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Abstract

The World Climate Research Programme’s Global Energy and
Water Cycle Experiment (GEWEX) addresses both the hydrological
and meteorological components of the water cycle. One of the
biggest challenges in GEWEX is to improve the understanding of
how the wide range of processes within clouds affects the atmo-
sphere on the large scale and, thereby, to develop ways of param-
eterizing these processes within climate and NWP models. The
Joint Scientific Committee of WCRP at its 1992 meeting approved
the establishment of a GEWEX Cloud System Study (GCSS) as a
long-term program that will address these issues mainly through the
development of cloud-resolving models and their use to generate
realizations of a set of archetypal cloud systems. The focus of GCSS
is on cloud systems spanning the mesoscale rather than on indi-
vidual clouds. Observations from field programs will be used to
develop and validate the cloud-resolving models, which in turn will
be used as test-beds to develop the parameterizations for the large-
scale models. The cloud-resolving models provide synthetic data-
sets representing rather complete descriptions of entire cloud
systems, from which it will also be possible to develop algorithms for
remote-sensing observations.

1. Introduction

Cloud systems on all scales play an important role
in the global climate. Processes within cloud systems
occur on scales too small to be represented explicitly
in climate and numerical weather prediction (NWP)
models. The effects of these subgrid-scale processes,
therefore, have to be parameterized. Parameteriza-
tion is the technique whereby the effects of unresolved
processes are represented in terms of the primary
dependent variables of a model.

The Global Energy and Water Cycle Experiment
(GEWEX) Cloud System Study (GCSS) is a program
intended to promote the description and understand-
ing of key cloud-system processes, with the aim of
developing the necessary parameterizations for cli-
mate and NWP models. A physically based approach
based on understanding rather than on empiricism is
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adopted so that appropriate parameterizations can be
developed for the distinctive types of cloud system
occurringin different regions of the globe. The descrip-
tion and understanding of cloud systems to be achieved
in GCSS will also enable the development of improved
algorithms for interpreting remote-sensing observa-
tions of clouds and precipitation systems. Special field
measurements are needed to make progress, but
these alone cannot be sufficient; there is also a need
to exploit models, including cloud-resolving models
with domains large enough to span the scales being
studied. The development of such models is central to
GCSS. It is necessary to develop such studies in
conjunction with theoretical models in order to mini-
mize the empiricism and to reduce the inherent com-
plexity of cloud-resolving models to a set of approxi-
mations judiciously expressed in mean-flow terms.
The specific ways in which observations and models
will be used to develop parameterizations for large-
scale models are explained in later sections.

Progress in improving parameterizations of pro-
cesses within cloud systems depends upon further
advances in combined observational and modeling
studies. Developments in technology are now making
such advances possible. Computer power is becom-
ing available to perform high-resolution calculations in
large domains. Remote sensing from space, ground,
and aircraft is providing high-resolution observations
of the convective and mesoscale phenomena associ-
ated with clouds, and improvements in four-dimen-
sionai data assimilation are enhancing our ability to
optimize the use of incomplete observational data.
The time is right to combine and systematically exploit
these enabling technologies to address the problems
of parameterizing the effects of cioud systems. The
task is enormous but steady and even rapid progress
is possibte over the next decade, especially if param-
eterization is recognized as an intellectually challeng-
ing science in its own right rather than a pragmatic
task.

Clouds have profound effects on the whole climate
system, and international coliaboration is needed to
cover the full scope of the problem. GCSS is therefore
established as a subprogram of the Global Energy and
Water Cycle Experiment (GEWEX) within the World
Climate Research Programme (WCRP), to provide
scientific leadership and an international planning
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TaBLE 1. Past and future field experiments addressing cloud
system problems (not exhaustive).

Australian Monsoon Experiment

Barbados Oce ographnc Meteoro!og;cal ‘
Experlment

A series o rontal observmg programs
mainly mvolvmg U.K. and France

FRONTS

MTOGA COARE TOGA Coupled Ocean—Atmosphere

Response Experiment

framework to expedite such collaboration. To do this,
GCSS will provide a framework of scientific priorities
and promote existing programs that address those
priorities. GCSS will also promote ideas of outstanding
promise, and identify gaps in capability and areas
where additional effort is required. In such cases, it will
promote the development of key new facilities, such as
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specific airborne or spaceborne cloud measurements
and a new generation of very high-resolution numeri-
cal cloud system models. It will encourage not only the
development of a hierarchy of numerical and theoreti-
cal models but also the integration of the results of the
cloud system modeis with a comprehensive series of
observational studies.

The observational requirements .of GCSS will, as
far as possible, be achieved through interaction with
existing and planned field programs in different re-
gions. Some relevant field experiments and observing
programs, past and future, are listed in Table 1. Other,
more extensive datasets concerning clouds, such as
those obtained in the International Satellite Cloud
Climatology Project (ISCCP), are also vital.

The primary aim and objectives of GCSS are sum-
marized in Table 2.

2. The importance of cloud systems to
the large-scale circulation

Cloud systems have substantial effects on the
dynamics of the large-scale circulation of the atmo-
sphere. These effects arise from the modulating im-
pact of cloud on the earth’s radiation budget and from
the thermodynamical consequences of phase changes
in cloud. Moreover, precipitating cloud systems also
have important effects on other subgrid-scale pro-
cesses.

The radiative effects of cloud systems occur directly
through the radiative properties of the clouds them-
selves, and, indirectly, because they redistribute wa-
ter vapor, the most important greenhouse gas. In a
major study comparing 14 different global atmospheric
models, Cess et al. (1989) show that the representa-
tion of the cloud—radiation interaction is the primary
cause of differences in climate simulations. Indeed,
predictions of climate change are extremely sensitive
to the way clouds are modeled. The big uncertainties
come in partitioning total water in a climate model grid
box between water vapor, precipitation, cloud water,
and cloud ice, and in specifying the horizontal and
vertical extent of clouds, as well as their microphysical
properties. For example, one climate model predicts
global mean warming due to doubling CO,, varying
from 1.9 K10 5.2 K, depending upon the representa-
tion of cloud microphysics (Mitchell etal. 1989). Clearly,
if prediction of global and, more particularly, regional
climate change is to be reliable, the effects of clouds
need to be properly represented in climate models.

Many kinds of cloud systems have important radia-
tive effects. In the tropics, deep convective systems
transport water vapor and ice into the upper tropo-
sphere, causing opposing effects through reflection
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and absorption of solar and infrared radiation, while
boundary-layer clouds reduce surface temperature by
reflecting solar radiation. In middle latitudes, exten-
sive cloud systems are associated with cyclonic storms,
and-in the middle and high latitudes, stratocumulus
and stratus are common over cool, moist surfaces,
including regions of widespread oceanic upwelling.

Cloud systems also have important thermodynami-
cal effects due to the phase changes of water, through
condensation/evaporation, freezing, and melting. The
net release of latent heat from the precipitation pro-
cesses is the major energy source that balances the
net radiative cooling of the atmosphere. In the tropics,
latent-heat release in convective clouds is a major
energy source for many scales of motion, from squall
lines through hurricanes, to the Hadley—Walker and
monsoon circulations. Inmany midlatitude systems as
well, especially severe storms and explosively deep-
ening depressions, latent-heat release is crucial. Nu-
merical weather prediction and climate models need
to represent these effects properly. It is particularly
important that climate models should represent the
large-scale features of the global circulation correctly,
if we are to have confidence in predictions of regional
climate change.

Turbulent transports and gravitational settling of
hydrometeors within boundary-layer clouds contrib-
ute to the redistribution of water and heat. Such
processes have been little studied, but it is known that
the formation of drizzle in stratocumulus has a signifi-
cant effect on the boundary-layer water flux and con-
sequently on the evolution of the cloud layer. Deep
precipitating cloud systems, through evaporative
downdrafts and forced mesoscale circulations, also
have an important effect on surface and planetary
boundary-layer fluxes. This “convectively disturbed”
boundary layer has received little attention, yetitis an
important part of the coupling of the atmosphere with
terrestrial processes and with the ocean, both of which
are fundamental to the climate problem.

Cloud systems affect the momentum balance of the
atmosphere through direct momentum transport. This
aspect has received little attention, but is known to be
significant in organized systems. There are two re-
lated aspects: namely, the internal redistribution of
momentum and the effect on surface wind stress curl
that drives ocean circulations. The effect of gravity-
wave drag by orography is now a well-known process
in global models. A much less appreciated problem is
the role of convectively generated gravity waves.
Breaking gravity waves, generated in the troposphere
and propagating upward for great distances, couple
the troposphere, stratosphere, and mesosphere.

Cloud processes play a key role in coupling the
atmospheric and oceanic circulations, especially in
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TasLE 2. Aim and objectives of GCSS.

Aim: Toimprove the representation of cloud processes in
climate and NWP models.

Objectives

o To develop the scientific basis for the parameterization of cloud
processes with due regard to physical and morphological iden-
tity among cloud system types.

e To coordinate the acquisition and assimilation of observations
and the use of cloud-resolving models in the derivation of cloud
system realizations for use in the development of parameteriza-
tion schemes in large-scale models.

e To promote the evaluation and intercomparison of parameter-
ization schemes for cloud processes.

equatorial regions and high latitudes, through their
influence on the radiative heating, surface fluxes, and
salinity budgets. The solar flux into the upper ocean is
strongly modulated by cloud, and the netinput of fresh
water across the air-sea interface is affected by
precipitation. The fluxes of heat, moisture, and mo-
mentum control the coupling between the atmosphere
and ocean, and coupled climate models are found to
be very sensitive to the representation of those fluxes.

There are many deficiencies in existing parameter-
izations. Convection schemes use rudimentary cloud
models, often lacking important cloud physics, such as
the partitioning of water and ice. There is little or no
account taken of the crucial role of vertical wind shear
in determining cloud structures and transports. There
are uncertainties over the coupling of the parameter-
ization scheme to the resolved scale. The interactions
of convective clouds with radiation and the subcloud
layer are major problem areas. These should all be
strongly linked, but at present they are usually inde-
pendently parameterized. Similar deficiencies exist
with layer cloud parameterizations. These inadequa-
cies degrade mode! performance on all time scales:
improved parameterizations should lead to reductions
in the systematic errors in both climate and weather
prediction models.

A complicating factor that must be taken into ac-
count is the geographical variety of cloud phenomena
and their organization. Present parameterizations do
not recognize this variety or the consequent variability
of cloud processes. Some types of cloud systems are
statistically homogeneous to a first approximation,
while others are organized, especially on scales 0
(10-100 km). However, most current parameteriza-
tion schemes assume that all systems are homoge-
neous. Although this assumption is reasonable for
some systems, the parameterization of even these
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systems is still not adequate. For organized convec-
tion, this assumption is clearly wrong, and parameter-
izing the effects of such systems is a particularly
important area of research. Because of the nonlinearity
~ of many atmospheric processes, the inferred effects of
cloud systems may be in error even if they are calcu-
lated using accurate representations of the mean
cloud properties. For example, radiative effects of
clouds cannot be represented correctly using a grid
volume mean value of the liquid water content.

The grid spacing of climate models over the coming
decade may come down to 50 km, enabling them to
resolve scales of about 200 km. Cloud systems are
generally organized by the large-scale flow, and they
tend to have scales comparable with orin some cases
greater than the resolution of the climate models.
Moreover, cloud systems have life cycles with time

Improvements in the representation of

cloud systems will benefit not only
imate:-models but also numerical

prediction analysis and

scales greater than the time step of the models. It
follows that an understanding of the interactions of
processes occurring on different scales will be a major
issue for the parameterization of the effects of cloud
systems in these models. The reduction in model grid
spacing will enable cloud systems to be represented
explicitly, but it will still be necessary to parameterize
the effects of individual clouds within the systems.
Parameterizations need to be developed for cloud
systems on a range of scales. The cloud systems
involve coupled dynamics, thermodynamics, and phys-
ics extending from turbulent surface fluxes to radiative
transfer. The development of improved parameter-
izations will be crucially dependent uponimprovement
in understanding of these physical processes, rather
than upon the search for purely statistical relation-
ships between variables. The need to improve under-
standing of processes results from the need to ensure
that parameterizations, by being physically based, are
sufficiently robust to be used under a wide range of
conditions. The more empiricism can be reduced in
parameterizations, the more likely they are to be
reliable as external conditions change.
Improvements in the representation of cloud sys-
tems will benefit not only climate models but also
numerical weather prediction analysis and prediction
systems. The improvements should lead to better
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data-assimilation systems, which are being used to
provide homogeneous and consistent global climate
analyses. Data assimilation for climate observations
will become increasingly important as new data types
appear fromthe nextgeneration of satellite and ground-
based remote-sensing instruments. Improved under-
standing of cloud processes will aiso lead to more
appropriate algorithms for interpreting remotely sensed
observations of cloud systems, including retrieval of
their microphysical properties.

3. Cloud processes needing to be
parameterized

A wide range of cloud-system processes needs to
be parameterized. The following is a list of the most
important of these processes. Cloud—radiation inter-
actions have traditionally been regarded as the most
important processes; however, theimportance of other
processes should not be underestimated. Indeed cloud
systems generally involve such strong interactions
that correct parameterization of one aspect depends
on a correct overall description. For example, predic-
tion of details of the drop-size distribution is crucial to
correct representation of radiative transfer and of
precipitation flux of water; an adequate representation
of glaciation is also crucial to both processes.

a. Cloud-radiation interaction

Water vapor, as the main greenhouse gas in the
atmosphere, provides a major positive feedbackinthe
climate system. The global distribution and cycling of
water vapor is not well known at present. It is very
dependent upon the action of clouds, but the nature of
this dependence is poorly understood.

The radiative properties of the cloud systems them-
selves are strongly dependent upon their structure. A
cloud system parameterization must therefore specify
both the horizontal cloud cover and vertical distribu-
tion of cloud in a grid box. The kind of problems to be
addressed include, for example, the effects of an
extensive cirrus anvil above a convective cloud sys-
tem, the transition of cloud type across a cold front,
and the transition from a solid overcast to broken
stratocumulus. There are two distinct issues. The first
is how these cloud properties are determined by the
large-scale conditions. The second is how different
distributions of cloud cover and type affect the radia-
tive transfer. It is the first of these two problems that is

- the major stumbling block and to where the greater

effort needs to be directed.
Theoretical, numerical, and observational results
suggest that, in addition to their gross horizontal and
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vertical characteristics, the microphysical properties
of clouds (particle number, size, and phase) have a
significant effect upon climate. Aerosols are also im-
portant insofar as they influence the microphysical
properties of the cloud: they may influence not only
their radiative properties directly but also their persis-
tence. Further field observations and model develop-
ment are required to determine the dominant cloud
properties that need to be represented in para-
meterizations.

b. Transportof heat, moisture, momentum, and chemi-

cal species

A primary effect of cloud, particularly convective
cloud systems, is on the distribution of heat, moisture,
and momentum in the atmosphere. Thus, the vertical
structure of temperature, humidity, and velocity in a
climate model is strongly coupled to the parameteriza-
tion of processes within cloud systems. Transport of
trace chemical species is also an important issue for
climate studies. While the horizontal transport of inert
species by the resolved flow is now being imple-
mented, scant attention is being given to the vertical
and slantwise transport, or to the problem of aqueous
chemistry. A key parameterization task, then, is to
specify the various processes that contribute to these
transports. While current parameterizations account
for the bulk transport of heat and moisture, the repre-
sentation of momentum transport is generally very
poor. This is a particularly pertinent problem for orga-
nized convective systems in which it is known that the
momentum flux is anisotropic, with upgradient and
downgradient transport in orthogonal directions. This
problem is just beginning to be addressed.

¢. Precipitation

The spatiai and temporal distribution of precipita-
tion is strongly influenced by mesoscale dynamical
processes. It is important for the purposes of surface
hydrology to be able to infer the intensity and scale of
precipitation events within large-scale model grid
squares. This depends on the convective and me-
soscale circulations within the grid, and on the topo-
graphic effects (see section 3e), as well as on the
microphysical processes of precipitation.

d. Interactions between surface fluxes and clouds
Many cloud systems, such as low-level stratus
cloud and convective clouds, depend critically upon
surface fluxes, which are themselves modified by the
cloud systems. For example, the cold downdrafts of
convective systems strongly modify surface fluxes,
and radiative interactions with stratus lead to a stable
layer at cloud base, which inhibits surface fluxes.
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Proper treatment of these interactions must be incor-
porated into parameterizations.

Interactions at the air—sea interface are important
over a range of time scales, extending from less than
a day in cases of rapid cyclogenesis (e.g., the devel-
opment of intense cyclones on the eastern coast of the
United States and Australia) to seasonal and longer
variations where the thermal inertia of the oceans
provides a base for climate prediction. The increasing
success of the WCRP Tropical Oceans—Global Atmo-
sphere (TOGA) program arises from improvements in
our understanding of air—sea interactions, and the
TOGA Coupled Ocean—-Atmosphere Response Ex-
periment (COARE) is being conducted in the tropical
western Pacific during November 1992 to March 1993
to focus particularly on these processes.

e. Topographic effects

Surface topography often plays a significant role in
the initiation, structure, and evolution of cloud sys-
tems. The enhancement of precipitation by orography
is generally not well represented in the subgrid-scale
components of climate models. Similarly, the genera-
tion and modification of stratus layers at low and
middle levels and cirrus at high levels by orographic
forcing are poorly represented, since they depend on
vertical, topographically induced motion on a scale
much smallerthan the model grid scales. Topographic
gradients also influence the initiation processes for
convective cloud systems.

f. Interaction with the lower stratosphere

At low latitudes, deep convection is the primary
mechanism for the transport of mass and momentum
into the lower stratosphere. The characteristics of the
upper troposphere and lower stratosphere are greatly
affected by the action of deep convection, both slant-
wise and vertical. The exchange of mass across the
tropopause is critical to the determination of the distri-
bution of trace gases, such as ozone and nitrous
oxide, that have an impact on climate. Intrusion of
stratospheric air may alter the concentration of cloud
condensation nuclei in the upper troposphere, which
may affect cirrus ice crystal concentrations and size
spectra.

g. Interactions between clouds at different altitudes

High-level clouds affect low-level clouds via radia-
tive interactions and through the seeder—feedermecha-
nism of precipitation development. For example, crys-
tals falling from higher-level clouds, or that remain
after the evaporation of these clouds, may induce
glaciation in lower-level clouds at comparatively high
temperatures.
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The processes just outlined are summarized in
Table 3.

4. Cloud system classification

Cloud processes interact over a wide range of
scales, from microphysical and turbulent scales of
muchless than 0 (1 km), through convective clouds on
scales 0 (1-10km), mesoscale convective systemson
scales 0 (100 km), to frontal systems and cloud
clusters up to 0 (1000 km). The task of describing and
understanding these processes and their role in the
large-scale circulation of the atmosphere is a major
scientific challenge.

It is customary in current convective parameteriza-
tion schemes to identify only three principal cloud
types—namely, upright, slantwise, and stratiform con-
vection—and this simple classification has consider-
able utility. However, a physically more detailed clas-
sification is appropriate to GCSS because the fluxes
(turbulent, radiative, and convective) are fundamen-
tally affected by synoptic conditions through their
effect on turbulence, convective elements, collective

TasLE 3. Summary of processes to be parameterized.

a. Cloud-radiation interaction
e effects of clouds on water vapor distribution
e horizontal extent of cloud
e vertical extent of cloud
® cloud microphysics

b. Transport of heat, moisture, and momentum
® impact on profiles of T, g, and V

c. Precipitation
® microphysics
e intensity and scale of surface precipitation events

d. Interaction with surface fluxes
o shadowing
e freshwater flux
e® impact on boundary-layer profiles

e. Topographic effects
® precipitation enhancement by orography
o modification and enhancement of stratus and cirrus
e initiation of convection

f. Interaction with lower stratosphere
e transport of trace gases through tropopause

g. Cloud—cloud interactions
o cloud structure and lifetime
o cloud microphysics
® cloud-radiation interaction
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(ensemble) behavior, and overall physical character-
istics. These considerations are not treated in current
parameterization schemes. The importance of struc-
tural aspects means that the primary concernin GCSS
is with cloud systems as distinct from individual cloud
types. Basic research is essential to quantify the
physics and transport properties of each class in order
to lead to new parameterization approaches that allow
for the inherent diversity of cloud system behavior.
Several major classes are identified: boundary-layer
stratus and stratocumulus, cirrus, cold-air convection
and ordinary cumulonimbus, mesoscale convective
systems, frontal clouds, and orographic clouds.

5. Methods for developing
parameterizations

A number of numerical and analytical methods are
used in the development of cloud parameterizations.
These methods are used to ensure that para-
meterizations are scientifically sound and consistent
with observations. Modern data-assimilation methods
(section 7c) are expected to play an increasingly
important role in making optimal use of relevant data
for the development and validation of parameter-
izations.

a. The use of weather forecast models and climate
models

A direct approach to improving cloud-system para-
meterizations in large-scale models is via the diagno-
sis of systematic errors in the weather forecast and
climate models. In weather forecast models, the diag-
nosis of errors may be achieved, for example, through
the analysis of initial tendencies after the assimilation
of data. In climate models, it can be achieved by
comparisons with observational data concerning the
general climaté and, in particular, by comparisons
concerning the statistics of cloud systems. However,
while such studies may highlight aspects in which the
combined parameterizations are deficient, they alone
do not provide a complete scientific basis for improv-
ing individual parameterizations.

The scope for this approach depends critically on
the accuracy and density of synoptic observations and
the availability of climate data concerning cloud sys-
tems. In the latter respect, the proposed long-term
monitoring in the Atmospheric Radiation Measure-
ment (ARM) Program and the GEWEX Spaceborne
Cloud Radar, and also the Earth Radiation Budget
Experiment (ERBE) datasets are important.

The studies undertaken with this approach will
continue to be important in highlighting problems in
large-scale models and will remain an essential test of
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model performance. It must be noted, however, that
the errors diagnosed are net errors that arise from the
sum of observational errors and the various errors
inherent in the model.

b. Observational budget studies

Budget studies enable one to infer the source and
transport terms associated with unresolved cloud pro-
cesses, rather than directly measure the details of the
physical processes. Historically, this has been achieved
by the analysis of networks of radiosonde soundings
launched at frequent intervals, using a residual tech-
nique. In the future, networks of wind profilers and
other continuously measuring instruments are ex-
pected to reduce the observational and statistical
sampling errors. When dealing with the coupled ocean—
atmosphere, budgets should be derived using oceanic
(surface and subsurface) measurements in addition to
the atmospheric measurements.

The budgets derived directly from time-synchro-
nous data provide a check on the validity of a param-
eterization scheme and, in the past, the diagnostic
interpretation of these budgets has been one of the
best methods for improving parameterizations, par-
ticularly of convective transports. Unfortunately, con-
ventional budget calculations do not provide datasets
that are dynamically consistent. In addition, the input
(of observations) and output (of analyzed variables)
are incomplete. This has significantly reduced their
usefulness for parameterization studies. We are now
moving into an era where four-dimensional data as-
similation becomes feasible, from the cloud to the
synoptic scale, using a range of dynamical models.
Therefore, budget products can be derived directly
from the model assimilation, although these products
necessarily depend to some degree on the physical
parameterizations used in the model. Of particular
concern is the current lack of availability of improved
datasets (spatial and temporal) to establish compre-
hensive budgets. The GATE dataset continues to be
the best available on scales of motion of order 100 to
1000 km. There is a need to alleviate this situation and
include remote-sensing data such as those from the
new profiler technology.

Budget studies involve area and ensemble aver-
ages, and their interpretation becomes difficult when
there is no clear scale separation—that is, when the
unresolved phenomena, such as squall lines, have a
scale comparable with the resolved scale of the mea-
surements. Under these circumstances, a case-study
budget, as opposed to a statistically based budget,
becomes appropriate.

¢. Detailed observational case studies
In detailed observational case studies, the budget
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is supplemented by various measurements of the
details of the processes involved. Such observations
are necessary for extending parameterizations from
the empirical approaches of the preceding methods to
a theoretical or conceptual model basis. Only when it
has such a basis will it be possible to extend the
parameterization to regions and/or situations thathave
not been studied observationally. These detailed ob-
servational studies are essential to ensure that all
relevant processes are being addressed and that the
net effects are attributed to the right cause. They are
of special importance to the study of organized sys-
tems for which a simple statistical description is clearly
inadequate.

Modern developments in remote sensing still fail to
provide the spatial resolution and detail necessary for

Modern developments in remote sensing

still fail to provide the spatial resolution

and detail necessary for a full description

of all processes. The partial descriptions
* achievable using modern techniques

are, nevertheless, vital to reveal

details of processes.

i

a fuli description of all processes. The partial descrip-
tions achievable using modern techniques are, never-
theless, vital to reveal details of processes. For ex-
ample, remotely sensed column liquid water content
can provide a useful constraintin the modeling of cloud
entrainment processes and in understanding the dis-
tribution of the latent heat source. There is also a
research opportunity to use cloud-resolving models to
assimilate these detailed observations in order to
improve the value and integrity of the results.

d. Cloud-scale model simulations

The term cloud-scale (or cloud-resolving) model is
used for a three-dimensional numerical modei ca-
pable of describing motions and processes within the
cloud systems. Depending onthe type of cloud system
involved, the spatial resolution might vary between 0
(1 km) and 0 (100 km). Such models are capable of
giving an accurate description of the flow dynamics.
Explicit representation of precipitation size distribution
and physics is also possible in some limited applica-
tions, but generally they still require parameterizations
of cloud physics, radiative transfer, and turbulence.
However, from the demonstrated performance and
experience with existing models of this type, it is clear
that the parameterizations needed for cloud-scale
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models, though a major challenge, may be easier to
achieve than those for climate models. The para-
meterizations in large-scale models have to deal
with the ensemble properties of the whole, rather
heterogeneous system, while the parameterizations
in the small-scale cloud model deal with more statisti-
cally homogeneous behavior. The cloud-scale model
parameterizations link to local observations of cloud
systems and not to the net properties of the whole
complex system. .

With further development of these models, there
will be an opportunity to provide the detailed and
comprehensive descriptions of cloud systems that are
needed to advance parameterizations, and which it is
notfeasible to obtain by means of purely observational
approaches—for example, detailed flux profiles and
their evolution. The cloud-scale models have the
potential to provide detailed simulations of a wide
range of cloud systems. They also allow experiments
to be performed to give insight into how the final
parameterizations in large-scale models should de-
pend on the various factors. Noting the limitations of
the other available approaches, the use of cloud-scale
models is a long-term strategy that lies at the heart of
the GCSS approach.

One aspect of the use of cloud-scale models con-
cerns the need to understand the role of organized
cloud systems and the interactions between cloud-
resolving scales and larger scales. Such interactions
raise special difficulties for parameterizations that are
intended to represent average effects rather than
individual events. By using either mesoscale models
with resolutions of order 10 km or cloud-scale models
nested within larger-scale models, there is an oppor-
tunity to provide understanding of these phenomena
and new methods for representing their fluxes in large-
scale terms.

e. Development of theoretical concepts

Toprogress from either direct observations or cloud-
resolving model data to the development of improved
parameterizations, it is necessary to derive an appro-
priate theoretical or conceptual base. Simplified real-
izations based on theoretical formulations must be
produced to understand scale interactions and im-
prove parameterization schemes. This could include
the derivation of flux laws from dynamical models and
the extension of current, or the definition of new,
closure methods. This approach would introduce dy-
namical models into parameterization research and
hence improve the cloud models currently used in
schemes. These new formulations will need to be
validated against finescale models and observational
data.
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6. Development of parameterizations
within future programs

a. Direct development of parameterizations from ob-
servations

Figure 1 illustrates the steps in the direct develop-
ment of cloud parameterizations in climate models.
The term “direct” is used in the sense that the develop-
ment is not accomplished via the use of cloud-resolv-
ing models. The direct method is that used by the
large-scale modeling community epitomized by WGNE
(the Working Group on Numerical Experimentation).
The longer-term strategic approach to be used within
GCSS is described in section 6b.

The identification of the need for an improved
parameterization of a particular process is determined
by consideration of the systematic errors in the model
climate or by consideration of the local errors that can
be monitored in numerical weather prediction models.
Improvement of the parameterization of a particular
process is then justified if the model shows a sensitivity
to that parameterization. Care is needed, however, in
the interpretation of sensitivity studies, because inad-
equacies in a model may mask or exaggerate the
actual sensitivity of climate to a particular process.

Although global or large-scale observations can be
used to identify systematic errors in a model, special-
ized field experiments are generally needed to provide
information about the dependence of a process on the
relevant scales of interaction. The analysis of field
observations can be carried out on three levels: diag-
nosis, objective analysis, and data assimilation.

The diagnosis of the bulk effects of cloud systems
directly as a residual from field data is the most
common method of estimating the apparent sources
of heat, moisture, and momentum (Q,, Q,, and Q,).
This technique does not, however, ensure that the
diabatic forcing terms are dynamically or thermody-
namically consistent, and the results usually have
some error, sometimes systematic error, owing to
uncertainties in the field data.

Objective analysis techniques can be used to diag-
nose the effects of cloud systems on the atmosphere
in the region of a field experiment. Such methods
account for the nonuniformity of and error in raw data,
and they can provide some constraint on the relation-
ship between variables. As explainedin section 7¢, the
analysis of observations can be improved by using
four-dimensional data assimilation, thereby combin-
ing the consistency of model-derived fields with the
lack of bias often associated with such fields.

Before a parameterization is tested in a 3D climate
model, it is desirable to determine its behavior in a
stand-alone 1D model (i.e., a 1D version of the full 3D

Vol. 74, No. 3, March 1993



Global
observations

Error

No in large-

STOP <

scale model?

Parameterization
in GCM

Investigate No
sensitivity to

other processes

process?

Sensitivity to
parameterized

No

process

Field experiments/
studies

Global
observations

Analyse
observations

Develop
theoretical
models

Error
too big

Local & global

Yes observations

Develop

parameterization

Parameterization
in 1-D model

Fia. 1. Flowchart for direct development of parameterization.

climate model). The tests with a 1D model on datasets
from specific field experiments, such as GATE, allow
the local impact of the parameterization to be deter-
mined in controlled conditions of external forcing.
Once the parameterization is found to yield satisfac-
tory local behavior in the 1D model, it can be imple-
mented in the full climate model so that its free
interaction with the large-scale dynamics can be ex-
amined.

b. Development of parameterizations from observa-

tions plus cloud-resolving models

Figure 2 shows the two-stage methodology by which
field observations can be combined with simulations
using cloud-resolving models to develop parameteriza-
tions of cloud and precipitation processes for use in
global-scale models. The first stage, to develop and
validate the cloud-resolving model with the help of ob-
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servational field experiments, is clarified in Fig. 3a. The
second stage, to use the cloud-resolving model to de-
velop the parameterizations for large-scale models, is
clarified in Fig. 3b. This approach, using cloud-resolving
models, is the essential focus of GCSS.

Field observations are used in two ways (see Fig.
3a). First, they provide information that will be used to
verify specific hypotheses concerning the physical
processes involved; the design of individual field ex-
periments will need to be determined by the hypoth-
eses to be verified. Second, the field observations will
be usedto verify the simulations obtained using cloud-
resolving models for a variety of different cloud-sys-
tem types. These verification studies will be used to
identify sensitivities and aspects of the cloud-resolv-
ing models requiring improved parameterization of
small-scale physical processes. The response of cloud-
resolving models to improved parameterizations of
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small-scale processes will then be determined and
this information fed back into the development of the
small-scale parameterizations. This procedure will
lead to the overall improvement in the parameter-
izations in the cloud-resolving models, although, ow-
ing to interactions between parameterized processes,
improvements in one area may highlight deficiencies
in another. As these refinements progress, results
from the cloud-scale models will become available as
tools for the development of parameterizations for
global-scale models.

The main purpose of cloud parameterization
ist oximate the apparent sources of
! ture, and momentum due to
cale cloud processes.

The range of conditions and cloud types that may
be covered by field experiments is obviously limited.
However, the cloud-resolving models, developed as
indicated above, can be run to provide detailed and
consistent synthetic datasets for the full range of cloud
system types. Diagnostics from the simulations will be
used to improve understanding of the physical pro-
cesses on the cloud scale, especially those involving
interaction between dynamical and microphysical pro-
cesses that are not easy to observe directly. Improved
understanding of the critical processes will be used as
the basis of simplified one-dimensional process mod-
els, which will be further developed to form parameter-
izations for large-scale models. Additional input to the
development of the one-dimensional process models
will come from theoretical and dynamical models, also
aimed at understanding the basic mechanisms, but
from a different viewpoint.
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The construction of a set of cloud-system realiza-
tions is animportant part of the GCSS strategy not only
for parameterization development, but also for use in
the development of remote-sensing algorithms (see
section 8).

7.Data requirements for development
and validation of parameterizations

a. General data requirements

A dominant and pervasive feature of the physical
processes in cloud systems is the interaction between
scales, which span from the synoptic-down to the
microscale. Systematic field observations are needed
across these scales in order to develop and validate
cloud parameterizations. Moreover, fine-scale cloud
models mustbe verified at all relevant scales, and then
they can be used to provide comprehensive estimates
of the small-scale structure of cloud systems. Table 4
summarizes the range of data needed for cloud sys-
tem studies.

The main purpose of cloud parameterization is to
approximate the apparent sources of heat, moisture,
and momentum due to subgrid-scale cloud processes.
These features can be validated by bulk budget stud-
ies over the grid scale, and so it is important that
datasets of mesoscale cloud properties include infor-
mation on the bulk diagnostic budgets of heat, mois-
ture, and momentum.

The radiation budget in a grid volume is particularly
sensitive 1o the distribution of the water phases over

~ the volume. Data on these distributions are therefore

needed for cloud parameterizations. Modern develop-
ments in airborne instrumentation, combined with new
techniques for data analysis, offer the possibility of
determining water and ice content to a high accuracy.
More detailed information on the internal structure of
cloud clusters and even individual clouds is also
required to develop parameterizations. In order to
model the structure of organized convection, it is
necessary to have data on the mesoscale circulation
(including the pressure field) of cloud systems.
Satellite-derived cloud properties are crucially im-
portant. Some of the necessary measurements exist
butrequire further development of retrieval algorithms.
These relate to cloud cover, cloud water content,
eftective cloud droplet radius, and precipitation inten-
sity. Currently available satellite data are essentially
two-dimensional (vertical integrals or averages), al-
though there is potential for inferring a limited degree
of vertical information. Vertically resolved cloud mea-
surements are so important to the vertical distribution
of cloud-induced radiative heating, and to the effect of
clouds on the surface radiation budget, thatthere is an
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urgent requirement for greatly improved measure-
ments of cloud vertical structure. The most promising
approach during the coming decade is offered by
spaceborne millimeter-wavelength radar.

The generation of comprehensive cloud-system
datasets from field observations will require coordi-
nated measurements across a range of in situ and
remote platforms. ltisimportantthat future field projects,
aimed primarily at one scale of cloud systems, shouid
attempt to obtain relevant data across the range of
interacting scales, in order to optimize the scientific
returns on the overall investment in the collection of
the dataset. Forexample, studies of mesoscale frontal
structures should include observations of large-scale
dynamical forcing as well as observations of the bulk
properties of clouds within the system.

b. Additional observational requirements for deve-
lopment of parameterizations in cloud-resolving
models
The development of cloud-resolving models will

require parameterizations of the microphysical pro-

cesses. In order to develop such parameterizations,
detailed measurements will be needed both to assist
with the testing of scientific ideas and to assist with
verification of models making use of the parameteriza-
tions. The specialized requirements mentioned below

are in addition to much of the data listed in Table 4.
Development of microphysical parameterizations

requires information on droplet, ice crystal, and aero-
sol spectra with resolution of 0 (10 m). In addition, it is
necessary to obtain detailed information on the evolu-
tion of the water and dynamical fields with a resolution
of 0 (10 min) for layer clouds and even better for
convective clouds. The microphysical processes can
be prohibitively complex, especially if coupled to radia-
tive processes and if spectral distributions are used. It
will be necessary to obtain a minimal but realistic
specification of microphysical complexity. :

Parameterization of the turbulent fluxes within the
clouds requires high-resolution, three-dimensional
velocity measurements as well as temperature and
water fields with comparable resolution. While, for
most purposes, measurements at a few instants dur-
ing the lifetime of a cloud system will be adequate, it
would be desirable to obtain the evolution of such
fields throughout the life cycle of some cloud systems.
Such observations are within the capability of current
airborne and surface-based instrumentation.

The parameterization of microphysical/radiative in-
teractions requires, in addition to high-resolution mi-
crophysical data, broad- and narrowband radiative-
flux measurements within, above, and below cloud.
Sampling of cloud water for chemical and aerosol
analysis is also necessary.
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TaeLe 4. Data requirements from observations (supplemented
by model output).

Large-scale forcing on grid scale

e profiles of temperature, moisture, momentum, and
vorticity

e convergence of mass, heat, moisture, and
momentum

Apparent sources of heat, water, and momentum
over grid scale

e profiles of Q,, Q,, and Q, (heat, moisture, and
momentum sources)

o surface fluxes of heat, water (including
precipitation), momentum, and radiation; also need
distribution of surface properties (e.g., soil moisture
and vegetation type)

e radiative flux at top of atmosphere

® precipitation/condensation profile

Distribution of cloud properties in grid volume

o cloud-cover distribution
e vertical cloud distribution
e cloud-type distribution

o radiative-flux profile

Distribution of internal properties

® mesoscale circulation and pressure field

e updraft and downdraft areas

e mass fluxes

e microphysics, including size distribution, CCN, IN,
and haze

These data requirements can be met only with a
combination of muttilevel aircraft measurements, air-
borne and ground-based radars (multiwavelength
Doppler and polarization diversity) combined with
high-resolution, multichannel (visible, IR, and micro-
wave) satellite radiometers. The data will be required
for a range of cloud system types formed under a
variety of conditions, to establish the generality of such
parameterizations. While the requirements are exten-
sive, some aspects of parameterization development
may be met individually, by focused experiments.

¢. Four-dimensional data assimilation (4DDA)

As noted above, the use of numerical models to
assimilate observational data provides an effective
way of generating dynamically consistent datasets
and, hence, of making optimal use of the observations
in a variety of circumstances. Data assimilation of this
type is now performed routinely at various numerical
forecast centers producing global datasets. The de-
velopment of improved four-dimensional data-assimi-
lation techniques in conjunction with advanced me-
soscale models holds special promise but has yet to
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Satellite cloud datasets are especially valu-
able for assimilation. The recently revived ap-
proach of dynamical initialization for numerical
models, now with the aid of digital filtering, is
particularly promising in this regard. The dy-
namical type of initialization implies that the full
model equations are integrated. Hence, all
dependent variables become adjusted to the
momentary state of atmospheric motion—for
example, even cloud water and precipitation,
assuming they are carried as dependent vari-
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interest is in specifying the latent heating at the
initial forecast time because a “spinup” prob-
lem can occur in the earlier stage of forecasts.
The spinup is caused both by deficiencies in
the specification of vertical velocity and humid-
ity in the initial conditions and by inadequacies
inphysical parameterizations of prediction mod-
els (e.g., cumulus parameterization). The
GCSS aim is to improve the representation of
cloud processes in climate and NWP models.
Thus, GCSS would help 4DDA by developing
a better representation of moist processes in

NWP models.

Data assimilation has distinct advantages
over other methods of data analysis. Besides
ensuring physical consistency between the
dependent variables, it integrates data from
various observing components, it allows for
inhomogeneity of the observational data in

scheme for large - scale model

Fic. 3. Flowcharts showing how field observations-and simulations using
cloud-resolving models may be combined for the purpose of improving

parameterizations in large-scale models.

space andtime, and (in combination with varia-
tional techniques) additional data such as pre-
‘cipitation rate and radiative fluxes can be as-
similated. The limitation of this method is that
the final dataset is to some extent affected by

the imperfection of the model. it must be

be implemented. Another development is the adjoint
technique that is beginning to be seriously considered
for the mesoscale data assimilation. Of particular
importance will be the incorporation into mesoscale
models of remotely sensed data, such as several
types of profilers, integrated sounding systems, radio-
acoustic sounders, lidars, and an extended use of
routine data from commercial aircraft. It will also be
important, but difficult, to extend these techniques to
cloud-scale models. The aim would be to embrace the
retrieval of microphysical parameters from cloud ra-
dars, lidars, and microwave radiometers, as well as
the assimilation of special aircraft measurements from
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stressed that 4D data assimilation is a major
undertaking requiring large resources (scientific and
computing).

8. Use of cloud-system studies to
improve retrieval algorithms -

As part of the program of development of para-
meterizations of larger-scale processes, cloud-
resolving models will be used to develop a series of
realizations of different cloud systems, which will in-
clude rainfall and water/ice distributions throughout
the cloud-system lifetime. These realizations will also
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be used to develop algorithms for the retrieval of
remotely sensed cloud properties; the development of
such algorithms is essential if the full range of data
requirements is to be met.

The cloud-system realizations will be used as the
basis of modeis to calculate the upwelling radiance at
different wavelengths. Presently available results,
based on observed fields, are limited to a small num-
ber of situations whose generality is not known. More-
over, the observations seldom form a complete set (for
example, covering only part of a cloud system’s life-
time). Synthetic datasets from model simulations are
currently available for only a few cloud systems; the
problem of generality remains, whiletheresults are also
sensitive to microphysical parameterization schemes.

One of the most significant improvements in re-
mote-sensing technology involves rain retrieval using
various frequencies of passive microwave channels.
Passive microwave rain-retrieval algorithms have been
developed in different institutions. The majority of
these algorithms require the use of radiative transfer
models, but the vertical structure of the cloud param-
eters (hydrometeors) is the driver in the radiative
transfer calculations that determine upwelling radi-
ance at the top of the atmosphere. Since there are no
direct measurements of these vertical profiles, a cloud-
resolving modelis needed to provide the cloud profiles
associated with the different types of cloud systems.
One product is a relationship between rain rate and
brightness temperature that can be used to retrieve
rain rates from brightness temperatures sensed by air-
orspaceborne microwave instruments, and then tested
by comparison with other rain-rate observations, ob-
tained, for example, by calibrated surface radars.

The use of satellite-borne radar to monitor rainfall is
a central part of GEWEX, but even ground-based
radar measurements are presently subject to large
uncertainties. The cloud-system realizations devel-
oped within GCSS will be used to develop improved
adjustment factors for use with different cloud-system
types, forexample, to include the effects of subsampled
volume variability or the impact of different forms of the
droplet size distribution for different cloud-system
types. They will also be used to model the perfor-
mance of proposed new techniques and to determine
the accuracy to be expected under a variety of condi-
tions by enabling a comparison to be made between
simulated retrievals and the exact (model-based) iocal
values.

9. Activities to be promoted under GCSS

The main tasks under GCSS can be summarized
as follows:
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o toidentify key questions about cloud systems relat-
ing to the parameterization problem and specify
approaches to address them;

e to derive the simplest possible archetypal classifi-
cation scheme for cloud-system regimes and to
determine the large-scale factors responsible for
regime selection;

e to specify and instigate the acquisition, analysis,
and application of datasets suitable forthe develop-
ment and validation of cloud parameterization
schemes in climate models:

a) regional datasets for a set of archetypal cloud
systems, and

b) global datasets with which to generalize the
results from regional studies;

e topromote the development of a hierarchy of cloud-
system models, including mesoscale models, cloud-
resolving models, and idealized models, and their
use in the development of parameterization
schemes; and

o to organize intercomparisons and diagnostic stud-
ies relevant to cloud parameterization.

A GEWEX Cloud System Science Panel has now
been formally established as part of the WRCP struc-
ture alongside panels dealing with radiation (Working
Group on Radiative Fluxes) and hydrology (GEWEX
Continental International Project). The GCSS Panel
has begun to prepare a detailed implementation plan.
Further information about GCSS will be promulgated
through WCRP channels and at scientific conferences
as the details of the plan become more clearly formu-
lated. GCSS is a long-term strategic approach to a
difficult and complex problem. To be realistic, field
experiments, model development, and theoretical stud-
ies will need to continue over a time scale of decades.
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