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ABSTRACT

Radiative transfer calculations employing observed values of the ice crystal size distribution demonstrate that
the absorption of solar radiation by cirrus clouds can make a significant contribution to the diabatic heating of
the upper troposphere. The effects due to this absorption on the upper tropospheric (100-300 mb) thermal
profile are investigated in a general circulation model (GCM) with interactive clouds; guided by observations,
two experiments are performed assuming vastly different vertical profiles of the ice water density. Solar heating
rates within the extensive cirrus decks associated with monsoon and other convective clouds reach values of
1.5 K day~'. Thus, cirrus solar heating can be an important source for east-west asymmetries in the tropical
diabatic heating. Furthermore, because of the latitudinal gradients in the solar insolation, cirrus solar absorption
can also influence the meridional heating gradients within the upper troposphere.

In spite of the significant east-west asymmetries in the imposed cirrus solar heating, the change in the GCM
tropical temperatures is nearly zonally uniform. The magnitude of the zonal mean tropical temperature changes
in the GCM (up to 5°K at P =~ 165 mb) indicate that lack of cirrus solar heating may be one reason for the
cold bias of the GCMs. Furthermore, the shortwave heating can also account for the observed lapse rate sta-
bilization in the upper troposphere.

In addition to the solar effect, the longwave radiative effects of cirrus can also be important but their sign
and magnitude are very sensitive to the vertical distribution of clouds. Cirrus longwave heating rates can range
from large negative values (cooling) when overlying optically thick clouds (for example, in “deep” extended
systems with base below the upper troposphere ) to large positive values (heating) for “anvil” type cirrus located
in the upper troposphere and with no other clouds below. For the overcast portions of the tropics, if “anvil”
type cirri are the only clouds of significance in the upper troposphere, the longwave heating would be the
dominant radiative component and this effect becomes more pronounced with increasing altitude of cloud
location. Hence, for the tropical zone as a whole, the sign and magnitude of the longwave effect depends on
the relative composition of the “deep” and “anvil” clouds. Radiation model calculations that employ climatological
values of the vertical distribution of clouds yield a longwave heating effect for the cirrus with the magnitude
being comparable to the solar effect.

Thus, our results suggest a significant role for the cirrus radiative effects in maintaining the zonal mean
thermal structure of the upper troposphere. This inference should be contrasted with the notion that the steep
positive ‘gradient in the tropical upper-troposphere potential temperatures is maintained by the latent heat

2293

released in penetrating cumulus towers.

1. Introduction

Clouds within the the upper troposphere, i.e., 100
< P < 300 mb, (referred to here as cirrus) are known
to be important components of the planetary radiative
heating (Liou 1986). Radiative transfer studies (Liou
1973; Stephens 1980) have shown that the presence of
high clouds would have a substantial influence on the
convergence of solar and longwave radiation in the
atmosphere, with the perturbations being felt through-

Corresponding author address: Dr. V. Ramaswamy, Atmospheric
and Oceanic Sciences Program, Princeton University, Princeton, N.J.
08542.

© 1989 American Meteorological Society

out the column. The presence of such clouds yields
large cooling (at cloudtop ) and large heating ( at cloud-
base) rates (Ramaswamy and Detwiler 1986). The net
radiative heating over a thick (2-4 km ) cloud deck can
range from 3-10 K d ! (Fleming and Cox 1974; Houze
1982; Webster and Stephens 1980). Simulations of cli-
mate, whether in the context of local radiative heating
(Manabe and Wetherald 1967) or in the context of the
three-dimensional atmosphere structure (Ramanathan
etal. 1983, hereafter referred to as R83) reveal a strong
sensitivity to the longwave radiative properties of upper
tropospheric clouds. A detailed model study of the role
of cloud longwave radiative heating in the atmospheric
general circulation can be found in Slingo and Slingo
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(1988). The importance of cirrus radiative effects is
also evident in climate change scenarios involving in-
creases in carbon dioxide (Manabe and Wetherald
1980; Washington and Meehl 1984).

While there is an awareness of the dependence of
the upper tropospheric radiative heating on the prop-
erties of cirrus clouds, their contributions to the diabatic
heating and their influence on the thermal structure
are not understood. With these issues constituting the
motivation for this study, the primary focus of the
present paper is on the absorption of solar radiation
by cirrus clouds. We begin by noting the nature of the
uncertainties concerning the diabatic processes in the
tropical upper troposphere, both in the context of cli-
matological observations and in the context of climate
modeling.

a. Nature of the diabatic heating

The diabatic forcing of the tropical upper tropo-
sphere results from convective as well as radiative pro-
cesses. The convective part is primarily due to latent
heat released by nimbostratus and penetrating cumu-
lonimbus clouds associated with monsoon (e.g., Indian,
Indonesian and African monsoons) and other convec-
tive systems (e.g., South American). Figure 1 shows
the zonal average radiative and latent heating for the
tropics estimated by Newell et al. (1974) from observed
temperatures, humidity and cloud cover. The tropical
heating rates shown in Fig. 1 reveal the following qual-
itative features: (i) The net radiative cooling and con-
vective heating rates are of comparable magnitude such
that the net diabatic heating, the term that drives the
general circulation, is the result of a delicate balance

between radiation and convection. (ii) The convective’

heating begins to decrease in the upper troposphere (P
< 300 mb) until it becomes negligible around the tro-
popause ( P = 100 mb) and radiation takes over as the
dominant source for diabatic heating; and (iii) While
it is reasonably certain that radiation causes a net cool-
ing in the low to mid troposphere, i.e., P > 300 mb,
its sign in the upper troposphere is not certain. Without
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F1G. 1. Vertical distribution of the zonal mean radiative and latent
heat release at the equator for the December-January-February sea-
son. Source: Newell et al. (1974). The heating rates were estimated
through model calculations employing observed distributions of
temperature, humidity and cloud cover.
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the cirrus contribution, the radiation would have a net
cooling effect on the upper troposphere due to emission
by H,O and CO,. The solar absorption by cirrus would,
of course, cause a heating; the longwave emission and
absorption by cirrus may cause a large heating or cool-
ing depending on the cloud characteristics and the ver-
tical temperature distribution (Fleming and Cox 1974).

b. Lapse rate

Figure 2a shows the vertical distribution of potential
temperature (6), equivalent potential temperature (6g)
and equivalent potential temperature for a saturated
atmosphere (%) as obtained from the observed tem-
perature and humidity distribution given in Oort and
Rasmusson (1971). Figure 2b compares the lapse rate
(G) for the observed equatorial profile with the moist
lapse rate. Note first that the observed lapse rate (in
Fig. 2b) is significantly different from the moist lapse
rate throughout the bulk of the troposphere. Below 5
km, the observed lapse rate is less stable than the moist
adiabatic whereas, above 9 km, the lapse rate is-very
stable and the departure from moist lapse rate increases
dramatically with altitude. Obviously, a heat source
can explain the stable lapse rates in the upper tropo-
sphere. That heat source, as described in the literature,
has been assumed to be latent heat released in pene-
trative deep convective clouds (e.g., Riehl 1950; Newell
et al. 1974; p. 46), whose base should be within the
first kilometer from the surface. It is only in the surface
layer that the 0 is greater than the 8% of the tropo-
sphere (see Fig. 2a), and hence the parcel has to be
lifted from the surface layer for it to have sufficient
buoyancy to reach the upper troposphere (e.g., see
Holton 1979). While this argument is quite compelling,
reliable observational estimates of the zonally averaged
convective heating rates are not available to test the
validity of the penetrating convective cloud hypothesis.
Furthermore, the above hypothesis ignores the addi-
tional radiative effects arising due to the cirrus clouds
so formed. )

¢. Regional pattern of cirrus heating

One of the most obvious manifestations of the upper
tropospheric clouds in a climatological sense, is in the
monthly averaged outgoing longwave flux shown in
Fig. 3. Focusing again on the tropical regions, the high-
est emissions, i.e., values in excess of 290 W m ™2, are
in the subsidence regions of the eastern Pacific. Under
cloudless conditions, the tropical regions emit about
300 W m 2. The tropical regions with emissions less
than 200 W m ~2 are unambiguously regions of exten-
sive upper tropospheric clouds. From Fig. 3, the regions
with low emissions are the monsoon regions of Indo-
nesia, Central Africa and the deep convective region
of tropical South America. The extreme low values of
160 to 180 W m 2 when compared with the eastern
tropical Pacific value of 290 to 300 W m ~2 suggest that
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FIG. 2. (a) Vertical distribution of potential temperature (), equivalent potential temperature
(0£) and equivalent potential temperature of a saturated atmosphere (6% ). The values were ob-
tained from zonal-annual mean equatorial values of observed temperatures and humidities given
in Oort and Rasmusson (1971). (b) Annual zonal mean equatorial values of observed lapse rates
and moist-adiabatic lapse rates. The observed lapse rates were derived from the observed tem-

peratures given in Oort and Rasmusson (1971).

the cirrus clouds lead to a convergence of longwave
radiative energy of the order of 100 W m 2 or more
within the surface-atmosphere column. The conver-
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FIG. 3. Observed monthly average outoing longwave (infrared)
emission for January, as obtained by the narrow-field-of-view (NFOV)

scanner [ Nimbus-7 Satellite (source: L. Smith, Colorado State Uni-
versity, private communication, 1986)].

gence of radiative energy as revealed by the top-of-the
atmosphere measurements should largely manifest it-
self in the troposphere (see Ramanathan 1987, for fur-
ther elaboration of this point). But, the vertical distri-
bution of the cirrus induced convergence of radiative
energy is governed by the altitude of the cirrus (e.g.,
see Fleming and Cox 1974). Even if roughly half of
the 100 W m 2 is assumed to represent a flux conver-
gence in the upper 50 mb region of the upper tropo-
sphere, the resulting heating would be about 5 to 10
K day~! (e.g., see Houze 1982).

d. Problems with GCM simulations

Figures 4a and 4b show the vertical distribution of
the observed temperature and that of the difference
between the GCM values and the observed ones at the
equator for January. The observed values are taken
from Oort and Rasmusson (1971). The GCM values
denote an average between the computed values at
2.5°N and 2.5°S. The GCM used in this study is a
version of the NCAR Community Climate Model
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FIG. 4. (a) Vertical distribution of observed zonal mean temper-

ature at the equator for January. Source: Oort and Rasmusson (1971). .

(b) Difference between the GCM computed zonal mean temperatures
and observed zonal mean temperatures at the equator for January.

(CCM) described in the study of R83. The main pur-
pose of the figure is to illustrate the cold bias in the
simulation. The magnitude of the cold bias increases
with altitude and reaches a peak around 200 to 300
mb. This cold bias is a persistent feature of also the
earlier versions of the model (e.g., see Albrecht et al.
1986) as well as other GCMs (Mahlman and Umscheid
1984). Attempts to understand the source of the cold
bias have-identified the following processes:

(i) Ramanathan et al. showed that if the cirrus
emissivity is arbitrarily set to 1 as in other GCMs, the
clouds that form in the model (for P < 250 mb) absorb

a significant amount of the radiation emitted by the

hotter tropical surface. The net effect is to warm the
upper troposphere by about 6°K and also warm the
entire column. If, on the other hand, the cirrus emis-
sivity is a function of the ice-water content in the cloud,
the resultant emissivity is less than 1 and the cirrus
warming of the upper troposphere is about 2°K. The
inference from this study is that the radiative effect of
cirrus can be significant and that the magnitude is de-
termined by vertical moisture transport processes which
govern the cirrus water content.

(ii) Following this study, Albrecht et al. (1986) in-
cluded a hybrid cumulus scheme that was able to
transport moisture from the lower troposphere into the

upper-troposphere much more efficiently than the con- -
vective adjustment. The hybrid scheme altered the la- -

tent heat release significantly such that more heat was
released in the upper troposphere followed by a sig-
nificant increase in the upper troposphere moisture.
The net effect was a warming of the upper troposphere
by about 8°K. Also, changes in convective heating were
balanced by changes of opposite sign in the radiative
heating. The radiative heating changes were due to an
increase in moisture and an increase in clouds formed
at pressure levels between 400 and 200 mb. These re-
sults should be contrasted with another CCM study by
Donner (1986) which employs the Kuo-convection
scheme. The Kuo-convection scheme leads to a severe
cooling and drying of the tropical troposphere. How-
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ever, in agreement with the Albrecht et al. (1986) study,
the model response to the convection scheme was gov-
erned by interactions between convection and radia-
tion.

e. Summary and objectives of this study

The basic inferences from the foregoing discussions
are as follows: (i) the observed vertical variations of
the lapse rate suggest the need for a diabatic heat source
to explain the maintenance of the tropical upper tro-
posphere thermal structure; (ii) the required heat
source can be either radiative heating or latent heating
or both; and (iii) since the diabatic heating in the upper
troposphere results from a delicate balance between
the radiative cooling and latent heating, small changes
in either of the two components can result in significant
changes in the tropical thermal structure. The radiative
cooling results largely due to water vapor while the
cirrus clouds modify the cooling. The role of cirrus
longwave effects has been examined in an earlier study
(R83). Accordingly, the primary objective of this study
is to investigate the importance of solar absorption by
ice crystals in explaining the observed thermal struc-
ture.

A one-dimensional radiative transfer model is em-
ployed to estimate the potential contributions of solar
absorption, based on observed ice crystal size distri-
butions and for the observed range in ice-water paths
(section 2). Guided by these results, cirrus solar radia-
tive properties are parameterized in the NCAR com-
munity climate model (CCM) with interactive clouds
(section 3). The effects due to cirrus solar absorption
on the meridional and longitudinal heating gradients
and thermal structure are examined subsequently
(sections 4, 5, and 6). Finally, the relative importance
of the solar and longwave processes to the radiative
heating of the tropical upper troposphere is examined
in section 7 using the one-dimensional radiative trans-
fer model. The principal results of this investigation
are summarized in section 8.

2. Clouds in the upper troposphere and their radiative
effects

a. Ice-water density profile

The condensates that form in the cold regimes of
the upper troposphere (7 < 250 K) are most likely to
be ice-water mixtures or ice crystals only. The colder
the temperature, the more likely it is that ice forms
directly from the vapor phase, as opposed to formation
from the liquid phase via freezing. The amount of con-
densate determines the magnitude of the radiative per-
turbations. In order to illustrate the vertical extent and
magnitude of some typical observed condensate den-
sities, i.e., ice water density, (IWD in g m™3) in the
upper troposphere, we plot in Fig. 5 the values resulting
(i) from observations of Griffith et al. (1980) repre-
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FIG. 5. Observations of ice water density in the upper troposphere:
(long dashed) represents an upper limit of the observations by Griffith
et al. (1980), (dot-dash) from Heymsfield (1977) for an updraft of
20 cm s~', (short dashed ) from Heymsfield (1977) for an updraft of
1 cm s7%; (3) represents a lower limit of values from Griffith et al.
(1980); ([—]) represents a range of values from Paltridge and Platt
(1981).

senting an upper and a lower limit, respectively, (ii)
from observations of Heymsfield (1977 ) for clouds with
vertical velocities of 1 and 20 cm s, and (iii) from
observations of Paltridge and Platt (1981). The lower
limits shown in Fig. 5 for the observations of Griffith
et al. and those of Paltridge and Platt are a subjective
estimate based on the range of values given in those
references. No attempt is made here to classify the var-
ious observations according to either geographical lo-
cation or the synoptic, mesoscale and small-scale con-
ditions that initiated the clouds. The significant vari-
ability in IWD shown in Fig. 5 illustrates the difficulty
in associating a characteristic IWD with cirrus clouds.
For tropical cirrus in particular, the IWD, in contrast
to the altitude range shown in Fig. 5, can extend up to
16 or 17 km (Kley et al. 1982). Later on, we describe
the condensate densities prescribed in the GCM study.

b. Shortwave absorptivity

The solar absorption by the ice crystals in cirrus
clouds is confined to the near-infrared spectrum. In
order to evaluate the effects due to shortwave absorp-
tion by cirrus clouds, we compute first the absorptivity
due to cirrus clouds of different optical depths (7). For
purposes of this study, we assume the ice crystal size
distribution for a cirrostratus cloud (Heymsfield 1975)
and further assume that each size interval can be ap-
proximated by spheres of equal surface area. Crystal
lengths in this distribution range from 18 to 500 um.
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The assumption of sphericity is made for compu-
tational convenience; this is because rigorous solutions
for the electromagnetic scattering by arbitrarily shaped
nonspherical particles are either not available or have
computational constraints. In the context of spherical
scatterers, one can compare the single-scattering prop-
erties of an ice crystal distribution with that of a typical
water drop size distribution. Typically, in the near in-
frared wavelengths, the ice distribution has a smaller
single scattering albedo than a water drop distribution.
The solar spectrum weighted single-scattering coalbedo,
i.e., the single scattering albedo subtracted from 1,
which is an approximate indicator of the solar absorp-
tion by the crystal at each scattering event, is 0.05 for
the cirrostratus distribution; this is to be contrasted
with values 0.01-0.02 for typical water clouds (Char-
lock and Ramanathan 1985; Chylek et al. 1984). The
primary cause of the increased absorption in the case
of ice crystals is their larger size. Increased absorption
at each scattering event translates into an increase in
the solar flux absorbed by the cloud. It is pointed out
that yet another distribution (cirrus uncinus) is re-
ported by Heymsfield (1975), which contains larger
particles (up to 2000 um in length ) and yields 4 factor
of two greater value of coalbedo than the cirrostratus
distribution employed in the present study. It is also
worth mentioning at this stage that some speculation
exists about the presence of sizes smaller than those
observed; details about this issue have yet to be ascer-
tained.

The shortwave absorption by the assumed ice crystal
distribution is calculated using the refractive indices of
Warren (1984), Mie calculations and the delta-Ed-
dington approximation (Wiscombe 1977). In Fig. 6a,
we plot the shortwave absorptivity due to the cirro-
stratus distribution, as a function of ice-water path
(IWP) in the range 0-70 g m ~2, which corresponds to
an extinction optical depth range of 0 to 5 at a wave-
length of 0.5 um. Five different zenith angles are con-
sidered. The absorptivity increases with increasing op-
tical depth (7) and, for 7 < 3.0, it increases with in-
creasing zenith angle. At 7 = 1.5, the absorptivity is
5% for cosine of zenith angle of 0. 6. The values of the
absorptivity agree well with those deduced from ob-
servations of clouds with comparable IWP (Paltridge
and Platt 1981). Cirrus absorptivities of ~0.05 are also
obtained by Liou and Wittman (1979) based on the
scattering properties of cylinders.

¢. Column shortwave heating

The computations employ a one-dimensional ra-
diative transfer model (Ramaswamy and Kiehl 1985)
with a tropical atmospheric profile of gases (O3, CO,,
H,0) and relevant meteorological parameters (tem-
perature, density, pressure), based on McClatchey et
al. (1972). Three levels of clouds are considered
(Manabe and Wetherald 1967)—low (fraction = 0.34,



2298

cloudtop 3 km), middle (fraction = 0.08, cloudtop 6
km) and high (fraction = 0.23, cloudtop 13 km). The
optical depth at 0.5 um for the low cloud is 10, that
for the middle is 13.6 while that for the high cloud is
considered an independent variable here. Clouds are
assumed to be randomly overlapped. Fifty-six spectral
intervals are considered for the shortwave radiative
transfer, of which 9 are in the near-IR spectral regime.
Water vapor absorption is treated using the exponential
sum fits of Liou and Sasamori (1975); further details
can be found in Ramaswamy and Kiehl (1985). Single-
scattering characteristics of the low and middle clouds
in each spectral interval are assumed to be represented
by an altostratus drop-size distribution (Chylek et al.
1984). The magnitude of the shortwave heating for the
layer containing a cirrus cloud between 12 and 13 km
is shown in Fig. 6b for the same extinction optical
depths considered in Fig. 6a. The heating rates refer to
a layer 1 km thick. The cosine of the solar zenith angle
is assumed to be 0.6 while the fraction of the day is
0.5. Also shown in Fig. 6b are the heating resulting
due to a nonabsorbing cloud (coalbedo is 0), and that
due to a cloud with distribution similar to that of an
altostratus cloud (i.e., a water cloud). The significance
of varying the optical depth here implies that, while
the extinction optical depth is the same in all three
cases, the scattering and absorption optical depths for
the different cases vary due to the three different coal-
“bedo values (in each of the near-infrared spectral in-
tervals considered in the model). This arrangement
enables a quantitative assessment of the effect of single-
scattering albedo. According to this arrangment, an
optical depth of zero essentially implies the absence of
a cloud in the upper troposphere, and the heating in
this case is solely due to water vapor absorption.
First, considering the nonabsorbing cloud, the in-
crease in the optical depth leads to an almost negligible
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FIG. 6a. Shortwave absorptivity of a cirrus cloud (cirrostratus size
distribution) as a function of ice water path (or optical depth) for
five different cosines of solar zenith angles (u).
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FIG. 6b. Shortwave heating rate in a 1 km thick cirrus cloud with
cloudtop at 13 km in a tropical atmosphere (McClatchey et al. 1972),
as a function of cloud extinction optical depth. (dot dashed ) represents
the case when particulates are assumed to be nonabsorbing, (long
dashed) represents the case when particles have single-scattering
characteristics of a water cloud while (solid ) represents the case when
the particles have single-scattering characteristics of ice crystals.

increase in shortwave heating (for all 7, Qs < 0.12 K
d™!). The increase is due to increased photon path
length resulting in increased water vapor absorption.
Owing to low water vapor mixing ratio at the consid-
ered altitude, these increases are minimal. Next, con-
sidering the water drop distribution, the heating in-
creases with 7 to a value of 0.64 K d~' for r = 1.5 and
1.6 Kd™ ! forr = 5.0.

The cirrostratus distribution yields a heating of 1.1
Kd'at7=1.5and 2.4 K d™!atr = 5.0. Enhancement
with respect to the water drop distribution can be up
to ~70%. The absence of shortwave absorption due
to other constituents in the upper troposphere (because
of low water-vapor amounts, low carbon dioxide and
ozone absorptivities) emphasizes the importance of the
perturbations due to cirrus clouds. Note that, if a layer
of the same geometrical thickness is considered at a
higher altitude, the heating would be further enhianced.

Next, we inquire about the significance of keeping
the ice-water content fixed, and varying the optical
depth. In this case, a fixed condensate amount is as-
sumed to be distributed among either a predominantly
large particle distribution (such as ice crystals) or a
relatively small particle distribution, such as a typical
water cloud. The principal differences between the two
cases are not only a higher single scattering albedo for
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the smaller particles (as noted earlier) but also a higher
specific extinction. For instance, the specific extinction
of an altostratus cloud drop size distribution (Chylek
et al. 1984) is more than three times that for the cir-
rostratus distribution (0.24 vs 0.07 m? g™!) in the vis-
ible spectrum. This implies that for a given IWP, the
extinction optical depth for the smaller distribution
will be more than three times that for the cirrostratus.
The heating rate for the two types of particle distri-
butions under the constant ice water path assumption
is shown in Fig. 7. For IWP < 15 g m 2, the lower
coalbedo of the smaller particle distribution is more
than offset by the increase in optical depth so that the
resulting absorption and, thus, the heating are similar
for both distributions. However, for larger IWPs, the
smaller particle distribution approaches saturation
values which are less than that of the larger particle
distribution. This particular example emphasizes the
need to resolve the issue concerning the presence of
smaller particles in the ice crystal distribution and to
assess accurately the single-scattering parameters of
cirrus clouds.

The details of the radiative characteristics for all types
of cirrus systems cannot be universally formulated at
the present time owing to inadequate observations, lack
of knowledge on their microphysical aspects and theo-
retical limitations of electromagnetic scattering by the
nonspherical ice crystals. What can be gleaned at pres-
ent from Figs. 5, 6 and 7 is the potential for substantial
solar radiative heating in the upper troposphere by
clouds containing ice crystals.
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FIG. 7. As in Fig. 6b except for constant ice-water path in the case
of a cirrostratus distribution comprised of large particles and an al-
tostratus water drop distribution comprised of relatively smaller par-
ticles. See text for further details.

V. RAMASWAMY AND V. RAMANATHAN

2299

3. The GCM experiments

The model used in this study is a modified version
of the NCAR community climate model (CCMO) de-
scribed by Pitcher et al. (1983). The modifications are
described in Williamson et al. (1987) and a brief de-
scription of the modifications is given below. The finite
difference method used in formulating the equations
in the vertical has been changed from that used in
CCMO in order to be formally energy conserving. The
vertical resolution has been changed from 9 levels in
CCMO to 12 levels in the present version. The addi-
tional three levels have been added between 500 and
50 mb to better resolve the upper troposphere and lower
stratosphere regions. The radiation treatment was sub-
stantially altered, particularly in the treatment of water
vapor, where the scheme described by Kratz and Cess
(1985) was used for the solar absorption and that by
Ramanathan and Downey ( 1986) for longwave emis-
sion. The ozone longwave absorption follows Rama-
nathan and Dickinson (1979) and the CO, longwave
parameterization was modified slightly by Kiehl and
Briegleb (private communication; also described in
Williamson et al. 1987). Furthermore, clouds are al-
lowed to form in all layers of the model up to 100 mb
and the longwave emissivity of clouds follows the liquid
water scaling of R83. The scheme for forming clouds
in the model is, otherwise, as described in R83.

Three important modifications to the radiation
scheme in the shortwave spectrum are effected for pur-
poses of the present study. The cloud radiative treat-
ment is modified to include explicitly the absorption
by ice crystals in the uppermost cloud layer. Second,
the coefficient used in computing the reflectivity of the
highest cloud layer [see Eq. (16) in R83] is adjusted
to correspond to that of an ice crystal distribution.
Third, shortwave absorptivity and reflectivity of cirrus
are parameterized as a function of extinction optical
depth (7) at a wavelength of 0.5 um and cosine of the
solar zenith angle, and are explicitly evaluated in the
code. In the parameterization, the coefficient obtained
for reflectivity is 0.125, in contrast to 0.15 used in R83.
The expression for the absorptivity is presented in Ap-
pendix A with

7 = 0.074 X IWP.

The value of 0.074 m? g~! is the specific extinction
obtained for the assumed ice crystal distribution while
IWP is the vertical ice-water path in g m =2

Cirrus clouds, for the purpose of incorporating the
cloud shortwave absorption in the GCM, are intro-
duced according to the following criterion: whenever
the temperature in any layer (except the top) falls below
250 K and a cloud is formed in that layer by the model,
it is deemed to be a cirrus cloud with an optical depth
as defined above. '

We perform two sets of sensitivity studies with dif-
ferent prescribed ice-water density profiles. In the first
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set (designated as fixed content or FC), any layer in
which a cirrus cloud occurs is assigned an IWP of 20
g m 2 (see values listed for various layers in Table 1).
In the second set (designated as variable content or
VC), layers have assigned to them values of IWP which
decrease with increasing altitude as shown in Table 1.
.Note that variability, as denoted here, is with respect
to layers.

With respect to the observed profile displayed in Fig.
5, the FC and VC cases, as defined above, should yield
a high and a low value, respectively, (not necessarily
limiting values) for the shortwave radiative effects
above 15 km; between 15 and 11 km, FC values are
between the range observed; below 11 km, both FC
and VC values become less and lie near the lower limit
of observed values.

Note that in the FC case, the optical depth in all
layers containing cirrus clouds is fixed (see Table 1) at
1.5 while that in the VC case is variable and <1.5.
Thus, FC values are always equal to or greater than
VC values. Since absorptivity is a monotonically in-
creasing function of optical depth (Fig. 6a), differences
in 7 translate into differences of the same sign in ab-
sorptivity. The longwave cloud properties, for purposes
of reference to the earlier results, are allowed to vary
according to the methodology described in section 6
of R83.

4. Cirrus solar radiative forcing: GCM results

The CCM sensitivity results described here were
started from day 200 of the model control run. The
control run was started from day 1 with arbitrary initial
conditions and integrated for 350 days with perpetual
January solar insolation and sea-surface temperatures.
The sensitivity runs were started from day 200 and
integrated for 150 days. In this section, we describe the
time average solar heating rate differences, which can
be considered as the radiative forcing for interpreting
the sensitivity runs. Unless otherwise mentioned, all
of the results pertain to time averaged values obtained
from the last 90 days of the 150 day runs of the control
and the sensitivity experiments.
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First, we analyze the FC case. Zonal averages of the
model cloud cover are shown in Fig. 8a which indicate
a maximum value of 0.15 in the tropics at ~200 mb,
decreasing to 0.05 at approximately 100 mb. The de-
crease in the height of the cirrus clouds in going from
tropics to the high latitudes accompanies the decrease
in tropopause height. The cloud distribution for the
control run is similar to that shown in Fig. 8a except
that the control has more upper level clouds. The rea-
sons for the decreased cirrus clouds are mentioned later.

The change in the zonally-averaged shortwave heat-
ing rate (K d!) due to near-IR cirrus absorptivity is
shown in Fig. 8b. In order to facilitate visual perception
of the results, we display only those regions with heating
rate differences larger than 0.1 K d~'. As is to be ex-
pected, a one-to-one correspondence exists between the
regions of maximum cloud cover and the regiors of
maximum heating perturbation. The changes in the
heating rate are largest in the uppermost cloud layers.
The maximum value induced by the shortwave ab-
sorption is ~ 0.5 K d ™' at P =~ 165 mb in the equatorial
upper troposphere. A secondary maximum of ~0.3 K
d~! occurs at P =~ 350 mb in the midlatitudes of the
SH. Since the plots are for January insolation condi-
tions,the cloudy regions in NH midlatitudes, where
the solar insolation is smaller, show comparatively
negligible perturbations in the heating rates.

Since the largest perturbations occur at 165 mb, we
show in Fig. 9 the latitude-longitude cross section of
the radiative perturbation at this level. It is seen that
the contribution to the zonally-averaged radiative
heating by high clouds in the shortwave comes prin-
cipally from localized regions of intense heating, as
opposed to a zonally distributed source. From Fig. 9,
these appear to be located in the South American and
the African continents, and in the Asian monsoonal
regions where the maximum solar heatingis 1.5 K d ™.
The regions of maximum heating in the tropics coin-
cide with regions of minimum outgoing longwave
emission in the observed values shown earlier in Fig.
3. The coincident pattern in the computed solar heating
maximum and the observed emission minimum lends

TABLE 1. Ice water density IWD, g m™3), ice-water path (IWP, g m~2) and optical depth (7) of cirrus clouds in the different GCM layers.
Two different vertical profiles (fixed content, FC and variable content, VC) are considered. 7 is the extinction optical depth at a wavelength

of 0.5 um.
FC vC
Layer** top Layer base IWD WP IWD IWP
o-level* (km) (km) (gm™) (gm™) T (g m™) (g m™) T
60 21.8 17.5 0 0 0 0 0 0

110 17.5 15.0 8.0 X 1073 20 1.5 4.0 X 107 1 0.07
165 15.0 12.3 7.4 X 1073 20 1.5 1.9 X 1073 5 0.37
245 12.3 9.5 7.1 X 1073 20 1.5 3.6 X 1073 10 0.75
355 9.5 7.0 8.0 X 1073 20 1.5 8.0 X 1073 20 1.50

* Mid-cloud location.
** Approximate heights using U.S. standard atmospheric scales.
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FIG. 8a. Zonally averaged cloud cover, as obtained from the NCAR
CCM for January conditions. Contour interval is 0.05 and values
greater than 0.15 are shaded.

some credence to the model’s simulation of the geo-
graphical pattern of cirrus clouds, since regions with
minimum emission are also regions of maximum cirrus
cloud cover.

We next investigate the typical vertical profile of the
shortwave radiative perturbations at an equatorial lat-
itude. For this purpose, we choose 2.5°S and show in
Fig. 10a the zonally averaged cloud cover and in Fig.
10b the zonally-averaged heating with and without cir-
rus solar absorption. The cloud cover at this latitude
consists of a partial cloud cover in all layers which can
be classified, broadly speaking, into a high cloud (frac-
tion 0.18 at 250 mb), middle (maximum fraction of
0.075 at 500 mb) and low (maximum fraction of 0.17
at 800 mb). From Fig. 10b, the shortwave heating at
200 mb without considering the near-IR crystal ab-
sorption is ~0.28 K d~!. The influence of the near-IR
absorption increases the heating at this level to 0.7 K
d~'—i.e., the upper level heating is perturbed by more
than a factor of 2. The changes due to the ice absorption
are confined to above 500 mb (change at 500 mb is
<10%). Below this level, negligible increase and even
a decrease is seen in the shortwave heating due to two
reasons: (1) temperatures at lower altitudes increase to
above 250°K for which (see section 3) no near-IR ab-
sorption is prescribed (although, in a strict sense, the
near-IR absorption for water drops at these warmer
temperatures ought to be included); and (ii) in the
presence of ice crystals, less radiation is available for
absorption at the lower levels. The radiative energy
available for absorption below 650 mb is reduced so
that there is less heating between this level and all the
way down to the surface.
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The VC case, because of a deliberate underestimate
of IWD, will yield a lesser perturbation than the FC
case. The zonally-averaged perturbation in the short-
wave radiative heating is shown in Fig. 11 for the VC
case. Relative to the cloud cover (Fig. 8a) and the heat-
ing rate perturbation for the FC case (Fig. 8b), the
maximum perturbation in the equatorial upper tro-
posphete is less (~0.15 K d ! at 300 mb). At 165 mb,
the perturbations are less by a factor of 5 compared to
the FC case. Another significant difference with respect
to the FC case is the lowering of the maximum heating
to 300 mb (it was 165 mb in the FC case). As seen
earlier, only the upper tropospheric layers of tropical
cloud systems absorb the radiation in the near-infrared
because of the prescription of only ice crystal absorp-
tion in the present work. '

For the cloud systems in the mid- to high-latitudes
of the Southern Hemisphere, the heating profile is ap-
proximately similar in both VC and FC cases. This is
because the IWD and the optical depth prescribed at
245 mb differ by only a factor of two between the FC
and VC cases, while for P > 245 mb, they are identical
in both cases. Since clouds in the middle and high lat-
itudes occur mainly when P > 245 mb, the heating
rates for the FC and VC cases at these latitudes are
similar. For P > 400 mb, the heating rate profiles are
again comparable for the two cases. In the VC case
too, a reduction in heating perturbation occurs in the
lowest few layers (e.g., P> 750 mb at 20-40°S) owing
to the radiative properties of the ice crystals in the layers
above. Finally, it is pointed out that had we chosen a
distribution of ice crystals that are smaller in size (sim-
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FIG. 8b. Zonally averaged (January) change in the shortwave
heating rate due to cirrus absorption (fixed content case). Contour
interval is 0.1 K day ~!. Maximum changes occur near the equatorial
and summer hemisphere tropopause.
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K day™).

ilar to, say, a water drop-size distribution ), the heating
rate perturbations could be smaller, as seen in Figs. 6b
and 7. :

5. Radiative response of the atmosphere to cirrus solar
heating

In order to facilitate interpretation of the GCM re-
sults concerning the thermal response of the tropical
upper troposphere to cirrus-induced solar heating (de-
scribed later in section 6), we estimate the purely ra-
diative response. This is done by invoking the so-called
fixed dynamical heating concept employed by Fels and
Kaplan (1975) and Ramanathan and Dickinson
(1979). This is a useful concept to evaluate the tem-
perature response of the atmosphere in the limit of
constant dynamical heating. Starting from an atmo-
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FIG. 10a. Vertical profile of cloud cover (January) at 2.5°S,
as obtained from the NCAR CCM.

sphere in a prescribed radiative-dynamical equilib-
rium, we determine the response of the zonally aver-
aged tropical atmosphere to an imposed zonally-
averaged upper tropospheric radiative heating pertur-
bation when only the temperature is allowed to change, -
i.e., the water vapor profile, the surface temperature
and all other atmospheric properties, including the dy-
namical heating, are held fixed. The resulting change
in the upper tropospheric temperature will then be the
adjustment, through longwave radiation, to the im-
posed perturbation, i.e., the atmospheric temperature
increases until the increased longwave cooling balances
the imposed heating. Cloud optical properties, through
their effect on the longwave radiative transfer, can be
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FIG. 10b. Solar heating rate at 2.5°S (January) without (solid)
and with (short dashed) cirrus shortwave absorption (fixed content
case). A pronounced increase occurs above 500 mb while a decrease
occurs below 700 mb.
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FI1G. 11. Zonally averaged ‘(January) change in the shortwave
heating rate due to cirrus absorption (variable content case). The
cloud cover is shown in Fig. 8a.

expected to affect the adjustment process. Note that,
in the context of the fixed dynamical heating, the source
of the heating perturbation can be regarded very gen-
erally and can be considered to arise from a host of
causes, one of which is the cirrus shortwave absorption.

The time-marching, one-dimensional model and the
methodology used to determine the radiative response
are outlined in appendix B. As a guide to the sensitivity
of the response, we choose two cloudtop pressures (165
and 217 mb) and a solar radiative forcing of 0.5 K
d~'. In each case, the cloud is in an ~1.5 km thick
layer. The altitudes and the forcing are representative
of the zonally-averaged cirrus-induced solar pertur-
bations in the tropics that have been described earlier
in section 4. It is worthwhile noting that the longwave
heating perturbation within the upper troposphere due
to cirrus clouds having an emissivity of unity, with
prescribed cloud cover was found to be (see R83) ap-
proximately 0.5 K d~! (between 30°S and 30°N).

The change in the equilibrium radiative response
(AT.4) is shown as a function of the “grey” cloud
emissivity (€) in Fig. 12 at the two altitudes. The tem-
perature increase due to the heating when the cloudtop
is at 165 mb varies from 6.3°K (for ¢ = 0) to 3.2°K
(for ¢ = 1). The response is larger for smaller values
of the emissivity. If the heating is at a lower altitude
(cloudtop at 217 mb), the reponse is weaker (3.8°K
ate =0t02.3°K ate =1).

The dependence of the temperature response on
cloud emissivity can be understood as follows. The
emission by the layer containing the “grey” cirrus in-
creases linearly with emissivity. Hence, the required

AND V. RAMANATHAN

2303

increase in the longwave emission (to balance the im-
posed heating) can be met with a smaller temperature
change for a cloud with larger emissivity. One addi-
tional point must be noted regarding the radiative ad-
justment. Since the response depends on the longwave
absorption properties at the altitude considered, other
radiative constituents, whose concentrations are a
function of space and time (e.g., ozone, aerosols, water
vapor), may become relevant as well in the radiative
adjustment of the tropical upper troposphere to a heat-
ing perturbation.

6. GCM temperature response

The computed perturbation to the zonally-averaged
temperature field for the FC case is shown in Fig. 13.
It is seen that the tropical upper tropospheric temper-
ature shows an increase in approximately the same lat-
itude regime where the radiative heating perturbations
occur (see Fig. 8b). However, the altitude of maximum
temperature perturbation lies above that of the maxi-
mum heating perturbation. Another feature is the pro-
nounced cooling in the polar lower stratosphere which
is difficult to interpret as considerable variability exists
in that region during winter owing to planetary wave
activity (Mahlman and Umscheid 1984; Boville 1987).
However, the increase in the upper tropospheric equa-
tor to pole temperature gradient, in response to the

— — — CLOUDTOP=217mb
=165mb

$§Q=0.5K day™!

AT gap
/

CLOUD EMISSIVITY

FIG. 12. Change in temperature as a function of high cloud emis-
sivity due to an imposed cirrus solar heating of 0.5 K day ™! in a one-
dimensional model with fixed dynamical heating. Cloud top altitudes
are chosen to be 165 or 217 mb. The calculations are performed for
a tropical profile (McClatchey et al. 1972). See text for details.
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FIG. 13. Zonally averaged (January) change in temperature due
to cirrus absorption (fixed content case). Contour interval is 2°K.
See Fig. 8b for the corresponding heating rate perturbation.

enhanced solar heating gradient, is consistent with lin-
ear dynamical theory. The relevant arguments are given
in Fels (1985) and in Ramanathan (1987), and follow

from the particular form of the transformed Eulerian .

mean equations given in Plumb et al. [1986; Egs. (10.9)
and (10.11)]. The physical arguments proceed as fol-
lows. The upper tropospheric radiative response to an
enhancement in the radiative heating gradient (see Fig.
8b) is an enhanced temperature gradient. Through
geostrophic balance, this would lead to an increase in
the strength of the westerly winds. This, in turn, can
alter the planetary wave propagation through its de-
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pendence on the strength and shear of the zonal mean
winds. ‘

Looking at the response in the tropics, the near-IR
absorption by cirrus clouds acts to heat the upper tro-
posphere. Since considerable uncertainty exists in the
knowledge on the optical properties of ice droplets,
this uncertainty could very well be a principal cause
of the inability of GCMs to simulate observed tropical
tropopause temperatures ( Albrecht et al. 1986; Mahl-
man and Umscheid 1984). The maximum perturba-
tion to the temperature occurs at the 165 mb level.
and the regional distribution of the change is shown -
in Fig. 14. The temperature increases (maximum of
about 5°K) are considerably uniform in a zonal sense,
in contrast to the concentrated geographical location
of the radiative heating perturbation (see Fig. 9). The
zonal nature of the temperature response is to be com-
pared with the observed pattern of tropical upper tro-
posphere temperatures which exhibits very little re-
gional asymmetry (Newell et al. 1974).

To obtain an idea of the GCM response time for the
tropical upper troposphere, we show the temperature
difference in the vertical column at 2.5°S (Fig. 15);
this is to be compared with the heating rate shown in
Fig. 10b. At 165 mb, a AQ of ~0.42 K d yields a
AT of 4.2°K, yielding a time constant of approximately
10 days; this is well within the range of the radiative
response obtaned in section 5 (3.2 to 6.3°K warming
due to a 0.5 K d™! imposed heating). This suggests
that the response  to the perturbations in the GCM’s
upper troposphere may be largely radiative. It is also
interesting to note from Fig.15 that, the temperature
change peaks between 100 to 150 mb, although from
Fig.10b, the heating rate perturbation in this layer is
much smaller than that between 150 to 200 mb. The
greater temperature sensitivity of the upper layer is
partly due to the increase in the radiative temperature
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FiG. 14. Change in temperature at 165 mb (January) due to cirrus shortwave absorption (fixed

positive contours are drawn. See Fig. 9 for the
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FIG. 15. Change in temperature at 2.5°S (January) due to cirrus
shortwave absorption (fixed content case). See Fig. 10b for the cor-
responding heating rate perturbation.

response with altitude within the upper troposphere
(see section 5). However, we caution that, as shown
in section 5 (Fig. 12), the thermal response is signifi-
cantly sensitive to the emissivity of cirrus clouds.

The perturbation to the temperatures for the VC
case (not shown here) is substantially smaller than that
in the FC case. For example, the maximum tem-
perature change in the tropical upper troposphere is
about 1°K.

We have thus far not mentioned an important fea-
ture concerning the present GCM simulations. As one
may expect, the response to the large initial shortwave
heating in a realistic atmosphere would have to produce
a decrease in cloudiness (because of decrease in relative
humidity due to the increase in the temperatures), in
the absence of enhanced convective transport. This
does indeed occur in our simulations with the cloud
cover at 165 mb (tropics) in the FC case decreasing
by ~0.02 (10%). There is, in general, a decrease of
cloud cover in the entire tropical upper troposphere
for the FC case. Both for lower and middle troposphere
in the FC case and for the entire troposphere in the
VC case, the feedbacks due to and upon the cloudiness
are not readily interpreted because of the arbitrary way

in which IWD has been prescribed in this study. It is .

admittedly a complicated task to interpret cloud feed-
back mechanisms in the upper troposphere and is be-
yond the scope of the present sensitivity study. How-
ever, an important point that must be gathered from
the present GCM simulations is the degree to which
the cirrus shortwave absorption affects the thermal
profile of the upper troposphere.

V. RAMASWAMY AND V. RAMANATHAN

2305

Finally, the magnitudes of temperature change ob-
tained are approximately similar to the deficit in the
GCM tropical temperatures when compared with ob-
servations (see Fig. 4b). Thus, the characteristics of
ice clouds can play an important role in determining
the temperatures around the tropical tropospause.
Further, if absorption by ice crystals is one of the causes
of the GCM’s “cold” bias in the tropics, then the ver-
tical profile of the IWD and its magnitude become a
significant factor for explaining the observed lapse rate
stabilization in the tropical upper troposphere (see
Fig. 2b).

7. Relative importance of cirrus solar and longwave
effects

The longwave radiative effect of cirrus on the upper
troposphere (10 to 17 km) temperature can be as large
as, or even larger than, the solar effects discussed in
this study (e.g., see R83; Slingo and Slingo 1988). Both
solar and longwave heating rates depend on a number
of atmospheric and cloud parameters (listed in Table
2), some of which are poorly known. Hence, clima-
tological distribution of the heating rates are highly
uncertain. In the case of the cirrus longwave effect, the
problem is further complicated because, not only the
magnitude but also the sign of the effect (whether heat-
ing or cooling) depends on poorly known parameters
such as cloud top and base altitudes. For example, it
can be deduced from the radiation model calculations
of Fleming and Cox (1974 ) and others (e.g., Stephens
1980; Ackerman et al. 1988) that the longwave effect
of a cirrus cloud can change from a net heating to a
net cooling just by lowering either the cloud top or the
cloud base altitude.

The aforementioned studies show that the cirrus
longwave effect is essentially due to the difference be-
tween the upwelling flux from below the upper tro-
posphere and that emerging at the cirrus boundaries.

TABLE 2. Parameters which govern directly the magnitudes of solar
and longwave heating rates in the tropical upper troposphere (100
< P < 300 mb).

Solar Longwave
Parameter heating heating

Vertical profile of ice water path yes yes
Ice crystal shape and size

distribution yes yes
Solar zenith angle yes —_
Surface albedo yes —
Cloudtop altitude yes yes
Cloud geometrical depth yes yes
Clouds between 300 mb and surface yes yes
Cloud geometry yes yes
Cloud fraction* yes yes

* For zonal considerations.
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The upwelling flux is very sensitive to the vertical dis-
tribution of the clouds. It is a minimum for cirrus
clouds that are part of an optically thick system ex-
tending from the lower troposphere (“deep” clouds),
while being a maximum for “anvil-type” shallow cirrus
clouds located in the upper troposphere of an otherwise
clear atmosphere. While the deep clouds will always
lead to a longwave cooling of the upper troposphere
(e.g., see Cox and Griffith 1979), the anvil cirrus can
lead to a longwave heating depending on its top and
base altitudes (e.g., Fleming and Cox 1974). This sen-
sitivity to cloud altitude, when combined with the un-
certain knowlédge of the climatological cloud altitudes,
precludes a rigorous assessment of the relative impor-
tance of the longwave and solar effects of cirrus.

The above uncertainties notwithstanding, we at-
tempt here to compare the relative magnitudes of the
solar and the longwave effects. The sensitivity of the
sign of the longwave heating to the cloud vertical struc-
ture is shown in Fig. 16. The calculations employ the
refractive indices of ice given in Warren (1984) and
the radiative transfer model of Ramaswamy and Kiehl
(1985) for a tropical atmospheric profile (McClatchey
et al. 1972). The figure shows the heating rate in a
layer between 12 and 13 km due to a deep, optically
thick, cloud, extending upwards from 3 to 13 km and
that due to an anvil type cloud with base at 12 km and
top at 13 km. We first note the change in the sign of
the longwave effect between the deep and the anvil
cloud, irrespective of the ice-water path. This figure
demonstrates that the cloud vertical structure governs
the sign, while the structure as well as the ice-water
path determine the magnitude of the heating. For the
particular examples considered here, the magnitude of
the longwave effects exceeds the solar effects such that
the sign of the net heating is also governed by the cloud
vertical structure. The altitude sensitivity is further ex-
plored in Table 3 by shifting the cloud tops to 15 and
17 km. The heating rate within the anvil increases sub-
stantially as has been pointed out earlier (Ackerman
et al. 1988). It is clear that deep clouds cause a cooling
while shallow anvil type clouds cause a significant
heating of the tropical upper troposphere. Since the
areal extent of anvil clouds is significantly greater than
the deep clouds in the tropics (Houze and Betts 1981),
it is possible that the heating effect may dominate for
climatological average conditions, as has been suggested
by GCMs (Slingo and Slingo 1988).

In order to gain a perspective of the climatological
average conditions, Fig. 17 shows the heating rates in
the 12 to 13 km layer for prescribed high, middle and
low cloud cover distribution of Manabe and Wetherald
(1967, see section 2) with the clouds having a maxi-
mum overlap. The longwave effect is still primarily a
heating effect but its magnitude is substantially smaller
than the values shown in Fig. 16b. This is expected
since the intervening low and middle clouds reduce
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FIG. 16. Heating rates (K d ') due to solar radiation { Os1), long-
wave radiation (Qvw ), net radiation (Qn4), as a function of ice-water
path (IWP g m~2) in a tropical cirrus cloud located between 12 and
13 km. Case a) corresponds to cirrus as part of an optically thick,
vertically extended system (“deep”) and case b) corresponds to cirrus
cloud located in the upper troposphere with no other clouds below
(“anvil”).
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TABLE 3. Sensitivity of the solar (Qs.), longwave (O w) and the net radiative (QOr.q) heating rates for a 1-km thick layer to cloud location
in the overcast tropical upper troposphere for (a) cirrus cloud as part of an extended cloud system (“deep”) and (b) an isolated cirrus cloud
over a warm surface (“anvil”). The ice water path is 20 g m™2 (see section 7 for details).

(a) Deep (b) Anvil-type
. Qsol QLW de Qsol QLW Qrad
Experiment (XK d™h (K d™ (Kd™ XKd™h Kd™h (Kd™
Standard (cloud between
12 and 13 km) 47 -20.2 —15.5 4.1 7.8 12.9
Same as standard, except: )
(i) cloud between 14 and 15 km 6.1 -20.5 —144 5.3 21.6 26.9
(ii) cloud between 16 and 17 km 8.2 —234 —15.2 7.0 41.5 48.5

the upwelling radiative flux reaching the cirrus cloud
base. Furthermore, excepting for small values of IWP,
the solar heating is larger than the longwave heating.
The estimates shown in Fig. 17 suggest that both the
solar and longwave effect of cirrus can be an important
heat source for the tropics. However, the sensitivity
calculations here may not include the multitude of
possible scenarios which can either make the longwave
effect much larger than the value shown in Fig. 17 or
alter the sign of the longwave effect. Until a more rig-
orous database becomes available, it is not possible to
be more quantitative on this crucial issue.

8. Summary and conclusions

The principal result of the investigation is the marked
significance of cirrus solar absorption to the diabatic
heating and the thermal state of the upper troposphere
(100-300 mb). The cirrus solar heating is due to the
absorption bands of ice in the near-infrared spectrum,

Q (Kday})

-1 L 1 . 1 : |
0 20 40 60

ICE WATER PATH (gm m2)

FIG. 17. Heating rates (K day~') in the 12-13 km layer due to
solar radiation ( Qs ), longwave radiation ( @y w), net radiation ( Qrq)
as a function of ice-water path (IWP g m2), for prescribed cloud
cover values of low (0.34), middle (0.08), and high (0.23) clouds.

and is emphasized by the relatively weak absorption
due to the other atmospheric constituents in the upper
troposphere. The larger size of the ice crystals (relative
to that for water drops) also plays an important role
in governing the magnitude of the heating. For ex-
ample, the solar absorption by a distribution containing
large ice crystals exceeds that due to a distribution re-
sembling that of a typical water cloud for condensate
paths greater than 20 g m 2. Owing to uncertainties
concerning the microphysics, further observational
studies of cirrus clouds (in particular, the ice crystal
distribution and the IWP) are necessary for future
modeling efforts.

Observations of ice-water density (IWD) reveal wide
variations in the vertical distribution. Solar absorption
due to two widely different IWD profiles in the NCAR
CCM (January conditions) result in substantial in-
creases in the diabatic heating, particularly in the con-
vective zones. The maximum changes occur in the up-
per troposphere of the tropics and the high latitudes.
At 165 mb, the zonally averaged perturbation is as high
as 0.5 K d! (Fig. 8b). The heating rates are zonally
asymmetric, with maxima over the strongly convective
regions; for January, the maximum increase in the
heating occurs in the Asian monsoonal region (up to
1.5 K d™!). In the tropical belt, the zones of maxima
in the computed (by CCM) cirrus solar heating rates
match very well the zones of minima in the observed
outgoing longwave flux (compare Figs. 3 and 9). Since
the minima in the outgoing longwave flux (in the trop-
ics) are caused by upper troposphere cirrus, the above
agreement lends some credibility to the regional cirrus
cloud fields generated by the CCM.

In the CCM, the cirrus solar absorption enhances
the solar heating by more than a factor of two in the
tropics (e.g., from 0.28 t0 0.70 K d ! at 200 mb, 2.5°S).
This increase in the diabatic heating can be one reason
for the strong stabilization of the observed lapse rates
in the upper troposphere (compare Figs. 2b and 10b).

The magnitude of the computed temperature
changes suggests that the lack of cirrus solar absorption
could be one reason for the deficiencies in the GCM’s
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tropical upper tropospheric temperature simulations,
particularly above 200 mb (compare Figs. 4, 13 and
15). The strong dependence of the radiative heating
on the ice-water path makes it necessary that all aspects
of the hydrological processes (moisture transport, cloud
formation and dissipation) be simulated correctly in
order to rectify the cold -bias.
A significant feature of the GCM results is that, al-
though the heating perturbations are over discrete geo-
- graphical regions, the temperature change is nearly
uniform throughout the tropical zone (Fig. 14). The
impact of the heating is thus perceived throughout the
tropics, contributing to the zonal mean thermal state
of the tropical upper troposphere. We recall, at this
stage, the results of the Ramanathan et al. (1983) study
which, using the same GCM, showed that the cirrus
clouds, forming at P < 200 mb, have a net heating
effect on the tropical upper troposphere. For black cir-
rus clouds (IWP > 20 g m~2), the computed warming
was of the order of 5°K around 200 mb. Thus, the
solar heating of cirrus is comparable to its longwave
heating, and together their combined heating may in-
deed be a dominant heat source for the upper tropo-
sphere.
It should be cautioned that temperature changes in
the upper troposphere due to any change in the diabatic
. heating depend on the emissivity of the atmosphere
and, more particularly, on the cirrus longwave emis-
sivity. Radiation model results illustrate that, for cloud
emissivity varying from 0 to 1, the temperature change
can vary by as much as 50%. This also points out the
need for consistency between short and longwave cloud
properties in order to determine the equilibrium ther-
mal state, a point alluded to earlier in a different context
by Stephens and Webster (1979).

In contrast to the solar heating in the upper tropo-
sphere, the longwave contribution can be one of ex-
cessive heating, such as in cirrus decks confined to the
upper troposphere and with no clouds below (“anvils”)
or one of excessive cooling (cirrus cloud as part of a
“deep” vertically extended optically thick system),
leading to a wide range of possible net radiative con-
tribution. If “anvil” type cirri predominate in the trop-
ical upper troposphere, the magnitude of the longwave
warming overwhelms the solar contribution and the
effect is accentuated with increasing altitude of cloud
location. However, if the actual cloud distribution in
the tropics is a mixture of the anvil, deep and lower
level cloud systems, resembling the climatological dis-
tribution given in Manabe and Wetherald (1967), the
magnitude of the longwave heating is reduced and is
comparable in magnitude to the cirrus solar heating.
These results suggest that, for altitudes above 200 mb,
in the tropical zone where observations are sparse and
inadequate, the sign of the cirrus radiative heating may
be positive on a zonally averaged basis. .

The dependence of the radiative processes on ice- '
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water path can hardly be overemphasized. It is because
of our poor knowledge of the ice-water path that we
are unable to discuss quantitatively the implication of
our study to the role of diabatic heating in the upper
troposphere general circulation. But, if the climatolog-
ical ice water path of the upper troposphere clouds is
larger than about 10-20 g m ~2, our results would imply
that the radiative heating due to cirrus clouds is a dom-
inant energy source for the heat budget of the upper
troposphere.
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APPENDIX A
Cirrus Shortwave Absorptivity Parameterization

The expression for absorptivity of a cirrus cloud as
a function of cosine of the solar zenith angle () and
the optical depth (7), assuming spherical scatterers and
size distribution reported by Heymsfield (1975) is given
for 7 < 0.5, by

A(p, 7) = Ki7°
where
K, = 0.067 + 0.208u — 0.983u2
+ 1.183u3 — 0.459u*
a = min(1, 1.746u%43),
For 7 > 0.5, the following expression was employed
A(p, )
=0.5(0.346 + 0.234F, — 0.076 F, + 0.014 F3)
+ K5(0.267 + 0.048 F, — 0.012 F, — 0.006 F3)
+ K3(—0.006 — 0.005F; + 0.005F, — 0.005 F3)
where
K, = (2u — 1.01)/0.99

K3 =2K? — 1
F, =017 —1
F,=2F%-1
F;=4F? - 3F,. '
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For small optical depth (= < 0.5), the fits obey a power-
law function while for larger values (7 > 0.5), a Che-
byshev series, cubic in 7 and squared in g, is employed.
The range of the fits is 7 < 20 and ¢ > 0.01.

APPENDIX B
Fixed Dynamical Heating Model

The approach consists of using a one-dimensional,
time-marching radiative-convective model (Rama-
swamy and Kiehl 1985) with the vertical profiles of
temperature, pressure, ozone and water vapor given
by the tropical atmosphere profile of McClatchey et al.
(1972). Low, middle and high cloud amounts are as
given in section 2c. The convective adjustment scheme
is turned off; instead, the model is used in the fixed
dynamical heating mode (Ramanathan and Dickinson
1979; Fels et al. 1980). Shortwave optical properties
of low and middle clouds are as described in section
2¢. The shortwave optical property for the high cloud
is chosen to yield a heating perturbation similar to that
in the GCM (see section 4, Fig. 8b). Clouds are as-
sumed to be either black or grey bodies. Emissivity of
low and middle clouds is unity, while that for the high
cloud is considered to be a variable.

First, the solar—( Q) and the temperature-depen-
dent longwave (Qpw) radiative heating rates are cal-
culated for each layer in the model (see section 2¢ for
details regarding the shortwave transfer and Rama-
swamy and Kiehl 1985, for details on the longwave
transfer). The dynamical heating rate in each layer
(Qqyn) is then assumed to be given by:

Quyn(2) = —[Qsa(2) + CLw(2)].

With Qyy, defined thus, the model is in radiative-
dynamical equilibrium, i.e.,

0(z) = Qua(2) + Grw(z) + Qayn(z) = 0.

Next, a shortwave perturbation due to the presence of
a cirrus cloud (located at a layer denoted by z.) is con-
sidered, i.e.,

0li(ze) = Cuor(ze) + 5Quen(2e).-

This is the forcing applied to the model atmosphere in
radiative-dynamical equilibrium. Note that this heat-
ing perturbation could equally well represent any other
component of the diabatic heating (e.g., latent heat
release). We choose a magnitude of perturbation based
on the maximum value appearing in Fig. 8b (FC case;
~0.5 K day™'). Two different high-cloud altitudes are
considered (i) cloudtop at 13.6 km (165 mb) and
cloudbase at 12 km (217 mb) and (ii) cloudtop at 12
km (217 mb) and cloudbase at 10.4 km (267 mb).
The application of a thermal forcing in any model layer
perturbs the basic radiative-dynamical equilibrium (Q
# (). This alters the temperatures which, in turn, alters
the longwave cooling rates.
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The model atmosphere is then time marched, using
a time step (At) of three hours (keeping ground tem-
perature, water vapor, solar and dynamical heating
rates fixed). At each time step, new temperatures (7°)
are computed for all layers according to

T(z) = T(z) + Q(z)At
where

0(z) = Qsa(2) + Qiw(2) + Qayn(2)

with the primes denoting the quantities in the perturbed
state. After the determination of the temperatures at
each time step, the new longwave cooling rates are cal-
culated. '

The time marching procedure is continued until a
new equilibrium thermal profile is established such that
Q(z) is again O for all z, i.e.,

O1w(z) = —Qsa(z) — Qayn(2)
= Orw(z) — 8Qsa(2).

In the numerical calculation, the criterion for equilib-
rium is that the sum of the radiative and dynamical
heating (Q) be less than or equal to 107* K d ™" in all
layers.

The change in temperature at z, between the old and
the new radiative-dynamical states is the radiative re-
sponse at the location of the cloud to the imposed per-
turbation. '
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