouds and thus will exert a
cooling effect on the climate. Thus, the possible warm-
ing effects of the CQO, increase may be compensated
for by this negative feedback process. Roads (1978)
and Schneider et al. (1978), on the other hand, spec-
ulated that the cloud variations may have a positive
feedback effect on the sensitivity of the global mean
climate. Roads specifically indicated from his experi-
ments that higher sea surface temperature resulting in
larger variance of the vertical velocity and greater ef-
ficiency of moisture removal through precipitation lead
to a lower relative humidity and less cloudiness.

More recently, Wetherald and Manabe (1980) con-
ducted a numerical experiment specifically designed
for the study of the cloud cover sensitivity on climate.
An idealized general circulation model was utilized, in
which the distribution of cloud cover is a prognostic
variable. They concluded that the influence of the
cloud-feedback mechanism on the sensitivity of the
global-mean climate may not be as large as originally
suspected because of the compensation of the solar al-
bedo and IR greenhouse effects, which we have dis-
cussed in previous subsections. However, they also
pointed out that their method of cloud prediction is
highly idealized and the radiative properties of various
cloud types generated in their model may not be suf-
ficiently realistic and adequate for the investigation of
cloud-radiation interaction and feedbacks. In partic-
ular, the radiative problems of cirrus clouds have not
been detailed in relation to climate and climatic per-
turbations.

In a recent paper, Ramanathan et al. (1983) dem-
onstrated the possibility of improving the mean zonal
simulation by virtue of refinements and improvements
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in radiative processes within the context of a general
circulation model. Specifically, they showed that the
radiative properties of cirrus clouds may have a direct
impact on the general circulation of the model atmo-
sphere. In their NCAR community climate model, the
zonal averages of the computed zonal winds and tem-
peratures for the standard condition, i.e., the control
run, compared quite well with several of the observed
features of the January zonal mean circulation. In the
control run, the clouds were not permitted to form at
altitudes above 250 mb between the equator and 45°
and above 400 mb poleward of 45° so that radiatively
active high level cirrus clouds were eliminated arbi-
trarily in the model control experiment. Ramanathan
et al. then investigated the sensitivity of this model to
the nonblack emissivity of cirrus clouds, assuming that
their IR emissivity is given by Eq. (4.10), discussed in
section 4, with the wavelength integrated absorption
coefficient assumed to be 0.1 (g m™2)~!, This is referred
to as the variable nonblack cirrus (VNBC) experiment,
while the other experiment, referred to as the variable
black cirrus (VBC), assumed the clouds to be black in
all layers. Figure 21 shows the zonal mean winds pro-
duced for these two experiments. In the VBC, both the
winter and summer jets increase in strength unrealist-
ically when compared with the results from the control
run. But in the VNBC, the simulated summer hemi-
sphere jet is in much closer agreement with the ob-
served value. Although their control run was not per-
formed with more realistic cloud formations in upper
levels and IR emissivity coupling, the aforementioned
two experiments suffice to reveal the importance of the
radiative properties of cirrus clouds in general circu-
lation models designed for climate sensitivity experi-
ments.

As noted before, the relative importance to climate
problems of the interactions and feedbacks of radiative
transfer in clouds in general, and cirrus clouds in par-
ticular, has been physically recognized. However, the
relevance of these processes to medium range weather
prediction and the extent and degree to which predic-
tion improvements can be made by the consistent in-
tegration of cloud-radiation processes in general cir-
culation models are questions still open for scientific
investigation and debate, In an attempt to understand
the intricate interactions of radiation, clouds, and dy-
namic processes, Liou and Zheng (1984) carried out
numerical experiments using a general  circulation
model that is appropriate for the performance of short
and medium range weather prediction. Amid numer-
ous findings concerning the quantitative effects of ra-
diative transfer and cloud-radiation interactions on
temperature and cloud prediction in a 10-day predic-
tion experiment for the Northern Hemisphere, they
illustrated that features of the general circulation of the
maodel atmosphere are related to whether or not radia-
tive transfer programs are included in the model. In
the lower and upper diagrams of Fig. 22 are shown the
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predicted vertical velocity zonal profiles at day five with
and without the incorporation of the radiative heating—
cooling rate calculations, respectively. In reference to
the lower diagram, the maximum upward motion is
observed at 10°N near about 600 mb, while the down-
ward motion is seen at 30°N. This constitutes the
Hadley circulation in the tropical region. There is also
a strong maximum upward motion at ~60°N. On both
sides of this maximum, downward motions are ob-
served with maxima located at ~50 and 70°N. These
patterns constitute the basic meridional circulation in
middle latitudes and another Hadley cell in high lati-
tudes. When the radiative heating-cooling processes
are removed in the model, there are a number of no-
ticeable modifications to the vertical velocity patterns.
The Hadley circulation in the tropical region is signif-
icantly weakened in both magnitude and extent. Also,
the upward and downward motions located at ~60°
and 50°N decrease slightly in magnitude, indicating
the possibility of a reduction of intensity in the merid-
ional circulation. As pointed out in their paper, the
decreases in the zonal vertical velocities are due to the
neglect of radiative cooling rate calculations, which
under cloudy conditions would produce significant
vertical and horizontal differentials. In turn, these hor-
izontal and vertical inhomogeneities in radiative cool-
ing lead to the intensification of the vertical velocity.
We suspect that this dynamic intensification is closely
related to the interactions of cirrus clouds and IR ra-
diative flux exchanges in the model. It should be noted
that this example is given to induce the potential effects
of cirrus cloud-radiation interactions and feedbacks in
general circulation models in conjunction~with me-
dium range weather prediction. Certainly, this is a re-
search area requiring further numerical experimenta-
tion in order to physically sort out the intricate inter-
actions of radiation, clouds and dynamic processes in
weather prediction models.

6. Summary

In this review, our current understanding and
knowledge of the composition and structure as well as
the radiative properties of cirrus clouds have been doc-
umented. Moreover, we have also presented the results

- of numerical experiments derived from models with
varying degrees of complexity which reveal some

. quantitative measures of the influence of cirrus clouds

on the temperature structure of the earth~-atmosphere
system. In view of these discussions and in light of
numerous problems presented, it is evident that cirrus
clouds are one of the most important, yet least under-
stood atmospheric elements in our weather and climate
systems. It is not surprising that cirrus clouds have been
singled out as one of the two cloud types (cirrus and
. stratus) for intensive process experiments (Bretherton
and Suomi, 1983). Clearly, in order to construct a re-
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liable numerical model for weather and climate pre-
diction, the dynamic and radiative properties of cirrus
clouds must be treated accurately within the context
of a2 model setting.

In his authoritative review describing the importance
of cloud modeling in weather and climate studies, Ara-
kawa (1975) pointed out the necessity of establishing
a global climatology of the geographical and seasonal
distribution of clouds, in which high, middle and low
clouds are treated separately so as to verify and “tune”
the cloud model developed. He indicated that the cloud
cover alone is of very little help in modeling clouds
and cloud processes. After reviewing and unifying the
subject areas related to cirrus clouds and associated
with dynamic and climate processes, it is my physical
understanding that the need for a global cloud clima-
tology including cover, height, and some measure of
the thickness is particularly pertinent to high cirrus
clouds. In the preceding reviews and discussions, I have
indicated a number of unsolved research areas which
are of experimental and theoretical interest.-However,
in a global perspective and in the context of weather
and climate modeling for the purpose of a physical
understanding of the cause and effect relationships and
for prediction, it is submitted that the folowing re-
search programs associated with cirrus clouds are im-
portant and therefore should be given the highest con-
sideration:

e It is necessary to have a global cirrus cloud cli-
matology including cloud cover, height and thickness.
Presumably, ISCCP (Schiffer and Rossow, 1983),
mentioned previously, will provide a comprehensive
cloud cover climatology including cirrus clouds. How-
ever, the determination of reliable cirrus cloud height
and thickness information will require additional ef-
forts. It seems not unlikely that satellite sounding tech-
niques for the retrieval of these cloud parameters could
be developed from the currently available imagery and
sounding channels. However, they must be verified by
the cloud truth data described below. Such information
in a limited sense may also be determined by properly
setting up a ground-based lidar network. The lidar is
particularly useful for the detection of invisible cirrus.

e A number of comprehensive dynamic, cloud and

‘radiation field programs covering several localities and

different seasons could be carried out. The FIRE pro-
gram mentioned above will undoubtedly provide useful
information on cirrus clouds. It would be desirable to
reduce the uncertainty involved in the cirrus IR emis-
sivity and solar albedo from experimental as well as
theoretical sources and to derive the climatological
mean and variance of these values in connection with
the development and improvement of climate models.
Moreover, aircraft observations of solar heating and
IR cooling rates in a variety of cirrus cloudy conditions
should be performed to cross check and verify the re-
sults derived from various theoretical means, and to
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assist in the development of parameterization methods
for incorporation into numerical models.

e The physical fundamentals and parameterization
for the formation of cirrus clouds need to be developed
in conjunction with large-scale weather and climate
models. In addition, the manner in which the ice con-
tent is generated in the model should be connected to
the radiative transfer calculations. The aforementioned
cloud and cloud radiative data may then be used to
verify and tune the cirrus cloud model developed.
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