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ABSTRACT

This paper examines the effects of the relationship between cirrus cloud ice water content gnd c!oud temperature
on climate change. A simple mechanistic climate model is used to study the feedback betxyeen ice water content
and temperature. The central question studied in this paper concerns the extent to wh‘lch both the rafhat.we
and microphysical properties of cirrus cloud influence such a feedback. To address this question, a parameterization
of the albedo and emissivity of clouds is introduced. Observations that relate the ice water content to cloud
temperature are incorporated in the parameterization to introduce a temperature dependence to botl.l albeglo
and emittance. The cloud properties relevant to the cloud feedback are expressed as functions of particles size
r., asymmetry parameter g and cloud temperature and analyses of aircraft measurements, lidar and ground
based radiometer data are used to select 7, and g. It was shown that scattering calculations assuming spherical
particles with a distribution described by r. = 16 um reasonably matched the lidar and radiometer data. Howeyer,
comparison of cloud radiation properties measured from aircraft to those parameterized in this study required
values of g significantly smaller than those derived for spheres but consistent with our understanding of non-
spherical particle scattering. .

The climate simulations revealed that the influence of cirrus cloud on climate was strongly affected by the
choice of 7, and g: parameters that are both poorly known for cirrus. It was further shown that the effect of ice
water feedback on a CO, warming simulation could be either positive or negative depending on the value of 7,
assumed. Based on these results, it was concluded that prediction of cirrus cloud feedback on climate is both
premature and limited by our lack of understanding of the relationship between size and shape of ice crystals
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and the gross radiative properties of cirrus,

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
the level of a major societal issue. At the grass-roots
scientific level however, global warming has not yet
been proclaimed 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
nonsense of any prediction of a global temperature rise
(Paltridge 1980). A number of recent scientific studies
have attempted to investigate the perplexing effects of
cloud feedback on global warming. Some of these
studies consider that the observed relationships between
cloud water content and cloud temperature and the
dependence of cloud albedo and cloud emittance on
cloud liquid water serves as a mechanism for cloud
feedback (e.g., Paltridge 1980; Charlock 1982; Somer-
ville and Remer 1984; Somerville and Iacobellis 1987;
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and Roeckner et al. 1987). The simulations of Roeck-
ner et al. (1987) even suggest that cloud feedback may
be positive thus accentuating the warming induced by
a CO, increase largely due to the increase of cirrus
clouds in the simulations.

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 Webster
1981). In the study of Stephens and Webster (1981),
and supported by others since (e.g., Ou and Liou 1984),
it is argued that the increased emission to the surface
by thin cirrus outweighs the solar radiation reduced by
reflection from cloud top. This tendency is thought to
reverse as the cloud optical thickness increases. It is
demonstrated in the present study, however, that this
predicted greenhouse effect is perhaps influenced by
inadequate treatment of the physics of cirrus clouds in
the model and that the more likely impact of cirrus to
climate change remains somewhat elusive. These con-
clusions 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 content and tem-
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perature of cirrus provides any significant feedback to
the CO, greenhouse warming. A related question that
is also examined concerns the specific role of cloud
microphysics and radiation in this feedback. This raises
several pertinent issues about our understanding of
cirrus clouds and their likely role in climate change as
there presently exists a considerable uncertainty about
the microphysics of these clouds, such as the size and
shape of ice crystals and their radiative influences (e.g.,
Platt et al. 1989; Prabhakara et al. 1988).

The feedback examined in this paper is defined in
the following section and is based on the observed re-
lationship between ice water path and cloud temper-
ature. Section 3 introduces the model that provides the
framework for a new parameterization of the albedo
and emissivity of clouds. In order to examine the feed-
back between ice path and temperature it is necessary
to establish a connection between cloud albedo, cloud
emissivity and ice water path thereby establishing a
temperature dependence of these cloud radiative prop-
erties. This dependence is formulated in section 4 in
which the extinction coefficient (and thus optical
depth) and single scattering albedo are obtained as
functions of the effective radius of the size distribution
and the ice water content. These parameters, together
with a specified value of the asymmetry factor and the
solar zenith angle provide a complete specification of
the cloud radiative properties. Observations are used
in section 5 in an effort to estimate values of the effec-
tive radius and asymmetry factor typical of cirrus. The
parameterizations of cloud albedo and emittance are
then incorporated into the climate model described in
section 6. A series of climate simulations are described
in this section and the ice water feedback mechanism
is examined. A summary of the results of the paper
and the conclusions drawn from this study are pre-
sented in the final section.

2. Cloud microphysics and ice water content

Characterization of the shape and size of ice crystals
in terms of their environmental parameters continues
to be a subject of extensive research in cloud physics
and is a topic that, through the dependence of both
cloud albedo and emittance on microphysical param-
eters, is also crucial to the cloud-climate problem. For
environments typical of cirrus clouds, ice crystals exist
both in single and polycrystalline forms. The obser-
vations of Heymsfield and Platt (1984) indicate that
both the size of these ice crystals and the ice water
content increases with increasing cloud temperature.
Their results are reproduced in Fig. 1 together with an
empirical relationship,

W(g m—3) - 0‘000780.041(T°C+60)’

(1)

which is taken to represent these data and provides the
basis of the feedback between climate warming and
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cloud ice mass addressed in this paper as well as in the
work of Platt and Harshvardhan (1988). We hereafter
refer to this feedback as the ice water content feedback.

3. A model of the albedo and emittance of cirrus

In order to examine the influence of the ice water
content feedback on the simple climate simulations
reported below, it is first necessary to establish the con-
nection between the cloud radiative properties and the
ice water path in the form of a tractable and physically
based parameterization. We now outline the cloud ra-
diation model used as the framework for this param-
eterization. In formulating this model, we are forced
to neglect any effects of horizontal cloud structure on
radiation since a coherent treatment of this problem
is not yet available in radiative transfer theory. In this
study, as others have done before (for example, see the
review of Stephens 1984 ), the two-stream model is used
as a basis for the parameterization. Description of a
variety of two stream models can be found in several
review articles on -the subject (Meador and Weaver
1980; King and Harshvardhan 1986, among others)
so only a very brief outline is presented here.

Derivation of the basic two stream equations and
the parameters that define them are described in detail
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FIG. 1. The relationship between cirrus cloud ice water content
and cloud temperature (after Heymsfield and Platt 1984) and the
empirical relationship (solid line) expressed by (1).
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" in the above cited papers. The form of the equations
adopted herg is
dF*

+ &2 D1 - &) + G,bIF
dr

+ G,bFT + Sqyr (2)

where F* are the upwelling (+) and downwelling (—)
fluxes, D is the diffusivity which is given the value of
7, for solar wavelengths and 1.66 for longwave radia-
tion, and the source terms .Sy,;/1r refer to the solar (sol)
and infrared (IR) sources of flux. The parameters cru-
cial to this equation are

(i) the extinction coefficient .y : this parameter
characterizes the attenuation of radiation along a given
path in the cloud. The product of a. and the vertical
path length in the cloud defines the optical depth =
and we hereafter use 7* to represent the optical depth
of the entire cloud layer. In this paper, we provide a
parameterization of 7* in terms of the ice crystal size.

(ii) The single scatter albedo @,: this parameter is
the ratio of the scattering to total extinction by the
cloud particles @, = ®sca/ @ex. Thus when @, = 1, the
cloud is non-absorbing (note the absorption coefficient

Oaps = gl — @,)aex). The single scatter albedo varies -

strongly with wavelength generally in the range 0.9
< @, < 1 for shortwave radiation (mainly in the near
IR region with A > 0.7 um and is typically less than
about 0.6 for longwave radiation. A relationship be-

b,
Z.(po) = @,
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tween &, and particle size is developed in the param-
eterization described below. -

(iii) b, the particle backscatter for diffuse radiation
which is related to the asymmetry parameter g. The
asymmetry parameter is a measure of the degree of
anisotropy of scattering. For completely forward scat-
ter, g = 1 while g = —1 for total backscatterand g = 0
when the scattering is isotropic. For real clouds g = 0.7-
0.9 and is relatively independent of wavelength. It is
shown below that g is an important parameter for the
climate simulations described.

a. A model of the cloud albedo

The general solution of (2) is briefly outlined in ap-
pendix A and more detail about the. solution can be
found in the cited references on two stream models.
The expression for diffuse reflectance given by (AS),
must be modified before it can be used to describe cloud
albedo since it excludes any solar zenith angle depen-
dence. This shortcoming is overcome by introducing
the contribution to the solar flux at level 7 due to the
single scatter of a collimated source of flux. The value
of this collimated flux perpendicular to the flow at cloud
top is. taken to be F, and is transmitted along the di-
rection with a zenith angle cosine of u, down to level
7. This flux provides the particular solution of the form
(e.g., Preisendorfer 1976, for details)

Fp sol = FoZ+(uo )e_f/“o

where

(]

sunlight forward and backscattered by the cloud. The
albedo of an isolated cloud layer is then obtained from
(A1) using

F(r=0)=F, (4a)
for the upper boundary condition and
Fr(r=7%)=0 (4b)-

for the condition at cloud base. With these boundary
conditions in (A1), it follows that

F .
— o _"'/ﬂa —_ Tk
C. A(T:) (#o)h-e Z_(po)hie™ ] .
=% e _ Tk
Cy = A( ) Z_(po)h-e*] (5)
where we introduce the notation
A(TE) = hy2e™s — b 2™, (6)

k2_(L)2 >
' Ko .

and where f, and b, are the fractions of the collimated

(3)

and where 7} is the diffuse optical thickness of the
cloud layer defined in the appendix A. The albedo,
transmittance and absorptance of an isolated cloud
layer can be defined as & = F*(0)/uF,, T = F~(*)/
woF, + exp[—7*/ u,], and A =1 — R — T, respec-
tively, and from (AS5) and (A6) in (A1) we obtain

; 1
T=e /o4 —0r
H’OA(T*)

= A0)] — Zi(po)hihe ™ Ho(e*" —

{Z_ (o) [A(r*)e™77re

e—kr“‘) }

~ wAGTE) {Z+<u,,>[A<rk) — A(0)e™TH)
— Z_(o)hsh (e — ey} ()

These expressions relate the albedo and transmittance

of the cloud to the cloud optical thickness, the solar

zenith angle and the various scattering parameters that
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are imbedded in the definitions of both 7¥ and Z..
The forward and backscatter fractions f,, band b, con-
tained in these definitions are specified according to

. e 301 _ o
b= 1/&5) + 5 (1= ¢)
1 '
b0=5(1 _3gﬂo/D)
b+ fo=1, (8)
given the scaled quantities
g=g/(1+g)
~ w,(1 _g2)
Wy =~

° 1 — w,g?

and using 7’ = (1 — w,g?)7 in (7) instead of 7. With
these scalings, together with the definitions given by
(8), we obtain the §-Eddington approximation (e.g.,
Meador and Weavor 1980). In this way, (7) together
with (8) defines the cloud albedo and cloud transmit-
tance of a single isolated cloud layer as a function of
solar zenith angle u, and the optical properties 7, @,
and g. The radiation distribution within a multiply
layered atmosphere, including the effects of surface re-
flection, is then modeled using the adding method de-
scribed previously by Stephens and Webster (1981)
given the radiative properties of individual layers.

b. A generalized model of cloud emittance

Kirchoff’s law is used to describe the source of ther-
mal emission

Stk = (1 — &) B(7) 9)

where B(7) is the Planck blackbody function for flux.
For an isothermal cloud layer, the particular solution
is

F;f,IR(T) =3B, (10)

where B, is the value of the Planck function determined
from the cloud temperature.

We are now in a position to derive the cloud emis-
sivity directly from (A1l). The boundary conditions
are

F7(0) = F, cloud top
F*(r*)= F, cloud base (11)

where F, is the upwelling flux from the surface below
the cloud. For an isothermal cloud (A1) can be written
as

F*(0)=TF,+ B,(1 — T — R) + RF,
F (t*)= RF,+ B,(1 - T — R)+ TF, (12)

where R and T are the general diffuse reflectance and
transmittance defined by (A5)~(A6). As emphasized
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in other studies (e.g., Stephens 1980), the longwave
radiative characteristics of cirrus clouds tend to be
dominated by the radiative interactions in the atmo-
spheric window spectral region between about 8 and
13 um. For the sake of illustration, and without any
loss of generality (it is straight forward to retain the F,
term ), we assume the atmosphere to be transparent in
this spectral region such that F; = 0. Using the following
definition for emissivity

- %
e=———FzET ) (13)
then from (12)
e=RF,/ B,
4ye x
* 1‘7{"(1+7)2—(1—v)2e'2’*]' ()

With the assumption in the infrared that g ~ 1 then
v ~ 1 and & ~ 0, the eigenvalue k in (A2) assumes
the property of a diffuse fractional absorption coeffi-
cient .

k= D[(1 = &)(1 — &g)1""% ~ D(1 = &). (15)

With the definition 7, = (1 — &,) 7 for a homogeneous
layer, (13) reduces to

€m 1 — g Drabs,

(16)

which is a form of emissivity that has been extensively
used in both the analysis of observational flux data and
as a parameterization of cloud IR radiative transfer
and is also the parameterization used in this study. The
assumption of zero scattering (g = 1) trivializes the
use of the two stream model as a method of parame-
terizing the infrared transfer in cirrus clouds. However,
the general derivation expressed by (14) provides a
framework suitable for future parameterizations that
are capable of taking infrared scattering into account. -
It was noted in an earlier study of Stephens (1980) that
the contribution by the 7 term in (14) can indeed be
significant under certain conditions although it is not
considered further here.

4. A parameterization of the cloud optical properties

a. Shortwave optical properties

Before the ice water feedback can be dealt with in a
climate model, the dependence of cloud albedo (and
cloud emittance) on w needs to be established. The
basis for the parameterization adopted in this study is
described in the work of Ackerman and Stephens
(1987). The approach uses the anomalous diffraction
theory of van de Hulst (1957) to specify the scattering
the extinction efficiencies as a function of wavelength,
refractive index and cross sectional area 4 of the particle
size distribution. The utility of the approach was dem-
onstrated by Ackerman and Stephens (1987) for water
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droplet clouds and is examined here for ice clouds.
The working assumption of the approach requires the
particle to be large compared to the wavelength of the
radiation so the scheme described here applies more
readily to solar radiation.

In order to parameterize A, we introduce the mod-
ified gamma function

N, r\! r '
T(2)7n (rm) exp( rm) ()
to characterize the size distribution. It should be em-
phasized here that r and r,, refer to the radii of spheres
of that are equivalent in volume to a nonspherical ice
crystal. As such, r,, does not directly relate to a mea-
surable crystal dimension (such as the maximum crys-
tal dimension). In what follows, we vary r,, to study
its influence on both cirrus radiative properties and on
cirrus cloud-climate feedback. Although a variety of
distributions have been used in the literature to describe
particle size spectra of clouds, only a few types of func-
tions actually fit observations well. In fact, by suitable
choice of parameters, the modified gamma function
used in this study defines as a special case the gamma,
truncated gamma, exponential, Marshall-Palmer,
Khrgian-Mazin among other distributions that have
been used to approximate measured size distributions
(Flatau et al. 1989). By using this function we are
therefore able to treat a variety of size distributions in
a simple and consistent way.

In (17), N, is the total (volume) concentration of
crystals, r,, is a characteristic radius of the distribution
and p defines the dispersion of the distribution. The
characteristic radius r,,, and parameter p together define
the mode, mean and effective radii according to

n(r) =

I'mode = (p - l)rm
rmean = prm
re=(p+2)rp. (18)
The ice water content w associated with the distribution
also follows as

w= g—rpicef n(r)r3dr= g”ﬂiceNorm3f(3) (19)
. 0 .

where pi.. is the density of ice,
'(p+m)
I'(p)

‘and the cross-sectional area per unit volume of the
distribution is

S(m) = (20)

_ [ A _3w f(2)
A -WL n(r)rzdr—‘rrNormzf(Z)—ZEm.
(21)

In principle, the density of ice varies according to ice
crystal size in a manner described, for example, by
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Heymsfield (1972). This dependence in principle,
complicates (19) and (21). In this study, we assume a
fixed value of 0.78 g cm ™ for the density of ice and
ignore its variation on particle size. The value assumed
is somewhat typical of cirrostratus clouds (Heymsfield
1972).

When (19) is substituted into the expression for the
extinction efficiency provided by anomalous diffraction
theory, we obtain by integration (refer to appendix B
for details)

4A4 p
72) X G + 17

’ —1—] (22)

+ — e —
Un> (U + 1)P U

Qext = 24 +

where Re is the real part of the factor in parenthesis
and u,, and 2x,,(n — 1), x,,, = 2nr,,/\, and n is the
complex index of refraction. Note that the correct
asymptotic limit a.,, = 24 is obtained as x,,, = 0. A
similar procedure for absorption provides

24 P

£2) | vp(Vm + 1)7*!

1 1
+ — et
V(U + 1P v,7)°

Qlaps = A+

(23)

where v,, = 4x,,n” and n" is the complex part of the
refractive index and the correct blackbody limit is ap-
proached as v,,, = 0. The relationship for single scatter
albedo then follows from (22) and (23) as

1 1 )4
(p+ 1)p | Vm(vm + 1)P*!

Go= 5=
bt 1
V(U + 1)7 0,7

Therefore (22) and (24), together with (7) and (8),
form the complete set of equations that are needed to
calculate the shortwave properties of clouds. Given a
value of p, u, and g, then a. and &, can be either
expressed directly as a function of r,,, and 4 or as func-
tion of r, and w using (18) to (21).

In this study, we divide the entire solar spectrum
into five spectral bands and sum over these bands using
a weighting function based on the solar flux data of
Thekaekara and Drummond (1971). The central
wavelengths of these bands and the weights used to
obtain broadband quantities are listed in Table 1. For
simplicity, water vapor absorption in the cloud is not
taken into account. This omission is not considered
important in the present context as the typical values
of water vapor absorption in a clear sky saturated layer
in the upper troposphere is about one to two percent
of the total flux incident on the cloud. Furthermore,
the total (water vapor plus ice) shortwave absorption

(24)
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TABLE 1. The refractive indices (n = n' — in”) and solar flux
weighting functions for the six bands used to determine the broad
band cloud albedo and absorption.

A (um) n=(n', n" Weight

A <07 (1.31, 0) 0.517
0.77 1.31,.199 X 1077 0.0494
1.05 1.297, .217 X 1073 0.251428
1.29 1.291,.132 X 10™* 0.058766
1.89 1.275,.309 X 1073 0.083847
2.46 1.230, .762 X 1073 0.03957

expected of cirrus clouds are calculated to be signifi-
cantly smaller than the infrared absorption that dom-
inates the climate effects described below.

Figure 2 provides a plot of the broadband albedo
supplied by the parameterization scheme as a function
of r, for two values of the ice water path W (= f wdz)
and u,. These results are shown as curves on the dia-
gram and are produced using p = 2 and g = 0.85. Also
shown for comparison and indicated by the symbols
are the results of calculations performed using a 24
band multistream radiation model of Tsay et al. (1989)
which also includes the effects of water vapor absorp-
tion by an amount that assumes ice saturation at
—50°C. These model results were obtained using values
of aex, @, and g derived directly from Mie theory for
a size distribution expressed by (17) with p = 2 applied
to each of the 24 spectral bands. On the basis of these
comparisons, we conclude that the dependence of al-
bedo on r,, largely through the influence of r, on 7*,

is well represented by the parameterization scheme de-
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F1G. 2. The parameterized cloud albedo (solid and dashed curves)
compared to cloud albedo predicted by a multiband, multistream
radiation model using Mie theory. The results are shown as a function
of effective radius for two values of solar zenith angle and ice water
path.
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scribed in this paper at least for the values of u, and
W chosen.

b. Longwave optical properties

A further simplification of (16) is required to obtain
an ice water path dependent cloud emissivity. This
modification requires the dubious assumption that the
Rayleigh scattering limit for absorbing particles (4x'nwr/
A < 1) generally applies for infrared wavelengths. Un-
der this assumption (e.g., van de Hulst 1957), Quus
~ cr, where ¢ is some constant producing the rela-
tionship

Olaps ~ Kw. (25)

In this expression the constant K has the gestalt of a
mass absorption coefficient. Thus, in the Rayleigh limit,
(16) becomes a function of W according to

e=1— DKW (26)

which is the form now commonly used as a parame-
terization for climate models (e.g., Stephens 1984).
Several estimates of K have been derived from both
theory and observation for water clouds but relatively
few estimates of this parameter exist for ice clouds. A
summary of the available observations of cirrus are
contained in Table 2. The listed values of Smith et al.
(1989) represent the upper and lower range of their
values which were derived from flux profiles measured
in cirrus and discussed below. They further showed
that K varied in an inverse way with the measured
maximum crystal dimension.

Under the Rayleigh limit assumption, K is taken to
be constant. However, this assumption is guestionable
for cirrus since K varies in a way which seems to be
related to particle size (Smith et al. 1989). We intro-
duce here a size dependent form of K in the following
way. The results of several Mie calculations were used
to parameterize K in terms of r.. The Mie calculations
were obtained using A = 11 um and the size distribution
(17) with p = 2, 8, 16 for a fixed value of w = 0.01 g

=3, The calculated values of volume absorption coef-

TABLE 2. Comparison of observed and theoretical
mass absorption coefficients for cirrus.

K@m?g™) Source, comments (D = 1.66)
0.34 Paltridge and Platt 1981: broadband flux
emittance
0.051 Paltridge and Platt 1981: effective beam
emittance (11 um)
0.039-0.180 Smith et al. 1988: broadband flux emittance
-0.046-0.058 Griffith and Cox 1977: broadband flux
emittance in tropical cirrus clouds
0.018-0.068 Platt 1984: derived from the Heymsfield
and Platt (1984) data over the
temperature range —20° - —60°C.
0.06 Present study; 7, = 16 um, p =2, A = 11

um







