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Abstract

The feedback effects of cirrus clouds in climate change are investigated, taking account of the tem-
perature dependence of both ice water content and size distribution. The sensitivity parameter which
is defined as a sum of partial derivatives is calculated with an accurate radiation code applying the 4-
stream discrete-ordinates method and the method of exponential-sum fitting for gaseous transmission
(ESFT). Microphysical properties of cirrus clouds are parameterized in terms of the cloud tempera-
ture from the data of aircraft observations. The value of 8H/O[IWC] x 8[IWC]/dT, i.e., a product of
partial derivatives associated with ice water content feedback, is estimated to be 1.3-2.3 W m~2°C~1,
meaning a positive feedback effect, and the value of dH/9[SD] x 8[SD]/8T which is associated with
size distribution feedback is estimated to be —0.1-—1.8 W m~2°C~!, meaning a negative feedback
effect. The positive ice water content feedback is significantly cancelled by the negative size distri-
bution feedback especially at cloud temperature in the vicinity of —45°C. It is thus shown that the
temperature dependence not only of ice water content but also of size distribution is important to
estimate the microphysical feedback of cirrus cloud.

701

1. Introduction

Many researchers studied the effect of cloud mi-
crophysical feedback on climate change by means
of radiative convective models (Charlock, 1982;
Somerville and Remer, 1984; Schlesinger and Roeck-
ner, 1988; Stephens et al., 1990) and general circu-
lation models (Roeckner et al., 1987; Cess et al.,
1990; Slingo, 1990). In spite of these efforts, we
have not yet understood whether the microphysical
feedback of cloud system is positive or negative. In
particular, evaluation of cirrus cloud microphysical
feedback is difficult due not only to the complexity
of microphysical processes, but also to its delicate
radiative balance. As most cirrus clouds do not be-
have as black bodies, their infrared radiative proper-
ties vary with a change of microphysical properties.
Changes of both solar and infrared radiative prop-
erties caused by a change in microphysics thus in-
duce climate feedbacks which have opposite signs for
the respective wavelength regions. Charlock (1982)
showed that the sign of the ice water content (IWC)
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feedback depends on the initial value of the IWC.
Stephens et al. (1990) showed that the sign of the
IWC feedback also depends on the choice of particle
sizes. These studies, however, adopted an emissiv-
ity approximation which is valid only for isothermal
and non-scattering media. In this respect, Stephens
(1980) pointed out that the contribution of scatter-
ing to the radiative transfer in cirrus clouds is sig-
nificant even in the infrared region. Stackhouse and
Stephens (1991) successfully applied a two-stream
radiative transfer code which includes scattering in
the infrared region to the explanation of the ob-
served optical properties of cirrus clouds. Such a
careful treatment of the radiative transfer is also de-
sired, especially in the infrared region, for the esti-
mation of microphysical feedbacks of cirrus clouds.

Moreover, most of the above-mentioned theoreti-
cal studies were devoted to the effect of temperature
dependence of the IWC (IWC feedback) without
considering the effect of temperature dependence of
the size distribution. The size distribution, however,
affects significantly the radiative properties of cir-
rus clouds as in Stephens et al. (1990). Foot (1988)
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Fig. 1. Cloud temperature versus ice water
content. Symbols are as follows: squares,
mid-latitude cirrus clouds (after Heyms-
field and Donner, 1990); circles, tropical
cirrus clouds (after Heymsfield and Don-
ner, 1990); crosses, mid-latitude cirrus
clouds (after Sassen et al., 1989). Solid
line shows our parameterization.

showed from aircraft observations that the infrared
optical thickness of cirrus clouds is closely related
to the size distribution. Recent airborne measure-
ments have revealed the fact that the size distribu-
tion of cirrus clouds depends strongly on the cloud
temperature (Heymsfield and Platt, 1984; Sassen et
al., 1989). Such temperature dependence of the size
distribution is also expected to induce a significant
feedback mechanism through the change of cloud
optical properties (size distribution feedback).

The aim of this paper is to study microphysical
feedbacks of cirrus clouds taking account of the tem-
perature dependence of both IWC and size distri-
bution by use of a radiation code with reasonable
accuracy. In the next section, the IWC and the
size distribution of cirrus clouds are parameterized
in terms of cloud temperature from the data of air-
borne measurement. Section 3 describes the method
used for evaluating feedback processes. A sensitiv-
ity parameter ratio, which is defined as a ratio of
temperature change derived by considering a feed-
back process to that without the feedback, is ex-
pressed in terms of partial derivatives related to re-
spective feedback mechanisms. The magnitudes of
cirrus cloud feedbacks are evaluated numerically in
Section 4 and discussed in Section 5.

2. Parameterizations of the microphysical
properties of cirrus clouds

2.1 Temperature dependence of IWC

Figure 1 shows the relationship between cir-
rus cloud temperature and IWC. Plotted data
were measured in mid-latitude cirrus clouds associ-
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Fig. 2. Cloud temperature versus effective ra-
dius of cloud particle.

ated with warm frontal overrunning systems, warm
frontal occlusions, upper-level closed lows, and jet
stream bands (Heymsfield and Donner, 1990; Sassen
et al., 1989), and in tropical cirrus clouds which
were observed at locations free from deep convective
clouds (Heymsfield and Donner, 1990). The data
obtained by Heymsfield and Donner (1990) for mid-
latitude and tropical cirrus clouds show very simi-
lar temperature dependence with each other, though
the data points scatter rather widely. The data by
Sassen et al. (1989) show a little smaller tempera-
ture dependence than those by Heymsfield and Don-
ner (1990). The following empirical relationship be-
tween IWC and cloud temperature is obtained from
mid-latitudes-tropics combined data,

—1.371 x 10—14+44962x10_2x(273+T(°C))‘

(1)

w (gm™?)

2.2 Temperature dependence of size distribution

The size distributions of cirrus clouds summarized
by Heymsfield and Platt (1984) for warm frontal
systems are adopted in this study. Heymsfield
and Platt (1984) showed the size distributions av-
eraged for each 5°C temperature interval from —20
to —60°C. They also showed that spatial crystals
such as bullet rosettes are predominant in the tem-
perature range from —20 to —40°C, while columns
are predominant at temperatures bellow —50°C. In
the temperature range from —40 to —50°C, predom-
inant ice crystal habits depend on the convective
activity of cirrus clouds: spatial and columnar crys-
tals predominate in convective and in stable cirrus
clouds, respectively.

For the purpose of calculating single-scattering
properties, ice crystal habits are treated as volume-
equivalent spheres in this study, though Heymsfield
and Platt (1984) represented their size distribution
data in terms of the maximum dimension of ice crys-
tals. The radius of a volume equivalent sphere 7,
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is related to the maximum dimension L as follows,
so that the size distributions for volume-equivalent
spheres can be obtained from the observed size dis-
tribution data. The ice crystal habits are assumed
to be bullet rosettes for temperatures higher than
—45°C, and columns for temperatures lower than
—45°C. The mass of an ice crystal M is related to
the radius of the volume-equivalent sphere by

4
M="2

3 Wrqu' (2)

Assuming a constant ice crystal density p of 0.78 g
cm ™3 (Heymsfield, 1972), the relationships between
L and r¢q are given by

Teq(pm) = 238 x L(mm), (3)
for the bullet rosette, and
Teq(um) = 173 x L%%7(mm), (4)

for columns, from the relationships between M and
L for each crystal habit (Heymsfield, 1977). Fig-
ure 2 shows the effective radius of the cirrus cloud
particles thus obtained, i.e.,

max

Teq
/. n(req)Te 4Teq
=T“im—-——, (5)

Teﬁ Teg
from the data, where n(req) is the size distribu-

tion for the volume-equivalent spheres, and r;’(‘l“x
and 7}

n(req)rqureq

m“‘ are the maximum and minimum values of

the equlvalent radius of cloud particles, respectively.
The effective radius of cloud particles increases with
an increase of the cloud temperature. The change of
crystal habit causes the discontinuous change of the
effective radius in the vicinity of —45°C. The size
distributions are normalized by the values of IWC
before calculating single-scattering properties of cir-
rus clouds.

‘3. Method of evaluating the feedback pro-
cesses

The magnitude of climate feedback is described
in terms of partial derivatives as in Schlesinger and
Mitchell (1987). The change of net radiative flux at
the tropopause, AH, is defined by

AH = AF + AQ, (6)

where AF and AQ are respective changes of net in-
frared and net solar fluxes at the tropopause (both
downward positive). Assuming that the net radia-
tive flux at the tropopause is affected by an external
perturbation, direct response to tropospheric tem-
perature change and indirect response to changes
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of internal factors due to tropospheric temperature
change, we have

oH
OH 8H O[FB),
{— d[FB), oT }AT’ M

where [EXT] is the quantity related to external
perturbation, for instance COy concentration, T is
the surface temperature, and [FB]|; are quantities
related to climate feedbacks, which are expected
to change due to the external perturbation, i.e.,
the water vapor concentration [H20], the ice wa-
ter content of cirrus cloud [IWC] and the size dis-
tribution of cloud particlés [SD]. We assume that
the lapse rate of tropospheric temperature is invari-
ant throughout climatic changes, so that the tro-
pospheric temperature changes in parallel with the
surface temperature.

If the climate system reaches a new equilibrium
state, the value of AH vanishes as

AH =0. 8)

From Eq.(7) and (8), the temperature change
caused by an external perturbation is given by

OH
- SEXT A[EXT)

, 9)
A (Z FBi>

where the sensitivity parameter A is defined as

()%

The terms related to each climate feedback appear
in Eq. (10) as partial derivatives. This means that
the effect of each climate feedback can be evaluated
independently from Eq. (9) and (10), neglecting in-
teractions between different feedbacks. The partial
derivative 0H/0X (X being T or [FB],) is calcu-
lated by holding all variables except for X constant
at an initial unperturbed state.

Now, we introduce the sensitivity parameter ratio
as an index of magnitude of the climate feedback,
which is the ratio of the temperature change calcu-
lated with considering the feedback process (AT
to that without considering the feedback process
(ATO)v

(ZFB) ATO <£FB> (1)

AT =

0H O|FB
+Za[FB] GT] (10)

where
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OH
A[EXT)
AT, — _OEXT] , 12)
Ao
and
oH
Ao 3T (13)

If the sensitivity parameter ratio is larger than unity,
the feedback is positive, and vice versa. For a par-
tially cloudy atmosphere with cloud amount Ap, the
sensitivity parameter ratio Rpc which includes both
water vapor feedback and microphysical feedbacks of
cirrus cloud, is defined by

Rpc <H2O +) C’FBi) =
Aplop + (1 — Ap) Aor

ApAp (Hzo + ZCFBZ> + (1= Ap) Ar (H20)

]

(14)

where C'F'B; denotes either the IWC feedback or the
size distribution feedback. The subscripts D and R
refer to the quantities for overcast and clear atmo-
spheres, respectively, and the value of AH for the
partially cloudy atmosphere is assumed to be given
by

AH=ADAHD+(1—AD)AHR. (15)

4. Evaluation of cirrus cloud microphysical
feedbacks

4.1 Model description

4.1.1 Radiation treatment

In this study, both solar and infrared radiative
transfer in cloudy atmospheres are calculated by
the discrete-ordinates and the matrix-operator com-
bined method (Nakajima and Tanaka, 1986). This
method is formulated originally for the transfer of
solar radiation, so that it is extended to the trans-
fer of infrared radiation. The Planck function in
the thermal emission term is approximated by a lin-
ear function of optical thickness within the cloud
layer, while it is fitted by third-order polynomials of
the optical thickness outside the cloud layer. A 4-
stream approximation is adopted to calculate radia-
tive fluxes applying 2-point shifted-Gauss quadra-
ture formula to each hemisphere. Single scattering
properties of cloud particles are determined from
Mie theory by adopting the refractive index of ice
compiled by Warren (1984). The phase function
is truncated by the delta-M method (Wiscombe,
1977). Thus, the discrete-ordinates part of our
method which is applied to each homogeneous sub-
layer, is closely similar to the delta-four-stream ap-
proximation developed by Liou et al. (1988). They
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also examined the accuracy of the delta-four-stream
approximation for various asymmetry factors, single
scattering albedos, optical depths and solar zenith
angles, and showed that reflected and transmitted
fluxes of solar radiation can generally be estimated
from the approximation with an accuracy better
than £+5 %. The infrared flux calculated by the same
approximation is expected to be more accurate, be-
cause the infrared radiation is more isotropic than
the solar radiation.

The gaseous absorption is included by means of
the method of exponential-sum fitting for gaseous
transmission (ESFT) developed by Shi (1981). This
method can treat overlapping of absorption bands of
different constituents by multiple-sum formulae, and
take account of the temperature and pressure depen-
dence of absorption coefficients accurately from the
ground to as high as 0.1 mb. The ESFT absorption
coefficients are prepared for the wavelength range
from 0.69 um to the microwave region. The solar
spectrum (from 0.69 to 4.2 ym) is divided into 17
intervals and infrared spectrum (larger than 4.2 ym)
is divided into 21 intervals. Water vapor, CO, and
Oj3 are incorporated as absorption gases as shown in
Table 1. The absorption of O3 in the ranges from
0.20 to 0.36 yum and 0.41 to 0.69 um is taken from
the World Meteorological Organization (1985) and
divided into a total of 102 intervals. The continuum
absorption of water vapor from 8 to 12 pm is also
incorporated (Roberts et al., 1976). Rayleigh scat-
tering is considered in the wavelength region from
0.2 to 0.69 pm.

4.1.2 Atmospheric models

An atmosphere closely similar to that obtained
by Manabe and Wetherald (1967) from a radiative-
convective model is adopted as an initial atmo-
sphere. The vertical temperature profile is just the
same as the result of the radiative convective model
by Manabe and Wetherald (1967); the ground tem-
perature is given to be 288.39 K. The relative humid-
ity outside cloud layer is also adopted from Manabe
and Wetherald (1967), and assumed to be conserva-
tive throughout climate changes. The water vapor
in the cloud layer is assumed to be saturated at the
given temperature. The CO5 concentration of 300
ppmv is also adopted from Manabe and Wetherald
(1967). Though this CO2 concentration is a little
smaller than the recent value of 350 ppmv, the eval-
uation of the sensitivity parameter described in Sec-
tion 3 is not so sensitive to the concentration of CO,.
The ozone column and its vertical distribution are
adopted from the U.S. standard atmosphere. The
surface albedo and the cosine of solar zenith angle
are assumed to be 0.1 and 0.5, respectively. The so-
lar constant of 1367 W m~2 is adopted from Frohlich
and London (1986). The model atmosphere is di-
vided into thirty layers; the top ten layers have each
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Table 1. Solar and infrared absorption bands taken into account in this radiative transfer model. Bands
with asterisks are incorporated by ESFT method.

Infrared Solar
Absorption gas  Spectral range Number of Spectral range Number of
(em™1) band divisions (em™) band divisions
H,0 0-2380* 21 2380-11300* 13
11660-12740" 1
13400-14500" 1
CO2 530-1110" 5 2380-2680" 1
1200-1430* 2 3080-3890" 2
1810-2380* 2 4540-5370" 1
5920-6990" 2
8040-8310" 1
O3 610-810" 2 14500-24540 46
940-1200" 2 27586-50000 56

3km thickness, the middle ten layers have each 1
km thickness and the bottom ten layers have each
0.5 km thickness.

Dowling and Radke (1990) summarized many ob-
servations of the thickness and the altitude of cirrus
clouds. They showed that measured thicknesses of
cirrus cloud are ranging from 0.1 to 8 km with the
typical thickness of 1.5 km. They also showed that
measured altitudes of cloud center are ranging from
4 to 20 km, and suggested that typical cloud-center
altitudes of cirrus clouds are about three quarters of
the local tropopause height. In this study, a single
cloud layer with thickness from 1 to 3 km is embed-
ded in the upper troposphere between 6 and 11 km
altitude, and its microphysical properties are calcu-
lated with the parameterization given in Section 2
unless specified. The microphysical properties are
assumed to be homogeneous within the layer of 1
km thickness. For the cirrus cloud thicker than 1
km, the cloud layer is divided into 1 km-thick sub-
layers, and the microphysical properties are assumed
to be homogeneous for the respective sub-layers. It
is also assumed that the cloud altitude is invariant
throughout climate change.

Although these atmospheric models do not
strictly satisfy the radiative-convective equilibrium
which is assumed in the definition of the sensitivity
parameter in Section 3, the magnitudes of micro-
physical feedbacks are not significantly affected by
use of such model atmospheres (see 5.3). The par-
tial derivatives composing the sensitivity parameter
are calculated by increasing the tropospheric tem-
perature by 5°C, corresponding to the temperature
interval adopted by Heymsfield and Platt (1984) (see
Fig. 2). The height of the tropopause is fixed at 15
km for these calculations.

4.2 Evaluation of feedback processes

4.2.1 Evaluation of partial derivatives

First, the partial derivatives related to each feed-
back mechanism are evaluated for an overcast cir-
rus with 1km thickness. Cloud top altitude is in
the range from 7 to 11km. The partial deriva-
tive related to the direct temperature response (i.e.,
OH/OT) is obtained in the range from —3.5 to
—3.7Wm~2°C~!. The product of partial deriva-
tives related to the water vapor feedback (i.e.,
OH/8[H,0] x 0[H20)/0T) is obtained in the range
from 1.1 to 1.3 Wm™2°C~1. If the water vapor in-
creases with increasing tropospheric temperature,
an increase of radiation absorption in the tropo-
sphere suppresses the upward radiative flux at the
tropopause for both solar and infrared radiations.
The increase of water vapor thus enhances the in-
crease of temperature; the water vapor feedback is
positive for all wavelength regions. The value of
OH/8[H,0] x 8[H20] /0T for the infrared radiation
ranges from 1.0 to 1.2 Wm~2°C~1, and these values
are much larger than the value of 0.1 Wm~=2°C~! of
the corresponding quantity for the solar radiation.
Schlesinger and Mitchell (1987) estimated that the
values of 0H /T and OH/8[H,0] x 8[H,0]/8T are
to be —3.3Wm~2°C~! and in the range from 1.0
to 1.3Wm™2°C~!, respectively, from their model
simulations where these derivatives are derived from
differences between two (i.e., initial and newly es-
tablished) equilibrium states. The close agreement
between Schlesinger and Mitchell (1987) and our es-
timations espouses the validity of our convenient cal-
culation of the partial derivatives related to climate
feedbacks.

The product of partial derivatives related to the
cirrus cloud IWC (i.e., 0H/O[IWC]| x9[IWC]/0T)
ranges from 1.3 to 1.8 Wm™2°C~!, as large as the
quantity 8H/8[H20] x [H20]/0T as shown in Fig.
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Fig. 3. Partial derivatives related to ice water
content feedback (solid line), its solar com-
ponent (broken line) and infrared compo-
nent (dash-dot line) as a function of cloud
temperature (cloud top altitude).

3. Because cirrus clouds become more opaque due
to the increase of IWC, the net downward solar ra-
diation decreases and the net downward infrared ra-
diation increases at the tropopause with increasing
temperature. The increase of IWC thus suppresses
energy gain at tropopause for the solar radiation and
vise versa for the infrared radiation; the IWC feed-
back is negative for the solar spectral region and
positive for the infrared region. The total mag-
nitude of the IWC feedback, i.e., the sum of the
feedbacks for both solar and infrared radiations, is
positive at the cloud top altitude from 7 to 11 km.
The product of partial derivatives related to the
size distribution of cirrus cloud (i.e., dH/d[SD] x
9[SD)/8T) varies from —0.1 to —1.8 Wm~2°C~1 as
shown in Fig. 4. The large variability of dH/9[SD)
x 0[SD]/OT at the cloud top altitude of 10 km re-
sults from the drastic change of the size distribution
at that altitude (temperature) mentioned in Section
2.2. As temperature increases, the particle sizes be-
come larger and cirrus clouds become more trans-
parent for a fixed value of IWC. Consequently, the
net downward fluxes at the tropopause increase and
decrease for the solar and the infrared radiations,
respectively. The size distribution feedback is there-
fore positive for the solar radiation, and is negative
for the infrared radiation. The total magnitude of
the size distribution feedback is negative due to the
large negative feedback for the infrared radiation.

4.2.2 Evaluation of sensitivity parameter ratio
Figure 5 shows the relationship between the sen-
sitivity parameter ratios and the cloud-top altitude.
The sensitivity parameter ratios are calculated from
the partial derivatives discussed in Section 4.2.1 for
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Fig. 4. Same as Fig. 3, except for partial
derivatives related to size distribution
feedback.
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Fig. 5. Sensitivity parameter ratios for re-
spective feedbacks: water vapor feedback
(H20), ice water content feedback (IWC),
size distribution feedback (SD), and their
combinations (IWC+SD, H,O+IWC +
SD).

an overcast cirrus cloud with 1 km thickness. Values
of the sensitivity parameter ratio R(/WC) including
only the IWC feedback are estimated to be 1.5-2.0;
the temperature change is amplified by a factor 1.5
2.0 due to the IWC feedback. The sensitivity param-
eter ratio R(SD), which includes only the size distri-
bution feedback, is slightly smaller than unity; the
temperature dependence of the size distribution by
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Fig. 6. Sensitivity parameter ratio R(H20+
IWC+S8D) versus temperature of the
cloud-top layer for three different cloud
thicknesses.

itself induces a weak negative feedback. The sensi-
tivity parameter ratio R(SD) has a minimum value
at the cloud top altitude of 10km where the size
distribution of the cirrus cloud changes drastically.
The value of the sensitivity parameter ratio R(IWC
+SD), which includes both IWC and size distribu-
tion feedbacks, shows that the combined effect of
the two feedbacks generally induces a weak positive
feedback except for cloud top altitude of 10 km. The
negative size distribution feedback obviously weak-
ens the positive IWC feedback at the cloud top al-
titudes of 8, 10 and 11km, though the negative
feedback induced by the change of size distribution
(R(SD)) is very weak. This curious behavior of the
size distribution feedback arises from a non-linearity
of the feedback processes. At the cloud-top alti-
tude of 10 km, the IWC feedback is offset by the
size-distribution feedback, so that the cirrus cloud
microphysics induces no climate feedback. The sen-
sitivity parameter ratio R(HoO+IW C+SD) which
includes the water vapor, IWC and size distribution
feedbacks simultaneously, ranges from 1.5 to 4.2.
The microphysical feedback of cirrus clouds drasti-
cally enhances the positive water vapor feedback at
the cloud-top altitudes from 7 to 11 km except for
10km. In the above discussion, however, the accu-
racy of R(HoO+ IWC + SD) should be examined at
lower cloud top altitudes where the ratio R(H20+
IWC+ SD) takes large values, because small errors
of partial derivatives affect significantly the calcu-
lated value in this case. This point will be discussed
in Section 5.3.
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Fig. 7. Sensitivity parameter ratio Rpc(H20
+ IWC + SD) versus cloud amount for cir-
rus clouds with thickness of 1 km and five
different cloud-top altitudes from 7 to 11
km.

As mentioned in Section 4.1.2, cirrus clouds have
various thicknesses from 0.1 to 8 km. The sensitivity
parameter ratios are also calculated for overcast cir-
rus clouds with thicknesses of 2 and 3 km. In these
cases, the values of OH/Q[IWC|xd[IWC]/8T are
ranging from 1.9 to 2.3 Wm™2°C~!, and the values
of 0H/8[SD] x 8[SD]/dT are ranging from —0.2 to
—1.5Wm™2°C~!. Thus, the positive IWC feedback
exceeds the negative size distribution feedback, so
that the total microphysical feedback is positive for
both cloud thicknesses of 2 and 3 km. Figure 6 shows
the sensitivity parameter ratio R(H,O+IWC+SD)
which includes the water vapor, the IWC and the
size distribution feedbacks simultaneously, for cloud
thicknesses from 1 to 3km. The values of the ra-
tio are larger for clouds thicknesses of 2 and 3km
than those for cloud thickness of 1km, except for
the cloud top altitude of 11 km. Such large values
of R(H20+IWC+SD) result from the large pos-
itive IWC feedback for thicker clouds. The clouds
of 2 and 3 km thickness show rather small values of
R(H,O+IWC+SD) at cloud top altitudes of 10
and 11km. This result reflects the effect of drastic
change of size distribution at a cloud temperature
around —45°C.

The magnitude of the microphysical feedback of
cirrus clouds is so far estimated for overcast con-
ditions. The sensitivity parameter ratio for par-
tially cloudy conditions, Rpc(H20 + IWC + SD),
is shown in Fig. 7 as a function of the cloud amount
which is assumed to be constant throughout the cli-
mate change. A single cirrus cloud layer of thick-
ness 1km is embedded at the cloud-top altitudes
from 7 to 11 km. The values of Rpc(H20+IWC+
SD) increase with increasing cloud amount, except
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Fig. 8. Partial derivatives related to ice water
content feedback (solid line), its solar com-
ponent (broken line) and infrared compo-
nent (dash-dot line) for fixed size distribu-
tions S and L.

for the cloud top altitude of 10km. The globally-
averaged value of the cirrus cloud amount is about
0.2 for the current climate (Warren et al., 1988). If
we assume this cloud amount (i.e., 0.2) is kept un-
changeable throughout the climate change, the value
of Rpc(H20+IWC+ SD) is estimated to be about
1.8, except for the cloud top altitude of 10 km. The
sensitivity parameter ratio Rpc(H20) is calculated
to be about 1.6 for the same cloud amount of 0.2.
Such results are quite similar for cloud thicknesses
of 2 and 3km. The global warming of 1.2°C due
to the direct effect of CO, doubling (ATy) (e.g.,
Schlesinger and Mitchell, 1987) is therefore ampli-
fied to about 2.2°C and 1.9°C by Rpc(H,O+IWC
+SD) and Rpc(H20), respectively, for the cloud
amount of 0.2.

5. Discussion

5.1 Influence of initial states of the atmosphere on
microphysical feedbacks of cirrus cloud

The magnitudes of the microphysical feedback of
cirrus clouds depend not only on changes of micro-
physical quantities due to the temperature change
but also on the initial states of the atmosphere.
In order to examine the effect of initial size dis-
tributions on the partial derivatives 0H/O[IW C] x
O0[IWC]/dT, two size distributions are chosen as
representatives of small and large particle sizes; one
is the size distribution for the temperature range
of —50-—-55°C (S), and the other is that for the
temperature range of —25-—30°C (L). The effective
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Table 2. Upward effective emissivity of cirrus
cloud evaluated at each cloud-top altitude
for two fixed size distributions: size distri-

_ bution in the temperature range from —50
to —55°C (S distribution); size distribu-
tion in the temperature range from —25 to
—30°C (L distribution). Upward effective
emissivity E(T) is calculated with the initial
state of the model atmosphere, and e; we
is evaluated with the model atmosphere in
which only cirrus cloud IWC increases in
response to a tropospheric temperature in-
crease of 5°C. Also presented is the change
of upward effective emissivity Ae' which is
defined by the difference between E(T) and

E;IWC‘
Cloud top
altitude e €l we A€l
(km)

S distribution
11 0.15 0.23 0.08
10 0.24 0.35 0.11
9 0.37 0.52 0.15
8 0.58 0.75 0.17
7 0.80 0.93 0.13

L distribution
11 0.06 0.08 0.02
10 0.09 0.12 0.03
9 0.14 0.19 0.05
8 0.23 0.32 0.09
7 0.37 0.50 0.13

radii are 24 and 104 um for the respective size dis-
tributions (see Fig.2). These size distributions are
assumed to be independent of the altitude (temper-
ature) of the cirrus cloud. A 1km-thick cirrus cloud
is embedded. The dependence of 8H/I[IWC]x
O[IWC]/dT on the cloud-top altitude changes dras-
tically with the size distribution of cloud particles
as shown in Fig.8. The value of OH/3[IWC)]x
O[IWC]/OT for the total radiation increases mono-
tonically with decreasing altitude for the L distri-
bution, while it takes a maximum at the cloud-top
altitude of 10 km, and changes its sign at the cloud-
top altitude near 8 km for the S distribution. As a
result, the total 0H/O[IWC] x 8[IWC]/dT for the
S distribution has a larger value than that for the
L distribution at lower temperatures, and vice-versa
at higher temperatures. For the infrared radiation,
the values of OH/O[IWC]x8[IWC]/8T for the S
distribution are larger than those for the L distri-
bution, except for the cloud top altitude of 7 km.
The value of 0H/O[IWC]x8[IWC)/dT for the in-
frared radiation depends on the cloud temperature
itself as well as the change of cloud emissivity due
to the change of IWC. The values of 0H/8[IW C| x
O[IWC]/OT for the infrared radiation are expected



December 1993

to increase monotonically with increasing tempera-
ture, if the change of cloud emissivity is kept con-
stant or increases with the cloud temperature. In
the case of the S distribution, however, the value
of O0H/0[IW C] x O[IWC] /8T for the infrared radia-
tion turns to decrease with decreasing cloud altitude
below 8 km. In order to examine the effect of cirrus
cloud emissivity on 0H/9[IWC|x d[IW C]/dT, the
change of upward effective emissivity is calculated
at each cloud-top altitude as shown in Table 2. The
upward effective emissivity is defined according to
Cox (1976) as

T T

el = LTB—FL (16)

Fg —oT}
where FT is the upward infrared radiative flux, T
is the temperature, the subscripts T and B re-
fer to the top and bottom of the cloud layer, re-
spectively, and o is the Stefan-Boltzmann constant.
The altitude dependence of the change of effec-
tive emissivity, Ae', is quite similar to that of
OH/O[IWC]| x d[IWC|/IT for the infrared radia-
tion in both cases of the S and L distributions: the
value of OH/O[IWC] x O[IWC|/IT for the infrared
radiation reaches a maximum at the same altitude
where the change of effective emissivity has a max-
imum value for the S distribution. Thus, the cir-
rus cloud emissivity plays an important role in de-
termining the value of 0H/O[IWC]x d[IWC]/dT.
For the solar radiation, the quantity 0H/9[IW C] x
O[IWC] /AT has a smaller negative value for the L
distribution than for the S distribution, especially
at lower altitudes (or higher temperatures). The
value of OH/O[IWC] x 0[IWC] /0T for the solar ra-
diation depends on the change of cloud albedo due
to the change of IWC. The increase of the cloud
albedo with an increase of IWC becomes less signif-
icant as the particle sizes increase. It is therefore
concluded that the temperature dependence of the
size distribution tends to make the IWC feedback
positive: the S distribution enhances the positive
value of H/O[IW C] x d[IWC]/8T for the infrared
radiation (positive feedback) at lower temperatures,
and the L distribution suppresses the negative values
of 0H/O[IWC] x O[IW ] /AT for the solar radiation
(negative feedback) at higher temperatures.

Similarly, the value of 0H/8[SD] x 8[SD]/dT de-
pends on the initial value of IWC. Fig. 9 shows the
partial derivatives OH/0[SD]x 0[SD]/OT for the
total radiation taking the ice water path (IWP)
as a parameter, where IWP is the total amount
of ice water content included in the vertical cloud
column. The values of 1.5, 5.1 and 22.4gm~2
correspond to the IWP values of 1km-thick cirrus
clouds with the cloud top altitudes of 11, 9 and 7
km, respectively. The relation between 0H /0[S D]
x0[SD]/0T and the initial value of the IWP is
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Fig. 9. Partial derivatives related to size dis-
tribution feedback for fixed ice water con-
tents.

not monotonous at cloud- top altitudes of 10 and
11km, though the absolute values of OH/8[SD] x
0[SD]/dT for both solar and infrared radiations
increase monotonically with increasing IWP at all
cloud top altitudes. This is because the positive
value of 0H/9[SD] x 8[SD]/dT for the solar radia-
tion increases more rapidly than the negative value
of 0H/0[SD] x 8[SD]/dT for the infrared radiation
with increasing IWP at these altitudes. The re-
sult in Fig. 9 is quite similar to the altitude depen-
dence of O0H/0[SD] x 8[SD]/dT for the total radi-
ation shown in Fig.4. The largest negative values
of 0H/0[SD]xd[SD]/dT appear at the cloud-top
altitude of 10km for all values of IWP. Thus, it is
clear that the large size distribution feedback for the
cirrus cloud with top altitude of 10 km results, not
from the difference of the initial IWC value but from
the drastic change of the size distribution itself.

5.2 Effect of crystal shape on microphysical feed-
backs of cirrus clouds

Theoretical calculations show that single-scatter-
ing properties of columns (cylinders) are consider-
ably different from those of equivalent Mie spheres
(Takano and Liou, 1989; Stephens, 1980). The ef-
fect of crystal shape may be significant, especially
for the solar spectral region where the values of
the size parameter are very large. Stackhouse and
Stephens (1991) showed that the observed albedo of
cirrus clouds increases more rapidly with increasing
IWP than the albedo calculated for model clouds
with Mie particles, though the agreement between
measured and calculated emissivities is fairly good.
They suggested that such a discrepancy in the cloud
albedo would be consistently explained by the crys-
tal shape effect. The non-sphericity of cloud parti-
cles enhances the increase of cirrus albedo with in-
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creasing IWC and, thus, increases the magnitude of
the IWC feedback for the solar radiation. This is be-
cause the asymmetry factor of the phase function is
considerably smaller for the non-spherical particles
than for the equivalent Mie particles. Stackhouse
and Stephens (1991) showed that the most plausi-
ble value of the asymmetry factor is 0.7 for realistic
cirrus instead of the calculated value of around 0.87
for equivalent Mie particles, and that the rate of
increase of the cirrus albedo due to the increase of
IWP is larger by about 2.5 times for the cirrus cloud
with the asymmetry factor of 0.7 than for the cirrus
cloud with the asymmetry factor of 0.87. Because
the value of 0H/O[IWC|x 8[IWC]/dT for the so-
lar radiation is expected to be nearly proportional
to the change of cloud albedo due to the change of
IWP, the non-sphericity of cloud particles amplifies
the value of 0H/O[IWC] x d[IWC]/AT for the so-
lar radiation by a factor of about 2.5. Assuming
this amplification factor of 2.5 in the solar spectral
region, the values of 0H/O[IWC] x 9[IWC]/dT for
the total radiation discussed in Section 4.2 become
0.3-0.9 Wm~2°C~! for 1km-thick cloud, —0.2-0.8
Wm~2°C~! for 2km-thick cloud and —0.5-—0.2
W m~2°C~! for 3 km-thick cloud: the effect of crys-
tal shape reduces the positive IWC feedback to bring
about a negative feedback for the thick cirrus.

The value of H/0[SD]x8[SD]/dT for the so-
lar radiation is also expected to be proportional to
the change of cirrus albedo due to the change of the
size distribution (effective radius). Stephens et al.
(1990) showed the relationship between the albedo
and the effective radius of cirrus particles for two
values of the asymmetry factor of 0.7 and 0.87. The
former corresponds to non-spherical particles and
the latter to equivalent Mie spheres. The changes
of albedo due to the change of effective radius are
similar to each other for these two cases of the asym-
metry factor. This result suggests that the effect of
crystal shape on the size distribution feedback may
be relatively small. However, the effect of crystal
shape on the size distribution feedback is compli-
cated, because both the size distribution and the
particle shape affect not only the extinction coeffi-
cient but also the single-scattering albedo and the
phase function in a complicated manner. Single-
scattering properties of various ice crystals should
be studied more comprehensively to investigate mi-
crophysical feedbacks of cirrus clouds more quanti-
tatively.

5.8 Influence of the choice of model atmospheres
In Section 3, the sensitivity parameter ratio is in-
troduced on the assumption that AH vanishes at
both the initial and final states, climate system be-
ing in equilibrium at both states. The model atmo-
spheres used for evaluating the sensitivity parame-
ter ratio, however, do not satisfy this condition. If
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Fig. 10. Partial derivatives related to respec-
tive feedbacks versus cloud temperature
for the original model atmosphere (solid
lines) and a model atmosphere with a
tropospheric temperature higher by 5°C
than the original model atmosphere (bro-
ken lines).

the values of the partial derivatives related to each
feedback mechanism are sensitive to the choice of
model atmospheres, the sensitivity parameter ra-
tio cannot be estimated accurately by utilizing such
model atmospheres. Therefore, the sensitivity of
these quantities to the choice of model atmospheres
should be investigated to examine the validity of
climate feedbacks evaluated in this study. Because
our model atmospheres do not include middle and
low clouds which decrease the equilibrium temper-
ature significantly, model atmospheres to be served
for evaluating cirrus cloud feedbacks should be those
with higher equilibrium temperatures than the at-
mosphere of Manabe and Wetherald (1967). In or-
der to investigate the influence of the choice of model
atmospheres on the magnitude of the feedbacks eval-
uated in this study, the partial derivatives and the
sensitivity parameter ratios related to each feedback
mechanism are calculated with the initial tempera-
ture profile which is 5°C higher in the troposphere
than the original temperature profile of Manabe and
Wetherald (1967). The initial values of other param-
eters such as water vapor concentration, IWC and
size distribution are also changed from their original
initial values, corresponding to the increase of the
initial temperature. Absolute values of the partial
derivatives obtained with this new initial condition
are slightly larger than those obtained with the orig-
inal temperature profile, as shown in Fig. 10. 1t is
found that the choice of model atmospheres slightly
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Fig. 11. Same as Fig. 10, except for the sensi-
tivity parameter ratios.

influences the partial derivatives for each feedback
mechanism. The sensitivity parameter ratios for
both initial temperature profiles are almost same as
each other except for the ratio R(H,O+IWC+SD)
at higher temperatures, as shown in Fig. 11. The
absolute values of the sensitivity parameter A\(H20O
+IWC+SD) are smaller than the absolute values
of the respective partial derivatives for direct tem-
perature response, the water vapor feedback and
the IWC feedback at higher temperatures. In such
cases, small differences between each pair of partial
derivatives shown in Fig. 10 cause a large difference
in the sensitivity parameter A(H,O+IWC+ SD),
and the sensitivity parameter ratio R(H.O+IWC
+ S D) becomes more sensitive to the choice of model
atmospheres. Careful treatment is therefore neces-
sary, especially to evaluate the magnitudes of strong
feedback.

5.4 Cirrus cloud feedback in the tropics

Recently, Ramanathan and Collins (1991) dis-
cussed the cirrus cloud feedback in the tropics. They
claimed that the sea surface temperature (SST) in
the tropics may be limited to less than 305 K by the
negative feedback of cirrus clouds due to spreading
of thick anvil clouds which reflect the solar radiation
back to space. They analyzed the radiation budget
data from the Earth Radiation Budget Experiment
(ERBE) and the SST data from weather satellites
and ships, and estimated the derivatives dC,/dT
and dC;/dT to examine the magnitude of the cirrus
cloud feedback, where C; and C; are cloud radiative
forcings for short-wave and long-wave radiations, re-
spectively. The values of dC/dT and dC;/dT which
they estimated are in the range from —22 to —27
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Wm~=2°C~! and from 18 to 23 Wm~2°C~1, respec-
tively.

This negative feedback comes mainly from the
changes of both microphysical and macrophysical
properties of cirrus clouds. To make clear the influ-
ence of IWC on the derivatives dC;/dT and dC,/dT
for the tropical cirrus clouds, we estimate the quan-
tities 0C, /O[IW C] x O[IWC) /8T and 8C,/d[IW C]
x 0[IWC| /0T by model calculations with the radia-
tive transfer code described in Section 4.1.1. The
cloud radiative forcing C, (or C}) is calculated as
a product of the cloud amount by the difference of
net short-wave (or long-wave) flux at the top of the
atmosphere between clear and overcast conditions.
The model cirrus cloud is assumed as follows, though
microphysical and macrophysical properties of the
tropical cirrus cloud investigated by Ramanathan
and Collins (1991) are not clear. A cirrus cloud layer
of 1km thickness is embedded at the cloud top al-
titude of 11km. The size distribution is fixed to
that for the temperature range from —50 to —55°C.
The initial value of the IWP is assumed to be 50
gm~2, according to the vertical distribution of IWC
in the tropical cirrus clouds observed by Griffith et
al. (1980). The optical thickness of this model cir-
rus is 4.2 at the wavelength of 0.6 um. This value
is consistent with the observed visible optical thick-
ness of tropical cirrus ranging from 0.5 to more than
6 (Liou et al., 1990). The rate of increase of IWP
with increasing temperature is adopted within the
range from 0.5 to 5gm~2°C~!. These values of
increasing rate of IWP correspond to that of the
model cirrus clouds embedded in the model trop-
ical atmosphere with the cloud top altitude of 11
km and thicknesses ranging from 1 to 3 km, if the
value of IWC is given from the parameterization in
Section 2.1. The same model tropical atmosphere
as used in LOWTRANTY is adopted, and the sur-
face albedo and the cosine of the solar zenith an-
gle are assumed to be 0.1 and 0.64, respectively.
On these assumptions, the values of 9C;/[IW C] x
O[IWC] /8T and 8C,;/d[IWC] x d[IWC]/IT are es-
timated in the range from —0.6 to —5.7 W m~2°C~!
and from 0.2 to 1.6 Wm~2°C™!, respectively, for
overcast condition. The absolute values of these
derivatives are smaller for partially cloudy condi-
tions than for overcast conditions. The magnitude of
the feedback mechanism through the change of IWP
is therefore too small to explain the observed val-
ues, even if the effect of ice crystal shape discussed
in Section 5.2 is taken into account. The influence
of cloud amount (CA) on both derivatives, dCs/dT
and dC;/dT, is also evaluated by using the same
models. The values of 0C,/0[C A] x 9[CA]/OT and
8C,/O|CA] x O[CA]/OT are estimated to be —8.8
Wm~2°C~! and 13.6 Wm=2°C~!, respectively, for
an increasing rate of cloud amount of 0.1°C~1! esti-
mated from the nephanalysis data of Gadgil et al.
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(1984).

These comparisons between observations and the-
oretical calculations suggest that the change of cloud
amount is also very important for the tropical cli-
mate as well as the change of microphysical prop-
erties. Though the effect of microphysical feedback
of cirrus cloud is not so significant at least for the
current global average cloud amount as discussed
in Section 4.2.2, cirrus clouds are still expected to
induce a significant climate feedback by the combi-
nation of the macrophysical and microphysical feed-
back mechanisms.

6. Summary

The microphysical feedback of cirrus clouds has
been investigated by use of a newly developed radi-
ation code which can treat radiative transfer in real-
istic atmospheres with reasonable accuracy for both
solar and infrared radiations. The ice water con-
tent (IWC) and the size distribution of cirrus clouds
are parameterized in terms of the cloud temperature
from airborne measurement data. Both of the IWC
and the size distribution feedbacks are evaluated in
terms of the sensitivity parameter ratios and related
partial derivatives.

Model cirrus clouds with thicknesses from 1 to
3km and cloud top altitudes from 7 to 11km are
adopted to evaluate the magnitudes of the mi-
crophysical feedback processes. The temperature
dependence of the IWC induces the derivatives
OH/O[IWC] x d[IWC]/IT in the range from 1.3
to 2.3 Wm™2°C~!, which causes a positive feed-
back. The temperature dependence of the size dis-
tribution, on the other hand, induces the deriva-
tives 0H/0[SD] x 8[SD]/dT in the range from —0.1
to —1.8 Wm~2°C~!, which causes a negative feed-
back. The positive IWC feedback exceeds the neg-
ative size distribution feedback, so that the micro-
physical feedback of cirrus clouds is positive as a
net effect. The sensitivity parameter ratio indicates,
however, that the IWC feedback is weakened signif-
icantly by the size distribution feedback, especially
for a cloud temperature near —45°C. The temper-
ature dependence of the size distribution not only
induces a feedback effect by itself but also affects
the magnitude of the IWC feedback. The size distri-
bution enriched with smaller particles at lower tem-
peratures enhances the positive IWC feedback for
the infrared radiation, while the size distribution en-
riched with larger particles at higher temperatures
suppresses the negative IWC feedback for the so-
lar radiation. For partially cloudy conditions with
cloud amount of 0.2, the sensitivity parameter ratio
increases from about 1.6 to about 1.8 due to the mi-
crophysical feedback of cirrus clouds. This increase
of the sensitivity parameter ratio by about 0.2 am-
plifies the global warming due to CO; doubling by
about 0.3°C. The importance of investigating the
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feedback mechanism due to the change of macro-
physical properties of cirrus clouds is also pointed
out.
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