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Abstract. Ice clouds associated with large-scale atmospheric processes are studied using
the SKYHI general circulation model (GCM) and parameterizations for their
microphysical and radiative properties. The ice source is deposition from vapor, and the
ice sinks are gravitational settling and sublimation. Effective particle sizes for ice
distributions are related empirically to temperature. Radiative properties are evaluated as
functions of ice path and effective size using approximations to detailed radiative-transfer
solutions (Mie theory and geometric ray tracing). The distributions of atmospheric ice and

their impact on climate and climate sensitivity are evaluated by integrating the SKYHI
GCM (developed at the Geophysical Fluid Dynamics Laboratory) for six model months.
Most of the major climatological cirrus regions revealed by satellite observations appear in
the GCM. The radiative forcing associated with ice clouds acts to warm the Earth-
atmosphere system. Relative to a SKYHI integration without these clouds, zonally
averaged temperatures are warmer in the upper tropical troposphere with ice clouds. The
presence of ice produced small net changes in the sensitivity of SKYHI climate to
radiative perturbations, but this represents an intricate balance among changes in clear-,
cloud-, solar-, and longwave-sensitivity components. Deficiencies in the representation of
ice clouds are identified as results of biases in the large-scale GCM fields which drive the
parameterization and neglect of subgrid variations in these fields, as well as
parameterization simplifications of complex microphysical and radiative processes.

1. Introduction

Studies with general circulation models (GCMs) have sug-
gested that atmospheric ice may play an important role as a
climate regulator. Ramanathan et al. [1983] showed that basic
characteristics of a GCM climate can depend strongly on the
radiative properties of ice clouds. Numerous studies, including
Wetherald and Manabe [1988], Mitchell et al. [1989], and Senior
and Mitchell [1993], have shown that climate sensitivity, for
example, to radiative perturbations from trace gases, depends
on atmospheric ice. Ice-cloud formation, maintenance, and
dissipation are products of complex microphysical and dynam-
ical processes, and the role of ice clouds in climate is a balance
between the competing tendencies of the clouds to cool
through their effect on solar radiation and to warm through
their effect on terrestrial radiation.

A useful distinction in GCM studies of ice clouds is in terms
of their direct formation mechanism, i.e., convection versus
large-scale ascent. In reality, many ice clouds represent mix-
tures or are results of other processes, but even in ground-
based and satellite observations, this distinction can be made.
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The properties and roles of convective and large-scale cirrus
are likely to differ greatly. Convective cirrus are often optically
and geometrically thick and have recently been the focus of
intense study regarding their role in the climate system through
feedbacks involving solar radiation [e.g., Ramanathan and Col-
lins, 1991; Wallace, 1992]. Randall et al. [1989] documented
interactions between these clouds and radiative and hydrolog-
ical processes. Large-scale cirrus are generally thinner, lacking
the water source provided by convection, but occur with much
greater frequency than convective cirrus. Their ice contents
vary over a range resulting in emissivity variations to which the
general circulation may be quite sensitive [Ramanathan et al.,
1983; Lohmann and Roeckner, 1995]. A measure of the relative
frequency of convective cirrus is provided by the conditional
probability of cumulonimbus clouds, given the presence of
cirrus. This probability ranges from 4 to 20% in the tropics,
depending on season and whether the surface is land or ocean
[Warren et al., 1985]. (Of course, some detached cirrus may
have originated convectively, demonstrating the limitations of
this simple decomposition.) GCM parameterization strategies
for large-scale and convective ice clouds emphasize treatment
of large-scale dynamics and cumulus parameterization, respec-
tively, although the two parameterizations ultimately interact.

The purpose of this paper is to study large-scale ice clouds in
a GCM: their distribution, microphysical and radiative prop-
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erties, and impact on climate and climate sensitivity. A simple,
process-based parameterization will be employed in the Geo-
physical Fluid Dynamics Laboratory (GFDL) SKYHI GCM.
Sections 2 and 3 describe the microphysical and radiative prop-
erties of the modeled ice clouds and the procedures used in
their calculation. Section 4 presents key results on the effect of
the ice clouds on SKYHI’s thermodynamics, dynamics, and
hydrology. Section 5 indicates the effect of atmospheric ice on
climate sensitivity.

2. Parameterizations of Microphysical
and Radiative Properties of Large-Scale
Ice Clouds

The parameterization for large-scale ice clouds is based on
Heymsfield and Donner [1990]. In this parameterization, two
classes of large-scale ice clouds are treated. Saturated ice
clouds form when large-scale ascent occurs in sufficiently cold,
moist layers. Sublimating clouds form in drier layers below
saturated ice clouds. Equilibrium solutions for ice content are
obtained by solving prognostic equations for the saturated
clouds; in the prognostic equation, ice is formed by deposition
from vapor to ice and removed by gravitational settling. The
ice content in sublimating clouds’ depends on humidity and
temperature and is an approximation of detailed microphysical
calculations. Some extensions and simplifications of Heymsfield
and Donner [1990] have been incorporated to facilitate GCM
implementation.

2.1. Ice Cloud Thickness

The vertical resolution of GCMs in the middle and upper
troposphere is fairly coarse, and the vertical extent of ice
clouds can be considerably less than the thickness of GCM
layers. For example, Starr and Wylie [1990] observed in a First
ISCCP (International Satellite Cloud Climatology Project) Re-
gional Experiment (FIRE) case that cirrus generation was typ-
ically restricted to layers of about 0.5 km depth. By contrast,
SKYHTI’s resolution is around 1 to 1.5 km in the middle and
upper troposphere. A parameterization which allows for the
possibility of vertically subgrid clouds is desirable. Heymsfield
and Donner [1990] parameterized only ice content; however,
their procedure implies a cloud thickness. They considered the
ice content of a thin layer undergoing lifting within the interior
of an ice cloud. Deposition from vapor to ice occurs in this
layer, increasing its ice content as it is lifted. The temperature
gradient across this layer results in different rates of ice accu-
mulation at its top and bottom. Fluxes of ice due to gravita-
tional settling, F, remove ice from the layer during its lifting,
where

F=X,pV. 1)

Here X denotes the ice mass mixing ratio; p is the air density;
and V, is the mean terminal speed of the ice-particle distribu-
tion. The terminal speed is parameterized as a function of p
and X, as in the Heymsfield and Donner [1990] work. Since X
varies vertically across the layer as a consequence of the tem-
perature gradient across the layer, there exists a local diver-
gence of the ice flux (dF/dz). This ice-flux divergence deter-
mines the rate at which ice is removed from the thin layer as it
is lifted. As discussed by Heymsfield and Donner [1990], the
parameterized ice content is the average ice content in the
layer and results from an equilibrium between the rates of
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depositional accumulation of ice and ice removal by gravita-
tional settling. If this ice content is applied to a cloud of finite
thickness, then for consistency, the local ice-flux divergence
should also apply, on average, over the finite thickness of the
cloud. Since the top of the cloud is defined as the level above
which the ice content vanishes, there is no downward ice flux
there. If the average ice content is then applied to the full
cloud thickness, the downward flux at the bottom of the cloud
is given by (1), using vertically averaged quantities on the
right-hand side. A vertically averaged ice removal (gF/Ap) is
implied. The cloud pressure thickness is Ap, ¢ is the gravity
constant, and an overbar indicates an average over the full
vertical extent of the cloud. If the ice removal rate for the thin
layer considered by Heymsfield and Donner [1990] is equal to
the vertically averaged removal rate over the entire cloud, then
Ap is determined:

3= o3 %) @

For a physical interpretation of (2), note that timescales and
vertical scales for the cloud are related, since the ice removal
(sedimentation) rate is proportional to the ice-flux divergence.
Using the hydrostatic relationship, substituting dX/dt for 1/
p(dF/dz), and replacing F using (1), the cloud (geometric)
thickness is the ratio of XV, to dX,/dt. The ratio of ice
concentration to sedimentation rate provides a timescale for
ice removal. The cloud thickness is the product of this time-
scale and the terminal speed of the crystals; that is, the cloud
thickness is the distance that ice crystals fall at their terminal
speed over the time when ice is removed by sedimentation.

The numerical procedure for determining X, and Ap in
saturated ice clouds is to use a table constructed following
Heymsfield and Donner [1990]. The parameters which control
saturated ice content and cloud thickness are temperature,
vertical velocity, lapse rate, and pressure (given that saturation
exists). As in Table 1 in the work of Heymsfield and Donner
[1990], the ice-flux divergence (dF/dz) is obtained by solving
for the ice concentration at two levels, using (1) for F at both
levels, and differencing.

2.2. Sublimation in Unsaturated Layers

Heymisfield and Donner [1990] discussed sublimation in un-
saturated layers. A variation of their procedure is employed.

A sublimating-ice layer exists in an unsaturated GCM layer
which lies immediately below a layer containing ice. If ice-
saturated clouds occupy adjacent GCM layers, the sublimating
ice forms only below the lowest boundary of the ice-saturated
clouds. (This is done even for cases in which the ice cloud
thickness in one or more of the adjacent layers is less than the
thickness of that layer.) The atmospheric properties below the
lower boundary of the ice-saturated cloud and the ice content
in the saturated cloud are used to calculate the maximum
ice-crystal survival distance, following Heymsfield and Donner
[1990]. If the maximum ice-crystal survival distance exceeds the
distance to the next lowest GCM layer, the ice content at the
top of the next lowest layer is calculated by assuming that the
sublimating-ice content decreases quadratically in the ratio of
the distance below the base of the upper cloud to the maximum
ice-crystal survival distance. This procedure is repeated succes-
sively downward until the maximum ice-crystal survival dis-
tance is less than the thickness of the GCM layer.
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Figure 1. Zonally averaged fractions for large-scale ice clouds (SK'YHI) and nonconvective cirrus (satellite
and ground observations). Time means for January, February, and March.

2.3. Links to GCM Thermodynamics and Hydrology

The parameterization described above calculates the ice
content at each time step in the GCM integration. Changes in
ice content must be accompanied by consistent changes in
water vapor. The implied phase changes force the large-scale
flow through the large-scale thermodynamic equation. In sat-
urated layers, changes in the ice mass mixing ratio are ac-
counted for directly by compensating local changes in the
water-vapor mixing ratio X ,:

X

e v

90X,
a9t

3)

The ice which sublimates below the ice-saturated layers is
supplied from water vapor which is deposited to ice in the
saturated layer. For simplicity this water vapor is removed
from the lowest layer for multiple-layer ice-saturated clouds:

X (Psa 1 P 9 X 30X,
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where p,. indicates the pressure in the bottom layer of an
ice-saturated cloud, p,, is the pressure at the base of a sub-
limating ice cloud, and Ap,, is the pressure thickness of the
lowest ice-saturated layer. The step function H is unity when its
argument is positive and zero when its argument is negative.

When the ice content decreases across a time step in a
sublimating layer, the decrement is converted into water vapor:
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If multiple, separated ice-saturated clouds develop, the sub-
limating cloud from an ice-saturated cloud above a lower ice-
saturated cloud is terminated at the top of the lower ice-
saturated cloud. Any sublimating flux which reaches the
ground becomes surface precipitation. (Note from Heymsfield

and Donner [1990] that sublimating ice may melt and subse-
quently evaporate if the layers below the ice-saturated cloud
are sufficiently warm.) Taken together, the processes summa-
rized here conserve the sum of condensed water and water
vapor and provide for vertical redistribution of water vapor as
ice crystals settle and sublimate at lower heights.

The phase changes described above imply corresponding
thermodynamic effects. In cases where water vapor is removed,
latent heat is released. In layers where condensed water is
converted to water vapor, cooling occurs.

2.4. Radiative Transfer in Ice Clouds

Parameterizations of the transfer of shortwave and longwave
radiation in ice clouds use the broadband approach described
by Liou et al. [1991]. The broadband longwave emissivity and
shortwave reflectance (albedo) and absorptance are parame-
terized in terms of ice water path and the mean effective size
of the ice-particle distribution. For solar radiation, a zenith
angle of 60° is used. The broadband approach for determining
ice-cloud radiative properties is consistent with the overall
radiative-transfer framework in SKYHI [Fels et al., 1980].

The broadband ice-cloud radiative parameters are deter-
mined from the single-scattering properties for ice-crystal size
distributions which are driven by temperature, as described
subsequently. The shortwave and longwave spectra are divided
into six and 12 bands to resolve the variation in the refractive
index of ice and to account for the gaseous absorption, prin-
cipally by water vapor. The delta-four-stream method is used
to compute the broadband radiative properties in a manner
described by Liou et al. [1991]. The scattering and absorption
properties of hexagonal ice crystals assuming columns and
plates are calculated from the geometric ray-tracing technique
for size parameters larger than 30. For smaller-size parame-
ters, we use the Mie-type solution for spheroids to approximate
the single-scattering properties for ice particles. Small-size pa-
rameters generally occur in the longwave in which ice has
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Figure 2. Mean ice-water path for (a) “ice” and (b) “bias-corrected” integrations; (c) conditional (on cloud
occurrence) zonally averaged ice paths for Figures 2a and 2b.

strong absorption. For this reason, it appears that ice-crystal
shape effects would become less significant.

To allow the dependence of solar albedo on zenith angle, the
parameterization equation developed by Ramanathan et al.
[1983] for the solar albedo a is followed, in the form

Ci

=i ©)

where ¢ is the cosine of the zenith angle. C; is determined by
using the values of a at { = 0.5 in accordance with the
preceding parameterizations. In doing so, the values for C,
become dependent on the microphysical properties in terms of
ice water path and particle size generated in the model.

It is immensely difficult to estimate the mean particle size

for ice distributions but important to do so, given its large role
in determining radiative properties. From the perspective of
radiation calculations, particles scatter light in proportion to
their cross-sectional area, which in the case of a nonspherical
particle is proportional to the maximum dimension multiplied
by the width. Following Liou et al. [1991], the mean effective
size D, for a distribution of ice particles is defined by

Lo
D’Ln(L) dL

Lmin

Lumax
DLn(L) dL

Lin
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Figure 2. (continued)

where L and D denote the ice-crystal maximum and minimum
dimensions, respectively. The terms L _;, and L, are the
maximum and minimum values for L, and n(L) is the ice-
crystal size distribution. On the basis of the observations pre-
sented by Heymsfield and Platt [1984], n(L) is a function of
ice-water content and temperature. The functional relation-
ship between D and L can also be determined from observa-
tions. It follows that (7) is solved as a function of temperature
[see also Ou and Liou, 1995].

The ice-crystal size distribution function developed by
Heymsfield and Platt [1984] holds only for ice-crystal sizes with
the maximum dimension greater than 20 wm. They estimate
that the fraction of the visible extinction coefficient due to ice
particles with sizes from 1 to 20 um as a function of temper-
ature can exceed 50%. For this reason, a correction to the
value of D, to account for the effects of small particles has
been developed on the basis of the formulation for visible
optical depth presented by Ebert and Curry [1992] in the form

T=($-szdp)(a+g), 8

where p denotes pressure, « and 3 are constants, and r, is an
effective radius. The effective radius is obtained by replacing D
and L in (7) with the radius of a sphere whose surface area is
the same as the area of the corresponding member of the
ice-particle distribution. Using Heymsfield and Platt’s [1984]
temperature-dependent estimate of the contribution of small
particles to the visible extinction coefficient, (8) can be solved
for a corrected value of 7, which increases the optical depth by
the appropriate fraction. The corrected values of r, are con-
verted to corrected values of D, by equating the surface areas
of spheres of radius r, to areas of hexagonal cylinders whose
characteristic dimensions are D and L, consistent with Liou et
al. [1991] and Heymsfield and Platt [1984]. This procedure
avoids inverting Liou et al.’s [1991] nonanalytic relationships

involving D, and optical depth while providing ice-crystal sizes
consistent with observations.

2.5. SKYHI Implementation and Experiments

The basic characteristics of the SKYHI GCM used in these
experiments are as in the work of Fels et al. [1980] with a
resolution of 3° latitude by 3.6° longitude. The cloud distribu-
tion in this version of SKYHI (“control”) is prescribed and
zonally averaged. This version of SKYHI has 40 vertical levels.
Sea surface temperatures are prescribed and vary with season.
Radiation has a diurnal cycle. The model employs vertical
fourth-order finite differences, important for accurate treat-
ment of advection of water vapor, which is an important con-
trol on cloud formation. This version of SKYHI suffers from a
cold bias in the upper tropical troposphere, and the prescribed
clouds in the “control” version are obviously quite idealized.
The impact of SKYHI biases is considered in greater detail
later.

Several SKYHI experiments assess the role of ice clouds in
the general circulation, demonstrate the effect of the param-
eterization on SKYHI relative to its “control” version, and
examine the effect on parameterized ice of biases in the fields
which determine ice cloud properties. For these experiments,
“control” prescribed clouds are removed whenever the tem-
perature in SK'YHI falls to 258 K, which is the temperature at
which Heymsfield and Donner [1990] allow saturated ice clouds
to form. The large-scale relative humidity at which saturated
ice clouds are allowed to exist within a GCM grid cell is 70%;
since the ice clouds may not be so thick as the GCM grid cell,
large-scale saturation is not necessary. The large-scale ice
clouds are assigned a horizontal fractional area of unity; this
simplification can lead to an inconsistency between the fraction
of the SKYHI grid volume filled with ice and the large-scale
relative humidity, since the thicknesses calculated using (2)
and the sublimation parameterization do not necessarily satisfy
ice-volume constraints posed by the large-scale relative humid-
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Figure 3. Effective crystal sizes, conditionally averaged over cases of ice-cloud occurrence: (a) zonal aver-
age; (b) horizontal distribution on model surface whose ratio of pressure to surface pressure is 0.38 for a
nominal surface pressure of 1013.25 hPa. Ice clouds do not form in white areas.

ity. The 70% threshold is chosen on the basis that its frequency
of occurrence in SKYHI in the regions where large-scale ice
clouds are allowed to form is approximately the fractional area
of nonconvective ice clouds obtained from ISCCP. SKYHI
integrations with this ice implementation are referred to as
“ice” integrations. Integrations in which no ice clouds are in-
cluded (no clouds whatsoever when the temperature is less
than or equal to 258 K) are referred to as “no ice” integrations.
All experiments were integrated for six model months, starting
from an October 1 initial condition extracted from an extended

“control” integration. Results are analyzed from the last three
months of the integrations.

As indicated above, ice can form when the relative humidity
reaches 70% in the “ice” integrations. Note that additional
criteria involving vertical velocity and lapse rate set forth by
Heymisfield and Donner [1990] must also be satisfied. Saturated
ice clouds are not permitted to form at pressures less than 60
hPa or in the model layer closest to the ground. The retention
of the prescribed cloud field for temperatures above 258 K
provides a distribution of liquid and mixed-phase clouds, which
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obviously does not interact with the ice clouds, enabling an
analysis of their effects isolated from a large set of feedbacks.
However, the removal of clouds at and below 258 K, replaced
only by large-scale ice clouds, would result in the absence of
cirrus associated with deep convection. (The ice parameteriza-
tion of Heymsfield and Donner [1990] does not include basic
ice-formation processes associated with deep convection and is
not activated when saturated adiabatic adjustment occurs.)
Although convective cirrus is not the focus of this study, some
representation is required to ensure a reasonable basic cloud
distribution about which to study large-scale ice clouds. A
parameterization which relates the fractional area of anvil cir-
rus to the precipitation produced by deep convection [Slingo,
1987] is incorporated to do so in the “ice” integration. This
precipitation is calculated by the saturated adiabatic adjust-
ment when active between 500 and 100 hPa. The infrared
emissivity of anvil cirrus is taken as unity, and the zenith-
dependent albedo follows Ramanathan et al. [1983].
Hamilton et al. [1995] identified biases relative to observa-
tions in SKYHI’s temperature field. Biases in temperature as
well as those in humidity and vertical velocity will introduce
errors in the ice parameterization. A limited assessment of the
role of these errors is provided in the “bias-corrected” integra-
tion. In these experiments, corrections to temperature, relative
humidity, and vertical velocity are applied to these fields for
use in the ice parameterization only. The corrections do not
vary in time and are means over the last three months of the
model integrations. The temperature and vertical-velocity cor-
rections are obtained by differencing European Centre for
Medium-Range Weather Forecasts (ECMWF) analyses from
SKYHI fields for the “ice” integration. For humidity, Soden
and Bretherton’s [1993] procedure is used to estimate the upper
tropospheric relative humidity. A height-independent correc-
tion ratio (relative to the “ice” integration) is applied between
600 and 200 hPa in the “bias-corrected” integration. The tem-
perature correction is applied first, followed by calculation of a
corrected relative humidity. The vapor pressure is then cor-

Conditional zonally averaged ice paths for ISCCP and “ice” and “bias-corrected” integrations.

rected by taking the product of the corrected relative humidity
and the saturation vapor pressure at the corrected tempera-
ture. Thereby, the corrected temperatures and water-vapor
mixing ratios are consistent.

Except for “bias corrected,” all integrations were started
from October 1 in a SKYHI “control” integration and ex-
tended six months. Analysis covers January through March. In
the “bias-corrected” integration, averaged corrections were
obtained for January through March, using 1990 ECMWF
analyses. The “bias-corrected” integration was started with ini-
tial conditions from the end of the thirteenth week of “ice” and
extended through March.

3. Global Distributions of Large-Scale
Ice Clouds in SKYHI

As noted in section 2.5, the occurrence of large-scale ice
clouds is governed by assumptions regarding large-scale tem-
perature, vertical velocity, relative humidity, and lapse rate.
The parameterization of the ice-cloud properties themselves
does not address the question of occurrence, but time-mean
cloud properties obviously depend on it. Ice cloud properties
conditionally averaged on occurrence will be presented in
some cases to separate the issue of the microphysical and
radiative properties of the clouds from their frequency of oc-
currence when interpreting time means. Doing so, facilitates
comparison of cloud properties with experimental field mea-
surements.

Figure 1 illustrates the zonally averaged fractional areas
associated with large-scale ice clouds, formed using the criteria
in section 2.5. Also illustrated is an estimate of the noncon-
vective fractional area for large-scale ice clouds from ISCCP
[Rossow et al., 1996]. The ISCCP fractional area is obtained by
averaging the cirrus cloud cover (ISCCP cloud-type 13) from
all observations in which the deep convective cloud cover
(ISCCP cloud-type 15) is less than 1% for that particular grid
box. The ISCCP cloud cover is obtained from 3-hourly obser-
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Figure 5. Histograms of visible optical depth for (a) “ice”
integration, (b) “bias-corrected” integration, and (c) ISCCP
nonconvective cirrus.
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vations for January, February, and March 1990. Since visible
radiances are required for cloud-type classification, only day-
time measurements are used in compiling the ISCCP averages.
Also shown are the fractional areas for cirrus, reduced by the
fraction when cumulonimbus is simultaneously present, aver-
aged from Warren et al. [1984, 1985, 1988] and Warren [1986].
Both the “ice” and the “bias-corrected” integrations reproduce
the equatorial maximum obtained by ISCCP but not Warren et
al. [1984, 1985, 1988] and Warren [1986]. There are significant
differences between the ISCCP and the latter observations, as
well as the SKYHI integrations, reflecting differences in
ground-based and satellite-observing strategies and cloud def-
initions. The SKYHI fractions are clearly too low in the trop-
ics. Both the “ice” and the “bias-corrected” fractions exceed
the ISCCP fractions in the extratropics, while the “bias-
corrected” fractions fall between ISCCP and Warren et al.
[1984, 1985, 1988] and Warren [1986] in the northern middle
latitudes and southern high latitudes. As noted in section 2.5,
the relative humidity threshold for the “ice” integration was
obtained by choosing a humidity whose global tropospheric
frequency of occurrence approximately matched that of the
ISCCP large-scale ice cloud frequency of occurrence. The
“ice” integration shows that this globally averaged threshold is
too low in the tropics and too high in middle and high latitudes
(with SKYHTI’s humidity distribution). The fractional area var-
ies less between middle latitudes and the tropics in the “bias-
corrected” integration, indicative of a larger negative bias in
relative humidities in the tropics in “ice.” Of course, relative
humidity by itself as an indicator of cloud occurrence is intrin-
sically limited at spatial resolutions as coarse as those used in
these integrations. Tropical “bias-corrected” fractions are
lower than those for “ice,” despite the application of positive
corrections for relative humidity in the ice-cloud parameteriza-
tion there. This results from lower large-scale relative humidities
in “bias-corrected,” a point to be discussed later in the context
of the microphysical and radiative properties of the clouds.

Jin et al. [1996] reported that climatologies obtained from
the high-resolution infrared sounder and the Stratospheric
Aerosol and Gas Experiment show more cirrus than ISCCP.
(Matched analysis produced high-level cloud amounts about
12% more in HIRS than in ISCCP). If a cirrus climatology
based on HIRS had been used in these experiments, a lower
threshold humidity would have been used than that selected
using ISCCP (section 2.5), so SKYHI cloud amounts would
also have increased.

Figure 2a illustrates the time-mean ice-water path for the
“ice” integration. Note extensive areas of ice in the intertrop-
ical convergence zone, over the north Pacific, 45° to 60°S, and
over the Indian Ocean. Although the ice clouds in Figure 2 do
not form when deep convection occurs, ice paths are relatively
large in areas near deep convection spatially or temporally. On
average, about three fourths of the ice is associated with sat-
urated ice clouds, while the remainder is in sublimating clouds,
but this partitioning can vary in space and time. The applica-
tion of bias correction in Figure 2b reduces ice paths in the
southern midlatitudes, while producing a region of ice over
Africa and consolidating two areas of ice maxima over South
America. The bias correction increases ice paths when clouds
occur (conditionally averaged paths, Figure 2c) significantly in
the tropics. Radiative properties of the clouds depend on both
ice path and mean effective crystal size. Figure 3a shows time-
mean, zonally averaged crystal sizes, conditional on occurrence
of ice clouds. Consistent with the temperature distribution, the
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Figure 6. Bias corrections for (a) temperature, (b) vertical velocity, and (c) relative humidity. Zonally
averaged corrections are shown for temperature and vertical velocity, but longitudinal variations are also
included in “bias-corrected” integration. Dashed lines in Figure 6a denote negative values. The correction
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largest crystals are in lower clouds. Figure 3b shows the distri-
bution of mean effective particle size on a model level where
ice clouds frequently occur to provide an indication of hori-
zontal variations. Figures 3a and 3b both suggest substantial
variations in mean effective particle size; the consequences for
cloud radiative properties are considered later.

The radiative properties of SKYHTI’s ice clouds are shown in
Plate 1. For the “ice” and “bias-corrected” integrations the
optical-depth patterns (Plates la, 1b) map reasonably well
from the ice paths. ISCCP optical depths (averaged temporally

without radiative weighting from 3-hourly observations, to be
consistent with SKYHI means) are shown in Plate 1c. The
major areas of cirrus activity identified by ISCCP are evident in
the SK'YHI integrations, especially with bias correction. These
include cirrus regions over Africa, the western tropical Pacific,
and tropical South America. SKYHI pattern deficiencies in-
clude smaller optical depths over North America relative to
the midlatitude Pacific. ISCCP also shows an optical-depth
maximum over the Tibetan plateau not evident in SKYHIL
This may be a result of ISCCP’s definition of cirrus in terms of
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pressures, which are sufficiently low over the Tibetan plateau
that boundary layer clouds may be indicated as cirrus. There is
a general tendency for tropical optical thicknesses to be higher
in ISCCP than SKYHI. An obvious contributor to the low
values in SKYHI is its low fractional areas relative to ISCCP
(Figure 1). Numerous deficiencies in parameterization physics
could also play roles, and the appendix considers specifically
the possibility that subgrid variations in vertical velocity can
produce systematic underestimates of optical depth, even in
the absence of deficiencies in physical formulation. Plates 1d
and le show the longwave emissivities for ice clouds for the
“ice” and “bias-corrected” integrations. A striking aspect is the
difference in the spatial distribution of emissivity relative to
visible optical depth. This difference arises from the much
stronger role of small effective crystal sizes in enhancing emis-
sivity than visible optical depth in the microphysically depen-
dent formulation of radiative properties of Liou et al. [1991].
(Note that the emissivities in Plates 1d and le are broadband
and include the effects of in-cloud water vapor. They differ
from narrowband emissivities which can be obtained from re-
mote sensing and should be interpreted accordingly.) To pro-
vide some basis for comparison with field measurements of
cloud properties, Plate 1f shows the time-mean visible optical
depths, averaged conditionally upon cloud occurrence for the
“bias-corrected” integration. The corresponding ISCCP fields
are shown in Plate 1g. Note that the general tendency for
smaller optical depths in SKYHI in Plates 1a and 1b is not
evident in the conditionally averaged optical depths, especially
in the tropics, where SKYHI optical depths are often larger
than those of ISCCP. This result indicates that frequency of
occurrence, rather than optical properties, explains some of
the tropical discrepancy between SKYHI and ISCCP. How-
ever, the patterns of conditional optical depths in SKYHI and
ISCCP still exhibit differences, with SKYHI’s largest condi-
tional optical depths in the tropics and ISCCP’s largest condi-
tional optical depths in the middle latitudes. Plate 1h shows the
“bias-corrected” conditional emissivities. Note that even these
large-scale ice clouds, which contain much less ice than anvil

(continued)

cirrus associated directly with convection, can have fairly high
emissivities in the conditional time mean.

Lin and Rossow [1996] inferred conditional ice paths in non-
precipitating clouds over oceans by combining ISCCP and mi-
crowave-imager data. Their estimates apply to anvil and
mixed-phase clouds, in addition to the large-scale ice clouds
treated here. To the extent that SKYHI and Lin and Rossow
[1996] present realistic ice paths, the latter should be greater
than the former, although the magnitude of the difference is
difficult to assess a priori. For February 1988, Lin and Rossow
[1996] report ice paths between 50°S and 30°N. Their condi-
tional paths range from 20 to 100 g m~2 but show little sys-
tematic variation with latitude between about 20°S and 30°N,
where they are mostly between 80 and 100 g m ™2, These values
are greater than those shown in Figure 2¢ from SKYHI. Since
SKYHTI’s bias-corrected conditional optical depths in much of
the tropics are larger than ISCCP’s (Plates 1f, 1g, and Figure
4), Lin and Rossow’s [1996] larger ice paths there could result
from anvil and mixed-phase clouds, among such otheér factors
as issues related to converting ice paths to optical depths (e.g.,
crystal sizes). ISCCP’s conditional optical depths show much
less variation with latitude than SKYHI’s. SKYHI’s.condi-
tional and unconditional (Plates 1a-1c and Figure 4) optical
depths are lower than ISCCP’s in middle latitudes. Low ice
paths may be important at those latitudes, where SKYHI frac-
tional areas are larger than ISCCP fractional areas. Large-
scale, middle-latitude ice is often associated with synoptic
fronts and jet streams, which can support variations in vertical
velocity with scales below those resolved by SKYHI. As Ap-
pendix A shows, neglecting these subgrid velocity variations
can lead to low parameterized ice paths.

In evaluating SKYHI and the ice-cloud parameterization, it
is important to consider not only the mean fields but also the
distributions of cloud events leading to the mean fields. Figure
5 presents distributions of conditional nonconvective cirrus by
optical depth. Optical depths in Figure 5 range from 0.1 to 3.6.
This range coincides with that adopted by ISCCP for cirrus,
with the lower limit chosen to avoid ambiguities associated
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Figure 7. Top-of-atmosphere (a) longwave and (b) shortwave forcing by ice clouds (“ice” integration).
Top-of-atmosphere total longwave cloud forcing for (c) “ice” integration, (d) “bias-corrected” integration, and
(e) the Earth Radiation Budget Experiment (ERBE) January—March 1986-1989.

‘with detecting very thin cirrus. The “ice,” “bids-corrected,” and
ISCCP distributions all peak at the lowest optical depths.
Agreement between ISCCP and SKYHI is better for tropical
clouds than those in the extratropics; ISCCP has more optically
thicker clouds in the extratropics than SKYHI, as was also
suggested by Plate 1g.

Figure 2 and Plate 1 show that the application of a bias
correction produces significant improvements in the ice-cloud
distributions over South America and Africa. These bias cor-
rections are shown in Figure 6. Note that in the tropical upper
troposphere, the bias correction produces higher tempera-
tures, larger vertical velocities in the southern hemisphere, and
higher relative Humidities. The bias correction for relative hu-

midity is concentrated in several major regions and straight-
forwardly explains most of the regional ice-cloud changes in
the tropics between the “ice” and the “bias-corrected” integra-
tions. There is some offset of larger optical depths by a reduced
frequency of occurrence in the “bias-corrected” integration
(Figure 1); factors leading to the reduced frequency will be
discussed subsequently.

4. Impact of Ice Clouds on Thermodynamics,
Hydrology, and Dynamics

Figure 7 illustrates the top-of-atmosphere forcing by ice
clouds. This forcing is defined as the radiative-flux difference
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produced by ice clouds only; that is, liquid clouds do not
contribute to the forcing, in contrast to the total cloud forcing
often employed elsewhere. The ice-cloud forcing is calculated
at every grid column and time by subtracting radiative fluxes
obtained from the complete calculation from those obtained
for identical columns except that the ice clouds only are re-
moved. Note that the distributions of longwave and shortwave
forcing differ significantly, with shortwave forcing concen-
trated in the tropics and longwave forcing significant in both
the middle latitudes and the tropics. These differences are
direct consequences of the differences in visible optical depths
and longwave emissivities shown in Plate 1, which arise from
the distributions of effective crystal sizes. This difference is a
remarkable demonstration of the potential interactions be-
tween cloud microphysics, radiation, and large-scale climate

180 120W 60W 0

80

(continued)

forcing. For ice clouds, heating by longwave forcing dominates
cooling by shortwave forcing. It is important to note that in-
teractions between deep convection, anvil microphysics, and
anvil radiation have not been treated in detail; doing so would
probably lead to more negative shortwave cloud forcing than
shown in Figure 7.

The net, globally averaged forcing by large-scale ice clouds
in Figure 7 is 4.8 W m~2 The net imbalance between short-
wave and longwave radiative fluxes at the top of the atmo-
sphere in the “ice” integration is 4.3 W m ™2 (upward), while it
is 6.4 W m~2 (upward) in the “no ice” integration, with less
trapping of longwave radiation in the latter case. Note that
feedbacks reduce the net flux difference from ice clouds to 2.1
W m™?; these feedbacks are not included in the radiative-
forcing calculation, which holds all factors except for ice fixed.
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These results also demonstrate the sensitivity of top-of-
atmosphere fluxes to the presence of ice clouds; for reference,
the imbalance in the “control” version of SKYHI (with fixed
clouds not removed at cold temperatures) is 6.4 W m~2 (down-
ward), a result of emissivities of unity assigned to the fixed
clouds, significantly reducing the upward emission of longwave
radiation.

Comparisons with observations in section 3 focused mostly
on visible properties of ice clouds from ISCCP. To compare
longwave radiative properties of SKYHI ice clouds and ob-
served clouds, total top-of-atmosphere longwave cloud forc-
ings from SK'YHI and the Earth Radiation Budget Experiment
(ERBE) [e.g., Harrison et al., 1990] (averaged for January—
March 1986-1989) are presented in Figures 7c—7e. These re-
sults must be interpreted cautiously, since SKYHI’s liquid
clouds are prescribed and zonally symmetric. Upper tropo-
spheric clouds contribute strongly to longwave cloud forcing,
so total longwave cloud forcing provides some insight on the
behavior of ice clouds, even though it does not isolate them as
in Figures 7a and 7b. (Since SKYHTI’s total shortwave cloud
forcing is determined largely by prescribed, zonally symmetric
near-surface clouds, its shortwave forcing is mostly a pattern of
zonally symmetric strips, which does not provide much infor-
mation on upper tropospheric ice clouds.) SKYHI’s longwave
cloud forcing is generally less than ERBE’s, consistent with
lower visible optical depths in SK'YHI, discussed in section 3.
The bias correction increases the magnitude of cloud forcing in
many regions, and cloud forcing is in better agreement with
ERBE in the tropics, with distinct maxima over Africa, the
western Pacific, and South America. The low tropical cloud
fractional areas, noted on Figure 1, are likely major contribu-
tors to low longwave cloud forcing there.

The impact of ice clouds on SKYHI’s zonally averaged tem-
perature is shown in Figure 8a. In the “no ice” integration,
fixed (“control”) clouds are removed at temperatures below
258 K, as described in section 2.5, but no ice clouds are allowed
to form. Statistically significant increases in temperature of up

80
(continued)

to 3 K are noted in the tropical upper troposphere. (To calcu-
late ¢ statistics, each month of integration is taken as an inde-
pendent event.) SKYHI is quite variable in the polar night
around 100 to 200 hPa, and the larger temperature increases
there are less significant and will not be further discussed. The
temperature increases in Figure 8a are consistent with the net
positive ice-cloud forcing (Figure 7). In the “ice” integration,
ice forms over a broad range of pressures between 100 and 700
hPa (Figure 9b) in the tropics. The ice absorbs upwelling long-
wave radiation, again consistent with the pattern of warmer
temperatures.

Figure 8b illustrates temperature differences between the
“ice” integration and the “control” version of SKYHI, in which
the fixed-cloud distribution is maintained for all clouds. The
temperature increases in the upper tropical troposphere in
Figure 8a are joined by significant temperature decreases of
smaller magnitude in the middle tropical troposphere in Figure
8b. The temperature changes in Figures 8a and 8b differ be-
cause of differences in both the radiative properties and the
vertical distributions of the fixed ice clouds in the “control”
integration relative to those in the “ice” integration. Between
30°N and 30°S, conditional zonally averaged “ice” emissivities
range from 0.25 to 0.42, while zonal (unconditional) averages
range from 0.02 to 0.06, due to low fractional areas (Figure 1),
much lower than the “control” conditional and zonal averages
of unity and around 0.2, respectively. The fixed ice clouds in
the “control” integration are restricted to a layer between
roughly 240 and 300 hPa. The pattern in Figure 8b is a super-
position of changes associated with removing the “control” ice
clouds (“no ice” — “control”) and then adding the “ice” clouds

“ice” — “no ice”). Tropical temperature changes for “no ice”
— “control” (not shown) are dominated by reduced tempera-
tures (2-4 K) between about 200 and 500 hPa. These reduc-
tions result from removal of the fixed ice clouds with conse-
quent reduced absorption and trapping of longwave radiation.
When clouds from the “ice” integration (Figure 8a) are super-
posed, upper tropospheric temperature increases above the
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“control” SKYHI integrations. Probabilities that differences are significant according to a ¢ test are indicated

by shading.

location of the “control” fixed clouds remain. Below the loca-
tion of the “control” fixed clouds, temperature reductions as-
sociated with removing fixed clouds are larger in magnitude
than temperature increases associated with adding “ice”
clouds, but these increases lessen the temperature reductlons.
The changes associated with removing the “control” ice clouds
are larger because their emissivities are larger. The presence of
warmer upper tropospheric temperatures in Figures 8a and 8b,

despite opposing changes in emissivities, depends strongly on
the different cloud vertical distributions in the two cases.
Although the ¢ test used to assess the significance of tem-
perature changes is intended for use with small samples (under
30 events or so), it assumes that differences are normally dis-
tributed. The small sample size in these integrations may raise
concerns about the validity of this assumption. Nonparametric
tests relax this assumption and can be used to assess differ-
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ences further [Lanzante, 1996]. The Wilcoxen signed-ranks test
removes the assumption that differences are normally distrib-
uted, while retaining assumptions that they are continuous and
symmetrically distributed. The binomial test removes even the
assumption that differences are symmetrically distributed but
uses only information on their signs (not magnitudes). The
maximum confidence levels that can be attained with these
methods are lower than those from the 7 test (e.g., 0.75 for the
binomial test for the number of cases in Figure 8), but agree-
ment among regions of maximum significance from these tests
is useful in assessing the importance of difference features. All

difference features on Figure 8 with 0.99 ¢-test confidence have
confidence levels of 0.75 with both the Wilcoxen and binomial
tests.

Figure 9a shows the radiative-heating distribution for the
“ice” integration. The largest cooling rates are in the middle
tropical troposphere. Figure 9b shows the zonally averaged,
time-mean distribution of ice. The differences in radiative

‘heating between the distribution in Figure 9a and that associ-

ated with the “no ice” integration (Figure 9c) are consistent
with the ice distribution. Radiative cooling is reduced beneath
the ice for all three of the ice maxima shown in Figure 9b.
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Radiative cooling is slightly increased in areas where ice is
concentrated, consistent with enhanced emission of longwave
radiation at cloud tops.

The ice clouds in SKYHI interact through phase changes
with SKYHT’s thermodynamic and hydrological cycles. Figure
10a shows the mixing-ratio tendency associated with the for-
mation and dissipation of large-scale ice clouds. Water vapor is
removed in the upper parts of the ice clouds, where deposition
to ice occurs; water vapor is added in the lower parts of the ice
clouds, where sublimation in unsaturated layers occurs. Large-
scale ice clouds thereby vertically redistribute water vapor; very
little of the ice reaches the Earth’s surface. The changes in
water-vapor mixing ratio produced by ice clouds are depicted
in Figure 10b. Note that the pattern is not correlated with the
direct moisture forcing produced by phase changes. Rather,
they are related to large-scale dynamic responses to the ice.
Figures 10c and 10d show the mean meridional streamfunction
in the “ice” integration and the changes in it produced by the
ice clouds. (The mean meridional streamfunction is defined as
27a, cos g~ * ff,’{?[v] dp', where ¢, a,, [v], and p, denote
latitude, the Earth’s radius; time-mean zonally averaged me-
ridional velocity, and pressure at the Earth’s surface, respec-
tively.) Note that the ice clouds act to increase the intensity of
the Hadley circulation; its maximum streamfunction magni-
tude increases by approximately 14%. Slingo and Slingo [1988]
and Randall et al. [1989] found that forcing associated with all
clouds also increased the intensity of the Hadley circulation,
and Lohmann and Roeckner [1995] found that the Hadley
circulation intensified as cirrus emissivity increased. The stron-
ger upward motions at the equator transport more water vapor
into the tropical troposphere; enhanced subsidence at the
poleward branches of the Hadley cell leads to decreased mix-
ing ratios there. The increased intensity of the Hadley cell and
the associated changes in the water-vapor distribution can be
related to the changes in diabatic heating associated with the

ice clouds. Figure 9c shows they reduce radiative cooling with
a local maximum in the reduction in the lower tropical tropo-
sphere, centered at the equator at 700 hPa. The effect of this
pattern of reduced cooling is to increase the equatorward gra-
dient of the total diabatic heating. The intensity of the Hadley
circulation increases with the equatorward diabatic-heating
gradient generally [cf. Holton, 1992, chapter 10]; the changes in
radiative cooling and the zonally symmetric circulation associ-
ated with large-scale ice clouds follow such a pattern. The
larger rates of ascent in the Hadley circulation in “ice” in turn
lead to increased heating from convective adjustment,
strengthening further the diabatic-heating gradient and pro-
viding a positive feedback on the dynamic effect of the ice
itself. Thus changes in SKYHI’s hydrological cycle are pro-
duced by ice clouds, not directly through their associated phase
changes but indirectly through their effect on diabatic-heating
gradients and planetary-scale circulations.

Further consideration of the “bias-corrected” integration
provides another example of the delicate balances between
microphysical and radiative properties. As a result of positive
temperature corrections (Figure 6a), ice paths increase when
clouds form, as can be seen in Figure 2c, which shows ice paths,
conditionally averaged on ice-cloud occurrence, for the “ice”
and “bias-corrected” integrations. The optically thicker clouds
(Figure 4) in the “bias-corrected” integration absorb more
longwave radiation and reflect more solar radiation back into
the overlying atmosphere. In the tropical upper troposphere,
temperatures are warmer (~2-4 K) in “bias corrected” than in
“ice,” and ice is displaced upward in the “bias-corrected” in-
tegration (Figure 11a). At the altitudes where most tropical ice
clouds form, temperatures increase but water-vapor mixing
ratios do not, resulting in lower relative humidities (Figure
11b). Since ice formation dépends on a threshold relative hu-
midity, the frequency of occurrence of ice clouds decreases
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(Figure 1), a negative feedback on the higher conditional ice
concentrations produced by applying the bias correction. The
lower frequency of occurrence in the “bias-corrected” integra-
tion results in (unconditional) zonally averaged ice paths that
are similar for the “ice” and “bias-corrected” integrations in
the tropics and lower for the “bias corrected” than the “ice”
integration in middle and high latitudes. A further adjustment
of the threshold relative humidity for the “bias-corrected” in-
tegration could offset this negative feedback to some extent.

5. Impact of Ice Clouds on Climate Sensitivity

The sensitivity of a general circulation model (GCM) cli-
mate can be measured by examining the ratio of global- and
time-mean temperature change at the Earth’s surface to the
associated change in the net radiative flux at the top of the
atmosphere [Cess et al., 1989]. A sensitivity analysis of this type
for SKYHI’s “ice” and “no ice” integrations is presented in
Appendix B. Note that cloud forcing in this section refers to
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Figure 10. (continued)

the total cloud forcing by both ice and liquid clouds. It is
important to note that the prescribed distributions of liquid
clouds in both integrations render SKYHI quite insensitive;
the closest GCM in the work of Cess et al. [1989] has a climate
sensitivity of 0.39 K (W m~2) ™. The change in radiative flux at
the top of the atmosphere in this sensitivity analysis is pro-
duced by differencing SKYHI integrations in which sea surface
temperatures (SST) have been uniformly perturbed by +2 K
and —2 K from the appropriate control integration.
Appendix B shows that SKYHI’s sensitivity increases only
slightly due to ice clouds, a result that is not surprising given
that liquid clouds are largely fixed and exert a strong restraint

on flux changes to the Earth-atmosphere system. Some
changes in the distribution of liquid clouds do occur, however;
these changes are a result of temperature changes across the
threshold of 258 K, below which liquid clouds do not exist. The
components of the sensitivity change in Appendix B can be
largely interpreted from these changes in liquid clouds and
ice-cloud changes. As atmospheric temperatures increase with
SST, more liquid clouds form. These additional liquid clouds
act to reduce the increased longwave emission associated with
higher SSTs. In the “ice” integration the offsetting effect of
increased liquid clouds is diminished by the presence of ice
clouds, leading to a larger increase in emitted longwave flux



DONNER ET AL.: ICE CLOUDS IN GFDL SKYHI GCM

21,765

100

Pressure (hPa)

9004 -\

1000 ﬂ m

(a) Ice Diff (mg/kg): "Bias—Corrected" — "lce"

60S 308

(b) Rel Humid Diff (%): "Bias—Corrected"

EQ 30N 60N

II‘CeII

Pressure (hPa)

1000 + >
0 60S 308

Figure 11.

30N

(a) Zonally averaged ice-mixing-ratio difference between “bias-corrected” and “ice” integrations;

(b) zonally averaged relative humidity difference between “bias-corrected” and “ice” integrations. Contour

intervals: (a) 0.6 mg kg~ ', (b) 10%.

AF. Ice clouds are present in both the low and the high SST
integrations in “ice.” The chief difference between the cases is
that they are located at higher altitudes with high SST. Long-
wave trapping is thus present in both the low and the high SST
cases in “ice,” and the impact on AF is less than in “no ice,”
where the liquid clouds represent a relatively larger perturba-
tion. This difference between “ice” and “no ice” is also evident
in the smaller value of A (longwave cloud forcing) in “ice.” The
effect of ice clouds is especially pronounced where atmo-
spheric temperatures increase above the 258 K threshold as
SST increases. In those cases, areas with no clouds change to
~ areas with liquid clouds in “no ice,” while areas which may

contain ice clouds (depending on vertical velocity, etc.) change

to areas with liquid clouds in “ice.” The change is smaller in
“ice,” consistent with the smaller change in longwave cloud
forcing. The change in the altitude of the ice clouds with SST
has a negligible effect on the shortwave cloud forcing. There-
fore the change in downward solar flux AQ differs between “no
ice” and “ice” mostly due to changes in clear-sky radiation. Its
smaller magnitude in “ice” is associated with larger tropical
water-vapor mixing ratios (compare Figure 10b). Water-vapor
mixing-ratio variations lead to larger clear climate sensitivities
than complete climate sensitivities. The smaller value of A
(longwave cloud forcing) in “ice” leads to a larger decrease in
net cloud radiative forcing in “ice,” which is a larger fraction of
the net change in upward flux G at the top of the atmosphere.
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The analysis of climate sensitivity in this version of SKYHI
reveals a rather complex set of interactions involving ice
clouds, liquid clouds, and water vapor. Climate sensitivity
could behave very differently with other parameterizations for
liquid clouds, mixed-phase clouds, and anvil clouds.

6. Summary

Large-scale, nonconvective ice clouds in the SKYHI GCM,
parameterized as a balance between ice formation by deposi-
tion from vapor and ice removal by settling and sublimation,
broadly resemble those observed by satellites. During the
northern hemisphere winter, key ice areas are located over the
western tropical Pacific, Indian Ocean, North Pacific, parts of
North America, Europe, and the North Atlantic. With correc-
llUl'lb 10r mean DldSCS, ILC dlbU lUrHlb over erplLdl AIrl(.d dl'l(.l
South America. Regional variations in both ice-water path and
mean effective particle size are important in determining the
radiative properties of ice clouds. The longwave emissivities of
the clouds respond much more strongly to particle size than
the visible optical depths, leading to major differences in the
patterns of the most intense longwave and shortwave forcing
by ice clouds. In general, ice clouds heat the Earth-atmosphere
system. Their major effect on zonally averaged temperatures is
to increase them in the upper tropical troposphere. The dia-
batic heating associated with ice clouds increases the intensity
of SKYHI’s Hadley circulation, leading to larger water-vapor
mixing ratios.

Ice clouds in SKYHI agree reasonably with limited obser-
vations despite important parameterization simplifications. Of
particular concern is the use of a threshold relative humidity to
determine whether clouds exist. Although the threshold used
here is based on a comparison of frequencies of occurrence of
relative humidity and ISCCP ice clouds, the comparison used
globally averaged data. Cirrus fractional areas in SKYHI (de-
termined by the threshold humidity) are less than ISCCP areas
in the tropics and greater than ISCCP areas at middle and high
latitudes (Figure 1), demonstrating that a global threshold is
limited, at least with SKYHI’s distribution of humidity biases
(Figure 6c). A related issue, not considered in this paper, is
fractional area for ice clouds; large-scale ice clouds have been
assumed to have fractional area of unity, although the param-
eterization can easily be used with smaller fractional areas.
Radiative properties of ice clouds have been shown to depend
on ice-crystal sizes, yet their treatment at GCM scales is diffi-
cult and has followed an empirical approach here. The param-
eterization solves for equilibrium ice concentrations and does
not include horizontal advection of ice, in addition to ignoring
subgrid horizontal variability (Appendix A). Of course, the
parameterization adopts highly simplified microphysics (depo-
sition, sublimation, melting, and sedimentation only).

Nonconvective ice clouds comprise an important component
of the climate system. Convective ice and liquid clouds are
treated very simply in this study; radiative and dynamic inter-
actions are likely to increase significantly when these compo-
nents are treated more consistently with the nonconvective ice.

Appendix A: Impact of Subgrid Variability
on Ice Content
Plates 1f and 1g show that conditionally averaged optical

depths in some regions are lower in SKYHI than ISCCP. Many
observational and parameterization uncertainties could be re-
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sponsible, although by conditional averaging the direct effect
of parameterizing frequency of occurrence is eliminated. Sev-
eral areas of lower SKYHI optical depths, for example, off the
east coasts of Asia and North America and in the Southern
Ocean southwest of Australia, are near jet streams at altitudes
where ice clouds form frequently. This appendix demonstrates
that tharid variations in flow nrnnPthq which drive the ice

parameterlzatlon (e.g., vertical velocny) are a possible expla-
nation for lower parameterized ice contents. The strong hori-
zontal wind shears near jets in the regions noted above can
generate large amounts of subsynoptic variability (turbulence
and gravity waves), and these regions are especially hkely to be
subject to this subgrid effect.

The formation of ice in saturated areas requires ascent in
this parameterization. Therefore vertical velocity is an espe-
ciaily strong control and wiil be used as an exampie of sub-
grid-scale effects on large-scale parameterized ice concentra-
tions.

A set of large-scale vertical velocities (w) typical of

£ S0 O 1algl-stall Volillal VOIOCLUICS vypical

regions with cirrus formation was constructed. A correspond-
ing set of parameterized ice contents X[{(T), (w)], based oniy
on grid-scale vertical velocities, like those calculated in
SKYHI, was also constructed. In contrast, ice contents can be
calculated for each large-scale case by using a set of subgrid
vertical velocities

w = (w) + 6r(—0.5, 0.5), (A1)

where & is the amplitude of the subgrid variation, and r(—0.5,
0. 5) is a randomly generated number between —0.5 and 0.5.
The ice contents (X(7T, w)) include the effects of subgrid
variations in vertical velocities, having been averaged horizon-
tally after application of the nonlinear parameterization.

To estimate & for midlatitude synoptic systems, aircraft mea-
surements of w over various length scales, taken near Munich
on March 18, 1994, were used (Figure Al). The observed
standard deviations at the shortest length scales can be used to
estimate 8. By comparing X[(T), (w)], which represents a
GCM application of the parameterization ignoring subgrid
variations, with (X(T, w)), the effect of subgrid variation in w
is evident. Figure A2 shows this effect can be quite large; ice
contents calculated without subgrid variations are generally
below those with variations by factors of two or more.

WIND DATA for CIRRUS CLOUD on 18 MARCH 1994
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Figure Al. Standard deviations of vertical velocity as func-
tion of length scale over which velocity averaged. Aircraft data
were taken near Munich on March 18, 1994.
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Figure A2. Ice mixing ratios calculated using grid averages of
vertical velocity IWC ({7, (w)) versus mixing ratios averaged
from calculations of ice content at subgrid scales (IWC).

Subgrid variations in nonlinear parameterizations may gen-
erally be associated with results such as these. Serious defi-
ciencies in parameterized properties are possible, even with a
correct parameterization. Consideration should be given to
subgrid variations in parameterization drivers when applying
such parameterizations at scales larger than the scales for
which the parameterizations are physically valid. Analogous
problems characterize the calculation of grid-average radiative
transfer in the presence of subgrid variations in microphysical
properties [Tiedtke, 1996]; a complete representation of sub-
grid effects would require parameterizing these effects on both
microphysics and radiation.

Appendix B: Impact of Ice Clouds on Climate
Sensitivity
G = AF — AQ (B1)

F is global-mean emitted TOA longwave flux; Q is global-
mean downward TOA solar flux; and AT is change in global-
mean surface temperature.

Climate sensitivity

A= AT/G (B2)

ACRF = A(longwave cloud forcing)
+ A(shortwave cloud forcing) (B3)
Longwave cloud forcing = F e,y — F (B4)
Shortwave cloud forcing = Q — Qcar (B5)

Clear climate sensitivity
A = SCREE T (86)
ACRF + G
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A is (“control” SST + 2 K) — (“control” SST — 2 K).

No Ice Clouds Ice Clouds

A=035K (Wm?)™!
AF = 8.9 Wm™2
AQ = —2.7 Wm™2

A =036 K (W m?)~!
AF = 9.6 Wm™?
AQ = 2.2 Wm™2

AT, = 41K AT, = 42K

A(longwave cloud forcing) A(longwave cloud forcing)
=0.74 Wm™2 =033 Wm™2

A(shortwave cloud forcing) A(shortwave cloud forcing)
=—40Wm~ =-40Wm™

ACRF = —33 W m™?2 ACRF = —3.7 Wm™2

ACRF/G =-028 ACRF/G =-031

clear 049 K (W m ) ! clcar =052K (W m ) !
MAgear = 0.72 MAgear = 0.69

Notation

a visible albedo, dimensionless.

radius of Earth, m.

constant for albedo calculation, dimensionless.
width of an ice crystal, m.

mean effective size for ice-particle distribution, m.
gravity constant, m s~ 2.
ice flux, kg (ice) m ™2 s~
maximum dimension of an ice crystal, m.
density function for ice-particle size distribution,
m > m.

pressure, Pa.

pressure at Earth’s surface, Pa:

randomly generated humber, dimensionless.
effective radius for ice-particle distribution, m.
time, s.

temperature, K.
meridional velocity, m s~
mearl ice terminal speed, m s
ice mass mixing ratio, kg kg™
water-vapor mixing ratio, kg kg ™!

vertical velocity, m s~

constant in optical-depth formula, m? kg™?
constant in optical-depth formula, m m* kg™*
subgrid vertical-velocity amplitude, m s~ 1.

air density, kg m 3.

optical depth, dimensionless.

latitude, deg.

cosine of zenith angle, dimensionless.

cloud pressure thickness, Pa.
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The following apply generally:

() vertical average over the thickness of a cloud.
(( )) grid-scale average.
( )max Mmaximum limit.
(' )iz minimum limit.
( )ea bottom layer of an ice-saturated cloud.
( )ew bottom of a sublimating ice cloud.
[( )] time-mean zonal average.

Additional symbols are defined in Appendix B.
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