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Cloud ice: A climate model challenge with signs and expectations of
progress
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[1] Present-day shortcomings in the representation of upper tropospheric ice clouds in
general circulation models (GCMs) lead to errors in weather and climate forecasts as well
as account for a source of uncertainty in climate change projections. An ongoing challenge
in rectifying these shortcomings has been the availability of adequate, high-quality,
global observations targeting ice clouds and related precipitating hydrometeors. In
addition, the inadequacy of the modeled physics and the often disjointed nature between
model representation and the characteristics of the retrieved/observed values have
hampered GCM development and validation efforts from making effective use of the
measurements that have been available. Thus, even though parameterizations in GCMs
accounting for cloud ice processes have, in some cases, become more sophisticated in
recent years, this development has largely occurred independently of the global-scale
measurements. With the relatively recent addition of satellite-derived products from
Aura/Microwave Limb Sounder (MLS) and CloudSat, there are now considerably
more resources with new and unique capabilities to evaluate GCMs. In this article, we
illustrate the shortcomings evident in model representations of cloud ice through a
comparison of the simulations assessed in the Intergovernmental Panel on Climate Change
Fourth Assessment Report, briefly discuss the range of global observational resources that
are available, and describe the essential components of the model parameterizations that
characterize their “cloud” ice and related fields. Using this information as background, we
(1) discuss some of the main considerations and cautions that must be taken into account

in making model-data comparisons related to cloud ice, (2) illustrate present progress
and uncertainties in applying satellite cloud ice (namely from MLS and CloudSat) to
model diagnosis, (3) show some indications of model improvements, and finally

(4) discuss a number of remaining questions and suggestions for pathways forward.
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1. Introduction

[2] Upper tropospheric ice clouds that cover large spatial
scales and persist in time strongly influence global climate
through their effects on the Earth’s radiation budget [Chen
et al., 2000; Hartmann and Short, 1980; Liou, 1976;
Ramanathan et al., 1989; Ramanathan and Collins, 1991,
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Randall and Tjemkes, 1991]. Many studies have pointed out
that these clouds have influences through both their green-
house and solar albedo effects with their relative influence
depending strongly on their height, thickness, and optical and
microphysical properties [Fu and Liou, 1992; Hartmann and
Doelling, 1991; Hartmann et al., 1992; Kiehl, 1994; Miller,
1997; Stephens et al., 1981]. Principal mechanisms for

“Department of Earth and Planetary Sciences and Division of
Engineering and Applied Sciences, Harvard University, Cambridge,
Massachusetts, USA.

“NOAA, Camp Springs, Maryland, USA.

"NASA Langley Research Center, Hampton, Virginia, USA.

8Cooperative Remote Sensing Science and Technology Center, City
College of New York, New York, New York, USA.

9City University of New York, New York, New York, USA.

"%European Centre for Medium-Range Weather Forecasts, Reading, UK.

""Now at International Centre for Theoretical Physics, Trieste, Italy.

1 of 27



D00A21

IPCC Models: Global Average Precipitation
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Figure 1.
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IPCC Models: Global Average Precipitable Water (b)
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Globally averaged, annual mean values of (a) precipitation, (b) precipitable water, (c) total

cloud fraction, and (d) cloud ice water path from the 1970—1994 period of the twentieth-century GCM
simulations contributed to the IPCC 4th Assessment Report (20c3m scenario). Zero values indicate that
the given model did not provide this variable to the IPCC database.

generating of upper tropospheric ice clouds include detrain-
ment from deep convective clouds and in situ ice nucleation
by synoptic motions, mainly in midlatitudes. At upper
levels, deep convective clouds, which account for a very
small fraction of cloud area, contain considerable amounts
of cloud ice as well as other frozen hydrometeors [Del
Genio and Kovari, 2002; Krueger et al., 1995; Rossow and
Schiffer, 1999]. They play a crucial role in both weather and
climate through vertical mixing and precipitation/latent
heating, as well as through their aforementioned connection
to other larger-scale ice clouds such as precipitating anvil
and nonprecipitation cirrus clouds [e.g., Luo and Rossow,
2004]. Characterizations of ice cloud properties have been
made using satellites [Jin et al., 1996; Li et al., 2005; Liao et
al., 1995a, 1995b; Lin and Rossow, 1996; Minnis et al.,
1993; Rossow and Schiffer, 1999; Stubenrauch et al., 1999;
Wylie and Wang, 1999] as well as in situ methods
[McFarquhar and Heymsfield, 1996, McFarquhar et al.,
2000]. Such data and analyses have improved our under-
standing of ice cloud processes, and guided the directions
for developing improved parameterizations of ice cloud
microphysics. However, measurements of these ice clouds
are still difficult to obtain owing to the challenges in-
volved in remotely sensing ice water content (IWC) and its
vertical profile, including complications associated with
multilevel clouds, mixed phases and multiple hydrometeor
types, the uncertainty in classifying ice particle size and
shape for remote retrievals, the relatively small time and
space scales associated with deep convection, and the large
dynamic range of cloud-related ice that exists when
considering both subvisible cirrus and the tops/interiors
of deep convective clouds. Together, these measurement

difficulties make it a challenge to characterize and under-
stand the mechanisms of ice cloud formation and dissipa-
tion [Liou, 1975; Liou and Ou, 1989; C. Liu et al., 2007,
Luo and Rossow, 2004; Rossow and Schiffer, 1999; Soden,
2004; Soden et al., 2004; Wylie and Wang, 1997].

[3] The importance of obtaining a more comprehensive
understanding and improved capability for modeling upper
tropospheric ice clouds cannot be underestimated as ““cloud
feedbacks remain the largest source of uncertainty” in
determining Earth’s equilibrium climate sensitivity, specif-
ically to a doubling of carbon dioxide [/ntergovernmental
Panel on Climate Change, 2007]. Some evidence for this
uncertainty is given in Figure 1 that shows model-to-model
comparisons of four different physical climate quantities,
including cloud ice water path (IWP). While it is understood
that models exhibit significant systematic spatial-temporal
biases with respect to quantities such as precipitation, water
vapor and clouds, their depiction of the global-averaged
values is quite good. This stems from the fact that these
quantities have had relatively robust long-standing obser-
vational constraints [Arkin and Ardanuy, 1989; Rossow and
Schiffer, 1991; Stephens et al., 1994; Xie and Arkin, 1997]
as well as indirect measurement constraints via top of the
atmosphere radiation measurements [Gruber and Krueger,
1984; Kyle et al., 1993; Smith et al., 1994]. In contrast,
robust global (or globally representative in situ) retrievals of
cloud ice, particularly vertically resolved values have not
been available, albeit Lin and Rossow [1996] estimated the
globally average ocean-only value to be 0.07 kg m 2.
Despite significant efforts to derive even IWP measure-
ments from passive and nadir-viewing techniques, the large
optical thicknesses, multilayer structure and mixed-phase
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Figure 2. Schematic diagram illustrating measurement
methods for estimating cloud ice water content/path,
including in situ measurements as well as passive, radar,
and limb-sounding satellite techniques.

nature of many clouds makes the estimates from these
techniques very uncertain [Lin and Rossow, 1996; Stephens
et al., 2002; Wu et al., 2006]. The sparse sampling of in situ
observations and poor probing capabilities of nadir-viewing
passive satellite IWC/IWP measuring techniques are high-
lighted in the schematic of Figure 2 in the context of the
complexities of a precipitating and/or multilayer cloud
system. The ramifications of this poor constraint for cloud
ice, even IWP, are evident in the much larger model-to-
model disagreement for globally averaged cloud ice shown
in Figure 1. There is a factor of 20 difference between the
largest and smallest values, and even when the two largest
outliers are removed, there is still a factor of about 6
between the largest and smallest values. As expected, these
differences are exacerbated when considering the spatial
patterns of the time-mean values shown in Figure 3; in some
regions differences up to nearly 2 orders of magnitude. For
a quantity as fundamental and relatively unambiguous as
cloud ice mass, one that also has significant import within
the context of climate change and its associated model
projection uncertainties, it is critical that this level of model
uncertainty be reduced.

[4] Fortunately, there are new observational resources
that can be expected to lead to considerable reduction in
the uncertainties associated with model representations of
upper tropospheric cloud ice. Specifically, these include
the Microwave Limb Sounder (MLS) on the Earth
Observing System (EOS) Aura satellite, and the CloudSat
and CALIPSO satellite missions, all of which fly in forma-
tion in what is referred to as the A-Train [Stephens et al.,
2002]. On the basis of radar and limb-sounding techniques
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(see Figure 2), these new satellite measurements provide a
considerable leap forward in terms of the information
gathered regarding upper tropospheric cloud ice water
content as well as other macrophysical and microphysical
properties. In this article, we briefly describe the current
state of GCM representations of cloud ice and their associ-
ated uncertainties, the nature of the new observational
resources for constraining cloud ice values in GCMs, the
challenges in making well-posed model-data comparisons,
and prospects for near-term improvements in model repre-
sentations. In section 2, we describe the satellite retrievals of
IWP and IWC that are discussed in the article, with an
indication of the relative strengths and weaknesses of the
different retrieval methodologies and sensitivities. In
section 3, we briefly describe the model resources that are
examined and provide a rudimentary description of the
various levels of complexity regarding model treatments
of cloud ice. For both IWP and IWC, and for both the
retrievals and the models, it is more or less understood that
“ice” represents all frozen hydrometeors, which can include
cloud ice, which is typically suspended or “floating,” and
ice mass precipitating forms such as snow and graupel.
However, such distinctions are often not clearly made or are
fuzzy, and a principle focus of this article is to help
articulate where and how such distinctions are made and
matter for model-data comparisons. Moreover, it should be
stressed that with present satellite/retrieval technology, direct
retrievals that truly distinguish “floating”/*“suspended”
forms of ice from ““falling”/*“precipitating” forms are not
yet available, yet models often try to make this distinction.
Retrievals of this sort will require colocated vertical velocity
information, such as might come from Doppler radar
capability. In section 4, we present the results of the model
data comparisons, with discussions regarding sampling,
sensitivity, model representation, etc. In section 5, we
conclude with a summary and discuss needs regarding
future space-based retrievals and directions for model
diagnosis and improvement.

2. Satellite Retrievals

[5] In this section, we describe the satellite retrievals that
are illustrated and discussed in this paper. To highlight a
critical difference in capabilities, the retrievals are catego-
rized as either passive nadir-viewing or radar/limb sound-
ing. This distinction conveys a sense of their capabilities to
account for vertical structure, namely in terms of being able
to deal less ambiguously with multiple cloud levels and/or
mixed-phase clouds. This leads to a pragmatic distinction of
whether the satellite retrieval provides an estimate of
(column-integrated) ice water path (IWP; gm m?) and/or
has the capability to provide an estimate of (vertically
resolved) ice water content (IWC; mg m™>). In each case,
all-sky values are discussed and presented. Given that this
study mainly focuses on the new capabilities and the
associated uncertainties of the CloudSat and MLS retrievals,
more details are provided regarding their methods and
products (see Table 1). The passive nadir-viewing products
are only referenced briefly and therefore the discussion
below only provides highlights with many details left to
the referenced literature.
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