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1. Introduction

Global warming is a contemporary topic of great

scientific interest. With the projected rise in sea level

and the anticipated effects of climate change on agri-

culture among others, global warming has escalated

to a major societal issue. At the grass-roots scientific

level however, global warming has not yet been pro-
claimed as an accepted truth and it has been realized

for some time that potential feedbacks via the effect

of cloud on the Earth's radiation budget make non-

sense of any prediction of a global temperature rise. A

number of recent scientific studies have attempted to

investigate the perplexing effects of cloud feedback in

the context of a global warming. Some climate model
results suggest that the feedback may even accentuate

the warming induced by a COs increase largely due to

the enhancement of cirrus clouds in the models (e.g.,

Roeckner et al.; 1987).

It is a widespread belief that thin cirrus clouds act

to enhance the 'greenhouse effect' owing to a partic-

ular combination of their optical properties (Manabe

and Wetherald, 1967; Cox,1971; Stephens and Web-

ster, 1981). It is demonstrated in this study how this
effect is perhaps based on inadequate resolution of the

physics of cirrus clouds and that the more likely im-

pact of cirrus to climate change remains somewhat

elusive. These conclusions are developed within the

context of a specific feedback mechanism incorporated

into a simple 'mechanistic' climate model. A specific

scientific question addressed here is whether or not

the observed relationship between the ice water con-

tent and temperature of cirrus provides any significant

feedback to the COs greenhouse warming. A related

question is also examined concerns the specific role
of cloud microphysics and radiation in this feedback.

This raises several pertinent issues about our under-

standing of cirrus clouds and their likely role in cli-

mate change as there presently exists a considerable

uncertainty about the microphysics of these clouds

(e.g. size and shape of ice crystals) and their radia-

tire influences.

2. Cloud microphysics and ice water content

Characterization of the shape and size of ice crys-

tals in terms of their environmental parameters con-

tinues to be a heavily researched area of cloud physics.

It is a topic crucial to the cloud climate prQblem. The

observations of Heymsfield and Platt (1984) indicate
that both the size of these ice crystals and the ice wa-

ter content increases with increasing cloud tempera-

ture. Their results are reproduced in Fig. 1 together

with the empirical relationship

w ----0.00O7e 0°41(T+e°) (1)

where w is in g.m -s and T is in *C. This relationship
forms the basis for the ice water feedback studied in

this paper.
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Fig. 1. The relationship between cirrus cloud ice wa-

ter content and cloud temperature ( after Heymsfield

and Platt, 1984) and the relationship expressed by (1)
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3. Cloud optical properties

The optical properties of the ice crystals were as-

sumed to be spherical in shape and parameterized in

the manner described by Stephens et al. (1989). A

simple diffraction theory was adopted as the frame-

work for this parameterization and the relevant prop-
erties of volume extinction and single scatter albedo
were derived as functions of the effective radius of

the size distribution (re) and the bulk absorption co-
efficient of ice. Typical values of re were chosen to

be consistent with the observations reported by Platt

and Harshvardhan (1988). Figure 2 shows the val-
ues of aab, derived from a series of lidar-radiometer

measurements (LIRAD) (e.g., Plattet aL, 1987) to-
gether with additional aircraft observations. Shown

as curves are three relationships calculated from Mie

scattering theory for a wavelength of 10.8 pm assum-

ing an analytic size distribution with re = 4, 16 and

64 pm. The three theoretical relationships included

on the diagram are therefore based on the assumption

that crystal size is invariant to temperature change
and that the increase of ice water content with in-

creasing cloud temperature occurs through an associ-

ated increase in total particle concentration. This is,

by necessity, an overly simple assumption as already

noted and a better understanding of the role of cirrus
cloud microphysics in relationships like that shown in

Fig. 2 is sorely needed.
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Fzg. 2. The observed relationship between the volume

absorption coefficient and cloud temperature taken
from the sources indicated. The three curve were de-

rived from Mie theory for the values of re indicated.

The asymmetry parameter was selected in the fol-

lowing wav. Combined analyses of aircraft radiomet-

ric data and satellite data were employed to obtain

albedo (_)-emittance (e) relationships that are then

matched to theory in such a way as to provide a value

of the asymmetry parameter. The values of _ and
derived from the satellite data and the values ob-

tained from the near coincident aircraft measurements

are shown in the form of a scatter diagram in Fig.
3. Two theoretical relationships between albedo and

emittance were also derived and are shown on Fig. 3.

The (elationship depicted by the solid curve is that

derived from Mie theory with re = 16 pm and the

value of the solar zenith angle corresponding to the

time of observation (/_o = 0.496). The broadband av-

erage g determined from Mie theory and used to pro-

duce the solid curve is 0.87. The second relationship
(dashed curve) provides a better fit to the observa-

tions and was obtained with g = 0.7. The difference

between the Mie value of g and the value chosen to

fit the observations is both significant and expected.
It is straight forward to show that the reflectance of

thin clouds is directly proportional to the backscatter

fraction bo and hence a function of 1 - g. The albedo

of a cloud estimated using g = 0.7 is therefore greater

than the albedo calculated using g = 0.87 (the emit-

tance is largely independent of g). We show below

that this difference in albedo significantly influences

the predicted response of a climate model to the pres-

ence of cirrus cloud. It is also expected that real cirrus

clouds, composed of irregularly shaped particles, have

values of g that are smaller than the values of g as-

sociated with the more ideal spherical particles (e.g.,
Stephens, 1980).
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Fig. 3. The relationship between cirrus cloud albedo

and emittance derived from aircraft and coincident

satellite data obtained for the 28th October FIREcir-

rus case. For ezplanations of the curves consult the
tezt.
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4. The effects of cirrus optical properties in

a simple climate system

The effects on a simple climate system of the cloud

optical properties and their relation to ice water con-
tent on a simple climate system defined by a radiative

equilibrium climate model which are examined. The

radiative properties of the clouds were determined us-

ing the optical properties as specified above in a two
stream model. Details are provided in Stephens et al.

(1989).

(a} Simulations with fixed ice water

The results of a series climate equilibrium exper-

iments are shown in Fig. 4 and 5 expressed as the
difference between overcast and clear skies of the sur-

face temperature AT 9, cloud temperature ATe (up-

per panel), cloud albedo 7_ and emittance e (lower

panel) as a function of re. The ice water path pre-
scribed for these experiments was 3 g.m 2 which cor-

responds to a lkm thick cloud at a temperature of

229°K. The model simulations were carried out using

the two values of g mentioned above. The resultant

surface warming reported in earlier studies like that

of Stephens and Webster (1981) is also reproduced
in this study. However, the magnitude of this warm-

ing is strongly dependent on both the value of g and
the value of re which is assumed for "R and e. For

example, the surface warming tendency is enhanced

by either decreasing the particle size or by assuming

more forwardly scattering cloud particles.

A principal driving force of the surface warming is

the radiative heating of the cloud layer that results

primarily from the absorption of infrared radiation.

According to the analysis shown in Fig. 4, the cloud

warming is more than twice the warming calculated at
the surface. This is seen in the time evolution of the

model solutions displayed on Fig. 5. The simulations

were carried out with the following prescribed values;
re = 16 pm,g = 0.7 and W = 4.7 g.m -2. The simu-

lated surface temperature undergoes a slight cooling

during the first few simulation days and only signifi-

cantly differs from the clear sky equilibrium value af-

ter about ten days into the simulation. By contrast,
the cloud temperature systematically increases dur-

ing the early stages of the simulation and after about
10 days of the simulation the increased emission from

cloud base due to this temperature increase is enough

to drive a surface warming.
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Fig. _ The difference in equilibrium surface ('Tg} and

cloud (Te) temperatures as a function of re for two

values of g (upper panel} and the respective variation

in albedo (TZ} and emittance (e} with r, (lower panel).
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Fig. 5 Time evolution of the surface (solid} and cloud

(dashed} temperatures predicted by the model.

(b) Simulations with ice water feedback

The ice water feedback was examined by analyzing

pairs of control/perturbation simulations with the ra-

diative equilibrium model. The perturbation experi-

ment represents the simulations with twice the present

day C02 concentration and the control simulations

were run with the present day concentrations of C02.

The notation Az is used to represent the difference

between the perturbation and control simulations of

a particular climate parameter of interest (say surface
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temperature). Two pairs of perturbation/control ex-

periments are then compared; one pair was conducted
with the ice water feedback included in the model and

the second pair assumed fixed values of ice water path.

These comparisons are presented in terms of the pa-

rameter 6z = Az( with feedback) - Az(fixed). Posi-

tive values of/_T e therefore indicate that the ice water
feedback acts to reinforce the simulated COs warming

and negative values of 5Tg indicate a buffering effect

against such a warming.

Values of 6Te,6Tc (upper panel), 6W (middle

panel) and 6e and 6R (lower panel) are presented as

a function of re in Fig. 6. All simulations were per-
formed with g = 0.7. These results indicate that the

sign of the ice water feedback varies according to the

value of re used in the model to obtain the cloud op-

tical properties. According to these simulations, the
feedback is negative when re < 24pro and positive

for larger crystal clouds. The explanation for this is

revealed by comparison of 5"R and 6e.
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Fig. 6 The feedback parameter as defined in the fezf

as a function of r..

5. Summary and Conclusions

Is the sky falling and do cirrus clouds make it

worse? While the first part of this question was not

explicitly addressed in this study it is clear that, from

a scientific viewpoint, the potentially large but not
well understood effects of cloud feedbacks cast serious

doubts over any proclamations of impending climate
change. The focus of this paper was directed towards

the second question; is there overwhelming scientific
evidence in support of a positive cirrus cloud feed-

back? Despite accepted wisdom to the contrary, the

results demonstrate that the sign of the cirrus feed-
back is uncertain, let alone its magnitude, and is influ-

enced by cloud (microphysical and dynamical) prop-
erties that are presently neither well known nor well

understood. The results also suggest that the surface

warming induced by cirrus clouds as predicted pre-

viously by several others (including the author) may
be model dependent and unrealistic. It was shown

how the cirrus warming was governed by the radia-
tive budget of the cloud itself. The absorbed infrared

radiation gave rise to a direct warming of the cloud

layer and it was shown that this warming was largely

responsible for the associated surface warming. This

scenario is clearly artificial as dynamical and turbu-

lent motions, induced by the radiative warming, will

likely act to alter the structure of real cirrus and per-
haps even the character of the feedback. Thus an

understanding of the dynamical aspects of cirrus, cou-

pled to the microphysical and radiative properties, are
likely to be important to the problem of understand-

ing cirrus cloud feedback to climate.
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