2044

JOURNAL OF THE ATMOSPHERIC SCIENCES

A Theoretical and Observational Study of the Radiative Properties of Cirrus:

Results from FIRE 1986

PAUL W. STACKHOUSE, JR. AND GRAEME L. STEPHENS
Department of Atmospheric Science, Colorado State University, Fort Collins, Colorado
(Manuscript received 12 April 1990, in final form 15 November 1990)

ABSTRACT

A two-stream radiative transfer model is used to examine the radiative properties of cirrus clouds and compare
simulations with the observations made during the cirrus FIRE IFO. The sensitivity of cirrus cloud radiative
properties to altitude and size distribution changes are examined. The net radiative effect of cirrus in the infrared
is largely determined by the amount of ice in the cloud and the surface — cloud base temperature difference
(and thus altitude). Increases (decreases) of this temperature difference produce a net radiative heating (cooling).
Cloud-top solar heating increases (decreases) with increasing (decreasing) altitude as the optical path of the
atmosphere above the cloud layer decreases (increases). The impact of varying concentrations of ice particles
less than 100 ym in diameter is also examined. The addition of these particles greatly enhances the longwave
absorption and shortwave albedo of cirrus clouds in a manner that is spectrally dependent. Model simulations
using observed microphysical and environmental conditions are compared to measured cirrus cloud radiative
properties. Although cloud inhomogeneties are shown to be quite large, broad agreement in the cloud emittance
is found between the highly uncertain observations of FIRE, other aircraft observations, and model simulations.
Similar comparisons of the solar albedo reveal cirrus clouds to be significantly brighter than predicted by the
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model. Possible explanations of this brightening anomaly suggest that it may not be possible to use Mie scattering

to model the cloud albedo.

1. Intreduction

The impact of cirrus clouds on the radiative budget
of the earth-atmosphere system is known to depend
upon the optical thickness of the clouds and the alti-
tudes at which they form (Cox 1973; Stephens and
Webster 1981; and Stephens et al. 1990) among other
factors. These previous studies suggest that high thin
cirrus clouds located above a warm surface are warmed
as a result of the absorption of infrared radiation. These
results imply that cirrus may be capable of providing
a strong positive feedback to greenhouse gas warming
as supported by the modeling studies of Roeckner et
al. (1987). Stephens et al. (1990) show that the pos-
sibility of such a feedback can be positive or negative
depending upon the microphysical and scattering
properties assumed for the cloud. Unfortunately, cirrus
cloud microphysics and scattering properties are pres-
ently not well understood partly because of the diffi-
culty in obtaining in situ observations within cirrus
clouds. Furthermore, the high altitude and cold tem-
peratures within these clouds, along with their relative
transparency, make them difficult and ambiguous to
study using remote measurements. For these reasons,
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very few observational studies of cirrus clouds exist for
which microphysical measurements such as particle
size distributions and ice water content were simulta-
neously obtained with radiation measurements (e.g.,
Griffith et al. 1980; Paltridge and Platt 1981; Foot 1988;
and Paltridge 1988). Consequently, the majority of ra-
diative studies of cirrus are theoretically based.

In an effort to obtain quality observations of cirrus,
the First ISCCP Regional Experiment (FIRE), was
proposed to examine the microphysical and radiative
properties of cirrus clouds with the ultimate goal of
both improving our understanding of the physical pro-
cesses that govern cirrus clouds and the subsequent
parameterization of these processes in climate models.
The FIRE cirrus experiment provides the opportunity
for comparing theoretical calculations with actual in
situ observations. The Intensive Field Observation
(IFO) of FIRE Cirrus Part 1 was held in Wisconsin,
in late October and early November in 1986, and in-
volved the collection of data from ground-based aircraft
(both tropospheric and stratospheric) and satellite ob-
servations (Starr 1987) for middle latitude frontal and
jet stream cirrus.

The aim of this paper is to provide a comparative
study of the radiative properties of cirrus obtained from
aircraft measurements during FIRE with those calcu-
lated from theory using the in situ microphysical data
in the simulations. A radiative transfer model is intro-
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duced in this paper for this purpose and processes such
as molecular and ice crystal absorption and scattering
are treated in such a way that allows the model to be
used as a basis for future parameterizations of cirrus
cloud radiative interactions. One of the specific issues
addressed in this paper concerns the extent to which
the observations are explained in terms of simple ra-
diative transfer theory and spherical particle scattering.

The outline of the paper is as follows. Section 2 of
this paper describes the monochromatic two-stream
radiative transfer model developed specifically for this
study. This model is applied to both solar and infrared
radiative transfer. Since relatively few studies actually
employ a two-stream model of infrared transfer (e.g.,
Toon et al. 1989), this topic and difficulties associated
with the application of this type of model to clear sky,
longwave transfer are described in section 2. In section
3 a general investigation of the effects of the atmo-
spheric environment on the radiative budget of cirrus
clouds is presented. The dependence of radiative trans-
fer in cirrus on the microphysical properties of these
clouds, specifically the size of particles, is then explored
in section 4. Section 5 describes the aircraft observa-
tions that are used in the comparison with the model
calculations discussed in section 6. Section 7 sum-
marizes these results and presents the conclusions of
this study.

2. A radiative transfer model

A two-stream radiative transfer model was developed
for the relevant solar (0.28 ym-3.8 um) and infrared
(3.8 um-200.0 um) wavelength ranges. Since details
of the two-stream model are presented in several review
articles (e.g., Meador and Weaver 1980; Zdunkowski
et al. 1980; King and Harshvardhan 1986) only a brief
summary of the model is included here.

a. Basic formulation of a two-stream model

The two-stream equations for upward F* and
downward F~ hemispheric fluxes can be written as
dF*
L dF5(n)

7 = —(a+ b)F*(7) + bF*(7) + Uss,
T

(1)

where the upward and downward fluxes F* are given
by

0
Fr@) = [ ul,

1
F(r)= J; wl(7, p)du, (2)
and where a = (1 — wo)D is the fraction of the total
extinction of the flux due to particle absorption. In this
fraction, D is the diffusivity and wy is the single-scatter
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albedo. The quantity b represents the fraction of diffuse
flux scattered backwards from the layer, and Usg, ;. are
the contributions to the upward- and downward-di-
rected fluxes due to sources in the cloud (e.g., Stephens
et al. 1990).

The two-stream equations, written in the form of
second-order differential equations in F* and F~, are
then solved with appropriate specification of boundary
conditions (e.g., Preisendorfer 1976). The solutions to
(1) are

F=(7) = myn. exp(x7)
+ m_nz exp(—«7) + Fs5i(7), (3)

where 1. = 1 * a/«x, k = [a(a + 2b)]"/? and where
Fs3,;(7) is the particular solution of the differential
equation for the source term having units of flux. The
constants m.. are found by applying boundary condi-
tions at the top and bottom of an atmospheric layer
assuming that the optical depth is zero at the top of a
layer and 7* at the bottom. As discussed by Flatau and
Stephens (1988), (3) becomes unbounded as r = oo
through the presence of the term containing the positive
exponential. A more stable expression of this solution
is (Flatau and Stephens 1988):

FY0)=TF*(v*)+ RF (0) + £%::(0)
F (%)= RF*(+*) + TF(0) + (1),
where
85,ir(0) = Fs55i(0) — TFs%ir(7*) — RF55,:(0)
$ () = Fsgou(m*) — RFs50r(7*) — TFs55,:(0)
(3)

represents the total source terms for solar (so) and in-
frared (IR ) wavelengths, respectively. The coeflicients
T and R are the diffuse transmittance and reflectance
functions and are defined in Stephens and Tsay (1990).
In this form, the exitant fluxes from the layer are ex-
pressed in terms of the incoming fluxes. Equation (4)
is a statement of the interaction principle for fluxes
(e.g., contrast this statement with that defined in Ste-
phens 1988). The solution expressed by (4) is stable
under the limits 7* - 0 and +* = o (e.g., Flatau and
Stephens 1988).

(4)

b. A model of the molecular absorption spectra

Molecular absorption is incorporated into the two-
stream model using narrowband absorption in the form
of k distributions and exponential sum fit approxi-
mations to the narrowband transmission functions for
gaseous absorption. The absorbing gases included in
this study are H,O, CO,, and O; in both the solar and
infrared wavelengths as well as O, absorption, which
is included in the solar absorption spectrum. Solar ab-
sorption by Oj for wavelengths less than 0.687 um is
treated by dividing the spectrum into 10 bands using
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TABLE 1. Bandwidths of the absorbing gases accounted for in the model.

Infrared Solar
Gas Bandwidths (cm™*) Bands Bandwidths (cm™) Bands
H,0O 20-2620 130 2600-14 450 239
CO, 540-800 13 3300-4000, 4600-5300, 6000-7000 48
(02 980-1100 6 14 550-35 710 10
0, —_ —_ 12 850-13 150, 14 300-14 550 11

the exponential sum fit for each band. For wavelengths
greater than 0.687 um, the k distribution method is
applied to bands 50 cm™' wide and 20 cm™" wide for
infrared wavelengths greater than 3.8 um. Table 1 pro-
vides a summary of the spectral bands used to model
the absorption spectra of the four gases. The optical
paths associated with each gas are computed using the
simple pressure-temperature scaling parameterization
with scaling constants given for each gas by Chou and
Arking (1980, 1981), Chou and Peng (1983), and
Chou (1984) as summarized in Tables 2a,b. Absorption
in the 8-13-um window region is modeled according
to the parameterization of Kneizys et al. (1980). In
addition to molecular absorption, Rayleigh scattering
is included explicitly in the model using the parame-
terization of optical depth provided in Paltridge and
Platt (1976).

The transmittance of radiation for the 249 intervals
of the solar spectrum and the 130 intervals of the in-
frared spectrum is thus defined as

T(u) ~ é w;e kv, (6)
i=1

Flux calculations are then performed for a particular
k; and summed according to (e.g., Stephens 1984)

= 2 Wi (1 = ku)

i=1

(7)

to determine the total broadband flux within the given
spectral interval Av.

¢. Treatment of source terms

The azimuthally integrated thermal source at some
internal level 7 is given by

) S;_Fr = 2‘"(1 - (JJ()).B,,(T), (8)

where B,(7) is the Planck emission function, which is
approximated as

B,(r) =By + B'r, 9)

with By representing the Planck emission function at
the top of the layer in question [i.e., By = B,(7 = 0)],
and

(B* — Bo)

B =" (10)

T
where B* = B,(r*). The particular solution for a
source given by (9) and (10) is

(11)

2 B’
Fsi(r) =" [Bo + BT+ ——} ,

where x = a + 2b.

A problem arises when we apply the k distribution
to (11). Under conditions of pure molecular absorp-
tion, 7* — 0 since k approaches zero for some bands.

TABLE 2. Scaling parameters used for optical depth calculations in the (a) infrared and (b) solar wavelengths.

P R(Ter— 40K, R(Twr+ 40K,
Gas Bandwidths (cm™") (mb n Tret (K) m Tret) Teet)
(a) Infrared
H,O centers 20-340, 1380-1900 275 1.00 225 0.0 0.90 1.16
wings 340-1380, 1900-3000 550 1.00 256 0.0 0.58 1.78
CO; centers 620-720 30 0.85 240 0.0 0.74 0.44
wings 540~620, 720-800 300 0.50 240 0.0 0.51 2.03
Os 980-1100 100 1.00 240 1.0 — —
(b) Solar
HO 2600-14 450 300.00 0.800 240.00 0.000
CO, 3300-4000, 4600-5300, 6000-7000 300.00 1.750 240.00 1.375
O; 14 550-35 710 1013.25 0.400 273.15 0.200
0, 12 850-13 150, 14 300-14 550 500.00 1.750 240.00 1.375
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This results in spurious solutions and large errors in
the atmospheric longwave cooling rates. We avoid this
problem by rearranging (11) to reduce the impact of
7* in the denominator of (10). Using the interaction
parameters R and 7,

&;(1=0)=£DE{BO(1—%)—‘TB*

P e 2]

8;(T=T*)=%[B*(l —R)—TBy

- [B* —Bo][ » (12)

1 - T+ R
xt*
where now the numerator of the final bracketed term
is of the same order as the denominator. For clear skies,
wo=0,k=D, x=D, R =0, and, therefore, T
= exp(—Dr*). For r* < 1, the Taylor series expansion
gives T =~ 1 — Dr*, and the factor (1 — T + R)/x7*
reduces to order of 1.
The solar source term is

woFo

S5(r) =3 P(ﬂ,w)exp(—i), (13)

where o is the cosine of the solar zenith angle, which
is positive in the present representation, and Fj is the

solar irradiance at the top of the atmosphere. In flux

form, the source terms for the upward flux at the top
of a layer and downward flux emerging from the bot-
tom of a layer are given by

S (1 =0) = Fs53,(0) — TFsg,(7*) — RFs55(0)
Sewo (7 =1*) = Fsyo(1*) — RFs5,(7*) — TFs5(0),
(14)

where
(t + i)ﬁo — b(1 - Bo)
Ko

)] oo~ )

Ho Ko

Fsg,(7) = woFo

(t —l)u — Bo) — bBo

Ho T
Fso(1) = wokp 1 N exp(— —) .
R
Ko Ko
(15)

In these expressions Fy represents the incident direct
beam flux, which is assumed to be attenuated by the
atmosphere above the layer, and G, is the direct back-
scatter coefficient defined after Meador and Weaver
(1980), which is computed using a scaled Henyey—
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Greenstein function to emphasize the forward-scatter-
ing peak of ice crystals.

Figures 1a,b, respectively, provide examples of the
clear sky H,O+CO,+0; infrared cooling rates in the
McClatchey et al. (1972) midlatitude summer atmo-
sphere and the H,0O solar heating rates in the Mc-
Clatchey et al. (1972) tropical atmosphere both cal-
culated using the k distribution method in a two-stream
model. These cooling/heating rates are compared to
the line-by-line (LBL) H,0+CO,+0; profiles reported
by Luther (1985) and the LBL H,O calculations of
Chou (1984) for infrared and solar absorption, re-
spectively. The agreement is generally excellent in both
cases. The differences in the infrared cooling rates in
the upper stratosphere shown in Fig. 1a, relate to the
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FG. 1. Comparison of the (a) infrared cooling rates in the mid-
latitude summer atmosphere for the combined cooling of H,0, CO,,
and O; between the present model and the GFDL LBL model as
presented by Luther (1985) and (b) solar radiative heating rates in
the tropical atmosphere for HO between the present model and the
LBL calculations presented by Chou (1984).
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scaling parameters used for the 13 bands throughout
the 15-pm absorption band (see Chou and Peng 1983),
and application of the present model must be applied
to this region of the atmosphere with caution. These
difficulties, however, have only a small effect on the
fluxes calculated at cirrus altitudes. In comparison with
line-by-line calculations, the fluxes differ by only 5 W
m™2 at cirrus altitudes and are within the range of un-
certainty associated with other approximate schemes
more commonly used by the scientific community to
model infrared transfer (Luther 1985).

d. Cloud particle extinction

Cloud particle scattering and absorption parameters,
namely, the attenuation coefficient (a + b), the single-
scattering albedo (wp), and the asymmetry factor (g),
are modeled from Mie theory. Other scattering theories
for more complex particle shapes [e.g., circular cylin-
ders, Stephens (1980); hexagonal columns, Takano
and Liou (1989)}] could have been used. However, it
is not clear that these shapes necessarily represent the
scattering properties of the more irregular ice crystal
observed in cirrus, and this extra complexity was
deemed unwarranted. Furthermore, this study aims to
examine the extent to which present radiative transfer
theory using scattering parameters derived for spheres
are able to reproduce radiometric observations in
cirrus.

The size distributions used in the Mie calculations
are obtained from aircraft measurements as part of the
FIRE IFO. These measured size distributions are an-
alyzed in terms of the maximum crystal size and the
distribution of cross-sectional areas. The measured,
crystal size distributions are discussed by Heymsfield
et al. (1990, hereafter referred to as H90) and the in-
formation about cross-sectional area of the crystals are
used to construct size distributions of equivalent cross-
sectional area spheres. These size distributions are then
used in the Mie solutions for ice spheres. Cloud optical
depths, calculated from the Mie particle extinction
values, are used in the two-stream model along with
optical depths for molecular absorption derived from
the k distribution data to scale the single-scatter albedos
and asymmetry factors after Liou et al. (1978). At solar
wavelengths, the phase function is further scaled using
the weighting functions defined for Rayleigh and Mie
scattering.

3. Model simulations of the radiative budget of cirrus
clouds '

Radiative properties of cirrus clouds are very sen-
sitive to the environmental conditions in which they
form (e.g., Ackerman et al. 1988). The temperature
of the cloud environment and the height of the cloud
above the surface significantly impact their radiative
properties especially at infrared wavelengths (e.g., Ste-
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phens 1980). The effects of these factors on the radia-
tive budget of cirrus clouds are now quantitatively ex-
amined using the model described in the previous sec-
tion. In these calculations, a 3-km vertically thick,
uniform cloud layer is positioned with its top at the
tropopause of a subarctic winter atmosphere, a tropical
atmosphere, and in an atmosphere constructed from
a composite of the soundings obtained during the FIRE
IFO at 1500 UTC and 1730 UTC 28 October 1986
near Green Bay, Wisconsin. The location of the cloud
layer in the Wisconsin atmosphere corresponds to the
actual observed position of the cloud on that day. All
the simulations assume saturation with respect to ice
throughout the cloud layer and ice water contents
(IWCs) of 0.1, 0.02, 0.002 g m™3, respectively. Values
between 0.02 and 0.002 g m™ are typical of the IWCs
derived from the measurements made during the FIRE
IFO. The optical properties were obtained from Mie
calculations for a size distribution measured on 28 Oc-
tober 1986 and concentrations were normalized to the
above IWCs.

Figures 2a,b show, respectively, profiles of the long-
wave and shortwave heating rates within a uniform
cloud layer imbedded in the tropical and subarctic at-
mospheres. The solar heating rates correspond to a
zenith angle of 61.3° and a surface albedo 0.072, which
are the estimated values of these quantities relevant to
the FIRE observations over Lake Michigan at 1000
local time 28 October. The profiles show enhanced
cloud-top IR cooling and solar heating and an en-
hanced cloud-base IR heating, which increases as [IWC
increases. The very thin tropical cirrus clouds exhibit
almost uniform IR heating (as demonstrated previously
by Ackerman et al. 1988) and cooling in the subarctic
winter atmosphere relative to the clear-sky heating (not
shown). The IR cooling, due to emission to space at
the cloud top dominates in the subarctic cirrus whereas
the heating, due to absorption of the IR flux from below
cloud base, dominates in the case of tropical cirrus.
The solar heating at the top of the densest tropical cirrus
cloud is greater by approximately 21 K day ! than at
the top of the cloud with an equivalent IWC in a sub-
arctic atmosphere. This difference in solar heating oc-
curs despite the fact that the same extraterrestrial solar
flux and zenith angles were used in the calculations.
These results reveal the important effects of attenuation
processes above the clouds on the solar heating within
cirrus. In the case of the subarctic winter cirrus cloud
(cloud top at 9 km) the insolation at cloud top is de-
creased by the scattering and absorption above the
cloud, which leads to a decrease in the heating within
the cloud.

The heating rate results of Fig. 2 demonstrate the
sensitivity of both solar and IR radiative heating to
cloud altitude. This sensitivity is more clearly illustrated
in Figs. 3a—~c in the form of IR and solar cloud-layer
radiative budgets and the net radiation budget, respec-
tively. These budgets are the difference of the net fluxes
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More insight about the gross properties of the ra-
diative transfer in cirrus are provided in Figs. 4a,b and
Figs. 5a,b, which present spectra of the IR and solar
radiation budgets. Figures 4a,b show the IR spectra for
cirrus of different assumed values of ice water content
in a tropical and a subarctic winter atmosphere. In
both cases, heating (i.e., positive absorbed IR flux)
dominates in the atmospheric window region (8-12
pm), whereas cooling predominates in the far infrared
(~15-200 um). This spectral structure largely arises
from the spectral properties of H,O absorption in the
atmosphere above and below the cloud. Water vapor
absorption in the far-infrared region is strong and re-
stricts the amount of upward flux from the surface at
these wavelengths. The radiative energy budget of the
clouds at these wavelengths tends to be dominated
more by the emission of the cloud particles to space.
In the tropical atmosphere, the heating in the window
region outweighs the rotational band cooling despite
the fact that there is significant absorption in the win-
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FIG. 2. Radiative heating rates for a 3 km thick, uniform cirrus
cloud with ice water contents of 0.02 and 0.1 g m™ imbedded in the
tropical and subarctic winter atmospheres as labeled in the (a) infrared
and (b) solar wavelengths where the solar zenith angle is 61.3° and
the surface albedo is 0.072.

at cloud top and base. The IR budget of the cirrus is
largely governed by the difference in the temperatures
of the cloud and the temperature associated with the
emission below the cloud. Lower level cirrus, charac-
terized by the smaller differences between cloud and
ground temperature (AT,), predominately cool,
whereas the higher, tropical cirrus radiatively warm
the cirrus cloud layer. Infrared cooling changes to in-
frared heating as both AT, and altitude increase. The
quantitative details of the energy budget of the cloud
also depend on the IWC and the sensitivity of the
budget to changes in IWC increases with increasing
height. The total solar flux absorbed by cirrus clouds
is also comparable to the IR flux absorption even for
the relatively low sun angle assumed in the calculation
(i.e., 61.3°). The net budget, shown in Fig. 3c, indicates
that cirrus clouds radiatively warm for all but the thin-
nest clouds in the Wisconsin and subarctic winter at-
mospheres. The result is, of course, solar zenith angle
dependent. A striking feature of this diagram is both
the magnitude of the radiative budget of tropical cirrus,
the large sensitivity of the tropical cirrus cloud to
changes in IWC and the altitude dependence of this
sensitivity.
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and (c¢) total (infrared + solar) wavelengths where the solar zenith
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