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Abstract

To date, no observation-based proxy for climate change has been successful in quanti-
fying the feedbacks between clouds and climate. The most promising, yet demanding,
avenue to gain confidence in cloud—climate feedback estimates is to utilize observa-
tions and large-eddy simulations (LES) or cloud-resolving modeling (CRM) to improve
cloud process parameterizations in large-scale models. Sustained and improved satellite
observations are essential to evaluate large-scale models. A reanalysis of numerical pre-
diction models with assimilation of cloud, aerosol, and precipitation observations would
provide a valuable dataset for examining cloud interactions. The link between climate
modeling and numerical weather prediction (NWP) may be exploited by evaluating
how accurate cloud characteristics are represented by the parameterization schemes in
NWP models.

A systematic simplification of large-scale models is an important avenue to isolate
key processes linked to cloud—climate feedbacks and would guide the formulation of
testable hypotheses for field studies.

Analyses of observation-derived correlations between cloud and aerosol proper-
ties in combination with modeling studies may allow aerosol-cloud interactions to be
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detected and quantified. Reliable representations of cloud dynamic and physical pro-
cesses in large-scale models are a prerequisite to assess aerosol indirect effects on a
large scale with confidence.

To include aerosol indirect effects in a consistent manner, we recommend that a “radi-
ative flux perturbation” approach be considered as a complement to radiative forcing.

Are There Observational Proxies in the Present-
day Climate for Future Cloud Perturbations?

Climate sensitivity, defined as the equilibrium change in global mean tempera-
ture in response to a doubling in the atmospheric CO, concentration, is still a
very uncertain quantity (e.g., Randall et al. 2007). The primary reason for the
spread in climate sensitivities, as simulated by different global climate models,
is the difference in the representation of cloud processes and cloud—climate
feedbacks (Soden and Held 2006; Dufresne and Bony 2008). Cloud processes
determine the amount and distribution of precipitation, which is a key param-
eter for land—atmosphere interactions, for carbon—climate feedbacks, and for
climate impact studies (e.g., water resources). Moreover, the representation of
cloud microphysical properties is critical for the simulation of interactions be-
tween clouds and aerosols. Improving how cloud processes are represented in
global climate models is thus of paramount importance, not only for estimates
of climate sensitivity but also for projections of future climate change and their
use in impact studies.

Limitations of Observational Proxies

Since cloud and radiation observations are available on a global scale for
only a climatically short time period (at best, ca. 25 years), our ability to ob-
serve cloud—climate feedbacks directly is limited. Thus the question arises as
to whether there might be some observational proxies in the present-day cli-
mate for future cloud perturbations. The dynamic and thermodynamic forcings
of clouds that occur on shorter timescales do not correspond directly to the
dynamic and thermodynamic changes that are expected to occur with global
warming. Therefore, neither the seasonal cycle, which is useful to constrain the
snow/ice albedo feedback (Hall and Qu 2006), nor El Nifio/La Nifia events can
be considered as good analogues of long-term climate changes for the analysis
of cloud—climate feedbacks. This was confirmed by the FANGIO study (Cess
et al. 1990), which found no direct relationship between cloud seasonal varia-
tions and the cloud response to climate change. Based on a study comparing
the response of clouds simulated by a climate model in the case of a volca-
nic eruption (Mt. Pinatubo) or of a doubling CO, experiment (Yokohata et al.
2005), it appears that volcanic eruptions may also not be considered as useful
proxies for future cloud changes, despite the success of studies constraining
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the water vapor feedback (Soden et al. 2002). Thus, no direct observational
proxy for future cloud changes has yet been identified.

A better understanding of the physical processes that control cloud—climate
feedbacks may, however, help uncover new pathways to exploit existing obser-
vational datasets for the understanding of cloud—climate feedbacks.

Options for the Exploitation of Observational Data

Compositing techniques can be used to compare models and observations
in a way that can be relevant for evaluating cloud—climate feedbacks (see
[llingworth and Bony, this volume). These methodologies permit an assess-
ment of how clouds change with dynamic and thermodynamic conditions in
the present-day climate (e.g., Bony et al. 2004). In these studies, it is essen-
tial to eliminate, as much as possible, the dynamic contribution to observed
relationships between cloud properties and temperature. Other studies have
decomposed the global cloudiness into a small number of prominent cloud
regimes and used this decomposition to understand and assess the response of
clouds to long-term climate changes (e.g., Williams and Tselioudis 2007). Of
course, a perturbed climate will be characterized by both perturbed thermody-
namics and dynamics, both of which are a challenge to model.

Rapid changes in clouds as a response to instantaneous CO, doubling
have been identified by Gregory and Webb (2008) in a slab model ensemble.
Changes in radiative cooling in the atmosphere and fast surface responses,
which are associated with the CO, change, operate on timescales of months;
that is, before variations in longer-term sea surface temperature (SST) are es-
tablished. Such changes constitute a substantial and, in some cases, dominant
fraction of longer-term changes. They may be detectable in the satellite record
of changes of cloud forcing. However, issues related to confounding changes
in the atmosphere (e.g., attributable to aerosols) may complicate detection of
a signal.

The fluctuation dissipation (FD) theorem states that the transient behav-
ior (and sensitivity) of dynamic systems to perturbations can be determined
from their natural variability. This theorem has been adapted from statistical
physics, where it applies to a wide array of classical and quantum mechani-
cal systems. It provides a potential mechanism for estimating or constraining
climate sensitivity from short-term unforced variations in the climate system
(Leith 1975; Schwartz 2007). To date, however, there is no rigorous determina-
tion of whether the FD theorem is applicable to the Earth’s climate and, if so,
which fields and fluctuations constrain climate sensitivity. The prospect that
the theorem might apply to spectral features of the Earth’s radiation field is
under active investigation.



560 J. Quaas et al.

Process-based Evaluation of Large-scale Models to Gain
Confidence in Cloud Feedback Determination

Cloud—climate feedbacks can be simulated with general circulation models
(GCMs). To gain confidence in the results from these simulations, the reli-
ability of the physics of climate models (e.g., the representation of turbulence,
convection, aerosols, and clouds) must be improved (Illingworth and Bony,
this volume). For this purpose, a well-recognized methodology, which forms
the basis of the GEWEX cloud system studies, can be employed: the physics
of climate models within a single-column framework are compared with ob-
servations from field experiments and/or LES or CRM simulations driven by
observed forcings (Browning et al. 1993; Randall et al. 2003). The resulting
parameterizations are then evaluated in a full 3-D GCM with global datasets
to assess whether an improvement of cloud representation has been achieved.
Such an approach can be very powerful in pointing out deficiencies in model
parameterizations and in improving model parameterizations.

Satellite observations provide particularly well-suited datasets to evalu-
ate GCM processes, because of their global coverage and the availability of
large statistics (Illingworth and Bony, this volume). Recent spaceborne active
remote-sensing data providing information about the vertical distribution of
cloud-related quantities (CALIPSO, CloudSat), as well as precipitation radar
(TRMM) and advanced passive instrument retrievals, are especially valuable
to enhance the understanding of processes and enable the evaluation of cli-
mate models. This, in turn, has enhanced our understanding of processes and
enabled the evaluation of climate models. The development and application
of satellite simulators in climate models that predict sensor responses assures
the comparability of simulations with actual observations (Webb et al. 2001;
Bodas-Salcedo et al. 2008; Chepfer et al. 2008). A persistent shortcoming,
however, is the lack of high-resolution water vapor retrievals and its prob-
ability density function (PDF), which forms the basis of statistical cloud pa-
rameterization schemes and has a large impact on cloud processes. Potentially,
differential absorption and Raman lidar technology should help improve this
situation in the future.

The general consistency of climate models with the global atmospheric mod-
els used for NWP suggests that it is possible to evaluate climate models in the
NWP framework. Comparison of the representation of clouds in NWP models
(or GCMs run in NWP mode) with observations (e.g., satellite data or net-
works of instrumental sites such as Cloudnet; Illingworth et al. 2007) can iden-
tify strengths and shortcomings in NWP parameterization schemes. Parameter
values that are applied in parameterization schemes used in an NWP model run
with data assimilation may be rejected if they lead to systematic and unrealistic
tendencies in short-term forecasts (Rodwell and Palmer 2007). This technique
might be adapted to identify features or errors in short-term cloud simulations
that map directly onto features in long-term cloud radiative feedbacks.
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Systems to predict the climate evolution on a decadal timescale are cur-
rently under development. Once in place, they may permit hindcast simula-
tions to be performed, from which information about cloud—climate feedbacks
could be inferred.

Despite the fundamental importance of physical parameterizations to im-
prove climate model simulations and reduce uncertainties in climate projec-
tions, very few people are actively involved in the development, evaluation, and
improvement of physical parameterizations. Progress in developing reliable
model-based projections of future climate change could be greatly enhanced
by these activities, for which considerable time and energy are required.

Essential Observations

The Oklahoma Atmospheric Radiation Measurement (ARM) site, which has
been operating for 15 years, provides an example of detailed ground-based
cloud process observations over long time series. Although these measure-
ments contribute greatly to the improvement of process understanding and the
development of process representations in models, studies that provide reliable
information about cloud—climate feedbacks derived directly from these data
are still lacking. One reason might be that the available data relate only to a
specific, individual location. An ensemble of dedicated ground-based measure-
ment sites positioned over a large spatial scale and over a long time period
could resolve this issue. Such sites might be less well equipped than ARM or
Cloudnet sites. However, as a minimum requirement, they would need to ob-
serve some main cloud properties (e.g., cloud-base and cloud-top heights, inte-
grated liquid water path (LWP), radiative cooling and fluxes, precipitation) to-
gether with thermodynamic properties derived from radiosondes. Maintaining
such an ensemble for a few years (to encompass, e.g., El Niflo and La Nifia
events) could provide the opportunity to explore relationships between cloud
properties, large-scale atmospheric circulation, and thermodynamic stratifica-
tion of the atmosphere (e.g., low-level tropospheric static stability, low-level
humidity gradients).

For cloud—climate feedback studies, a sustained long-term monitoring of
the Earth’s radiation budget (ERB) is essential. Loeb et al. (2007) suggest
that with the current measurement stability of broadband radiometers, such
as CERES, a record of about ten years of consistent observations would al-
low for the detection of some cloud—climate feedbacks. Since a substantial
part of cloud feedbacks act on longer timescales, sustained ERB observation
is necessary. The commitments to operate broadband radiometers onboard the
EarthCARE and NPOESS NPP platforms are important, as are the contribu-
tions of instruments monitoring ERB at high temporal resolution. However,
for the latter, spatial coverage is limited (e.g., GERB on MSG and ScaRaB on
Mega-Tropique). In addition, data are not able to be intercompared as a result
of possible instrument failures, suggesting the need for an absolutely calibrated



562 J. Quaas et al.

ERB instrument. Retrievals with such an instrument at any two times could
then be compared to estimate the temporal change in the ERB.

A dataset of reanalyses, including the assimilation of satellite observations
of cloudy atmospheres, may prove particularly useful for the investigation of
cloud—climate feedbacks.

Summary

Cloud—climate feedbacks represent a major uncertainty in projections of cli-
mate change. Proxies for climate change (e.g., seasonal cycle, interannual vari-
ability, volcanic eruptions) have thus far been found to be unfit to quantify cloud
feedbacks. Improved understanding of the cloud—climate feedback processes
may lead to a better exploitation of existing data. Compositing techniques to
separate feedback mechanisms, as well as the combination of model results
with observational data, have already enhanced our understanding of cloud
feedbacks. New analysis methods of cloud responses to forcing in models, and
of natural variability, may yield further insights. A very promising, though de-
manding pathway is to improve cloud process parameterizations in large-scale
models through the use of observations and LES or CRM, as well as by ex-
ploiting NWP experiences. Sustained observations from existing and addition-
al satellites and ground-based sites are needed to support these approaches.

What Are the Limitations of Bottom-up Diagnoses
that Require Top-down Approaches?

Limitations of Current Small- to Mesoscale Observations

Traditional field programs have advanced our process-level understanding of
the climate system and the representation of cloud processes in detailed mod-
els. Still, it has proven far more challenging to apply the field observations to
constrain the parameterizations and large-scale properties of clouds in models.
Challenges arise from the disparities in spatial scales between point measure-
ments and climate models (the so-called “process-parameterization gap™) as
well as from disparities in temporal scales between short-term field programs
and long-term climate change.

To engage climate model development with field measurements, we sug-
gest that sensitivity studies with large-scale models be used more frequently
to guide the design of field programs. For example, intermodel differences
across ensembles of climate models could be used to identify processes, cloud
systems, or aerosol—cloud interaction processes that represent major sources
of uncertainty in simulations of climate perturbations. These differences could
then be targeted for detailed field programs. Consideration should be given to
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methods that bridge the spatial and temporal gaps, so that field measurements
could be used to test climate sensitivity.

Simplification of Large-scale Models to Guide Process Understanding

Over the last decade, the climate modeling community has increased the com-
plexity of models to address critical scientific questions by adding more pro-
cesses or components (e.g., aerosols, chemistry, carbon cycle, dynamic vegeta-
tion) and increasing the model resolution. It appears, however, that this did not
yield a better understanding of cloud—climate feedbacks, because the diagnosed
uncertainty in climate sensitivity has not decreased with time. Large-scale
models appear most useful not only as a basis for the quantification of climate
sensitivity but also as a framework for advancing ideas and understanding on
how the climate works and responds to external perturbations. Such models
can be used to develop concepts, which in turn must then be explored, or iso-
lated, through simplifications.

A better understanding of the physical mechanisms underlying the cloud—
climate feedbacks produced by climate models could be useful in designing a
strategy to evaluate these feedbacks using observations. By simplifying (rather
than complicating) models and conducting idealized experiments, we may be
able to pinpoint the main critical processes, to prioritize them, and to test re-
sulting ideas or theories. Interpretation frameworks could then be proposed to
assist our understanding of the physics of and intermodel differences in cloud—
climate feedbacks.

One approach to simplify GCMs may be to reduce the complexity of the
large-scale boundary conditions (e.g., aquaplanet versions of the models, even
for CRMs or super-parameterizations), to reduce the dimensionality of the sys-
tem (e.g., 2-D or 1-D model versions derived from the 3-D model), or even
to remove some processes (i.e., replace complex microphysical schemes with
simpler ones). Models of intermediate complexity, such as the quasi-equilib-
rium tropical circulation model (Neelin and Zeng 2000), might also be used.
Simple conceptual models (e.g., 2-box models) may be viewed as the ultimate
step to this simplification process.

The extent to which simplified models are useful in reproducing and inter-
preting complex model results should be tested and quantified by analyzing,
for a given model, how the cloud—climate feedbacks compare across the hier-
archy of model complexities. An ideal situation would be for each GCM to be
associated with a suite of simpler or more idealized model versions to support
the analysis and the understanding of its results.
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Ensembles of Process Model Simulations to
Assess Large-scale Cloud Feedbacks

Systematic comparisons between process models (LES and CRM) and large-
scale models may be used to analyze and improve cloud parameterizations in
an effort to assess cloud—climate feedbacks on a large scale (discussed above).
Idealized sensitivity experiments (e.g., +2 K SST perturbations or perturba-
tions applied to cloud properties) might be conducted using LES or CRMs
(i.e., in the absence of any interaction with the large-scale circulation) and
compared to GCM simulations allowing for this interaction.

Comparing the response of clouds at these different scales would enable
us to understand the response of clouds to a perturbation at a specific scale
as well as the various controlling factors involved. Global CRMs or super-
parameterization models constitute integrating tools of small and large spatial
scales and may play a particularly important role in this regard (Collins and
Satoh, this volume).

Summary

For observational studies to be successful, key mechanisms of cloud—climate
feedbacks need to be identified. This can be accomplished by simplifying large-
scale models. Systematic comparisons between process and large-scale models
offer the best opportunity to improve the representation of cloud processes in
models and to analyze cloud feedback processes.

Is the Uncertainty Range of Radiative Flux Perturbations
by Aerosols Related to Systematic Errors in Climate
State? What Aspects of Clouds Must Be Represented to
Treat Cloud—Aerosol Interactions with Fidelity?

Uncertainties in Estimates of Radiative Flux Perturbations

Acrosol forcing, as inferred from representing the geographical distribution of
anthropogenic aerosols and their radiative influences in climate models (i.e.,
the so-called forward estimates of forcing), has been consistently larger than
“inverse” estimates, whereby aerosol forcing is inferred from the total forcing
required to obtain the observed temperature change over the industrial period
for the generally accepted range of climate sensitivity, observed ocean heat up-
take, and given anthropogenic greenhouse gas forcing (Anderson et al. 2003).
Given the large uncertainties in processes connected to both aerosol forcings
and climate sensitivity, it is not obvious that this discrepancy can simply be at-
tributed to an overestimate of the aerosol forcings by forward estimates.
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In a multimodel comparison, Denman et al. (2007) analyzed the forcing of
anthropogenic aerosols with respect to the aerosol compounds and aerosol—
cloud interaction processes considered (i.e., whether or not aerosol interactions
with mixed-phase and ice clouds are taken into account). If sulfate or sulfate
and black carbon are solely used, they found that global mean forcing is larger
than if organics and aerosol interactions with mixed-phase and ice clouds are
included as well. However, the variations within a given aerosol compound
category are at least as large as the differences between different categories.

Calculations of the total aerosol forcing depend critically on estimates of
both present-day and preindustrial aerosol (precursor) emissions. In particu-
lar, the limited knowledge of preindustrial aerosol concentrations introduces
considerable uncertainty about the radiative forcing by aerosols. This is mani-
fest in our lack of knowledge about the physical processes that determine the
unperturbed cloud droplet number concentration (CDNC) for use in global
climate model parameterizations. Observations show that CDNC, even in very
clean regions, falls rarely below some lower bound (approximately 10 cm™3).

Cloud Aspects Critical for Aerosol Indirect Effect Quantifications
Cloud Albedo

The sensitivity of cloud albedo to perturbations in cloud condensation nuclei,
and thus the strength of the Twomey effect (Twomey 1974), depends on the
value of cloud albedo. To simulate aerosol indirect effects with fidelity, we
must thus be able to simulate realistically the distribution of cloud albedo
(Feingold and Siebert, this volume). Satellite data of this quantity exist, allow-
ing for an observation-based evaluation of the distribution.

Boundary Layer Moisture Budget

Process modeling and theoretical studies suggest that for stratocumulus, the
cloud thickness response to perturbations in CDNC may, in many cases, act
to oppose the changes in albedo caused by the Twomey effect alone. The dy-
namic and microphysical processes responsible for this depend critically on
surface relative humidity. In general, the total aerosol indirect effect may be
strongly sensitive to the cloud macrophysical and boundary layer properties
(see Brenguier and Wood; Feingold and Siebert; and Stevens and Brenguier,
all this volume).

Cloud Subgrid-scale Variability

The aerosol and microphysical processes that determine cloud radiative prop-
erties occur on scales much smaller than those resolved by GCMs, and they
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are nonlinear. Thus, the application of GCM-resolved moisture and motion
fields will produce unrealistic estimates of aerosol indirect effects. A general
approach to address this problem is to construct PDFs for subgrid velocity
and moisture distributions (Lohmann and Schwartz, this volume). Aerosol and
microphysical processes are then evaluated using the PDF vertical velocity
and moisture.

Microphysical Processes in Ice and Mixed-phase Clouds

Aerosols may have an important influence on the optical properties of ice
clouds as well as on microphysical processes in mixed-phase clouds. To simu-
late such effects realistically, the various ice crystal nucleation pathways and
mixed-phase microphysical processes must be accurately represented in the
model (Lohmann and Schwartz, this volume).

Summary

“Inverse” estimates (i.e., aerosol forcings inferred from the observed global
warming) are hampered by the uncertainty about climate sensitivity. Biases in
modeled cloud fields, limited process representation, missing aerosol—cloud
interaction processes, and uncertainties in the unperturbed aerosol distribu-
tion are the main sources of uncertainties for simulated aerosol forcings (“for-
ward” estimates). Key cloud aspects necessary for a realistic representation of
aerosol—cloud interactions in large-scale models are the distribution of cloud
albedo, boundary layer moisture budget, subgrid-scale variability of moisture
and vertical updraft velocity, as well as ice crystal nucleation and mixed-phase
cloud microphysical processes. In general, the quantification of perturbations
of cloud properties by anthropogenic acrosols in large-scale models is highly
dependent on the formulation of the cloud process representations.

Is It Possible to Design an Observational Program to
Detect and Quantify Aerosol Indirect Effects?

Limits to Existing Observation-based Studies

Despite many observational campaigns, no large body of observational evi-
dence exists to provide a positive correlation between cloud albedo and aero-
sol perturbations on a large scale. Although it has been established that an
increase in aerosol concentration results usually in an increase of CDNC, this
does not necessarily lead to an increase in cloud albedo, since the LWP of the
cloud also changes. Although the LWP may be responding to aerosol-induced



Quantification of Clouds and Strategies to Reduce Uncertainties 567

changes, it may be determined to a first order by differences in large-scale
meteorological forcings.

Ship Track Analyses

Studies of plumes that interact with clouds, as typified by ship tracks, provide
a natural laboratory to sample a partial derivative with respect to aerosol con-
centration or cloud droplet concentration, unlike, for example, a regional-scale
plume of polluted air, in which the meteorology co-varies with the aerosol
properties. Heat and moisture are also injected into the atmosphere within ship
exhaust, but these perturbations can be regarded as negligible after the plume
spreads over a few kilometers in width. However, ship tracks occur only in
one type of cloud (marine stratocumulus), and they appear to be more likely
in shallow boundary layers (Coakley et al. 2000). Despite these limitations,
analyses of ship tracks might be exploited to yield further insights into indirect
effects of acrosols, since they reveal information about the important processes
(e.g., entrainment) that control the cloud response to aerosol perturbations (see
Cotton, this volume).

Statistical Relationships

Correlations between cloud properties (cloud droplet radius, CDNC) and col-
umn aerosol concentration (aerosol index or aerosol optical depth, or a proxy
such as hemispheric or land—sea contrasts) from satellite data may be used to
infer some clues about aerosol—cloud interactions (Nakajima and Schulz, this
volume). Since it is, however, impossible with a passive satellite instrument
to quantify the relevant cloud and aerosol parameters simultaneously at a par-
ticular location, these analyses rely on the assumption that acrosol properties
in clear scenes are similar to those in near-by cloudy situations. Long-term
measurements from ground-based sites are necessary to establish similar cor-
relations (Feingold and Siebert, this volume).

Approaches for Better Use of Observations

Analysis of Time History in Satellite Retrievals

Observations and analyses from a combination of various satellite instru-
ments (e.g., from the A-Train constellation) provide a comprehensive dataset
for studying global cloud and aerosol properties, their radiative effects, and
their interrelationship. It is critical to determine whether the correlations imply
causation (e.g., whether correlations between cloud albedo and aerosol opti-
cal depth from adjacent clear-sky regions constitute evidence for aerosol indi-
rect effects). Correct construction and interpretation of the correlations require
methods for identifying measurements with similar physical and chemical
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tendencies over the lifetime of the clouds prior to measurement. These ten-
dencies are not available from the instantaneous observations collected by
polar-orbiting satellites. However, the tendencies could be constructed in a
chemical and meteorological assimilation of satellite observations. Analyses
of satellite data might be enhanced to include the tendencies of physical and
chemical environmental factors that have been shown to govern cloud—aerosol
interactions.

Model-Data Comparisons to Infer Causalities

To explore the extent to which observed correlations between cloud and aerosol
properties represent causality, similar correlations can be computed in models.
Consistency between a process model and observations and sensitivity studies
with the model, with and without relevant processes, provide confidence that
causality can be inferred from observed correlations (Feingold and Siebert,
this volume).

Careful Choice of Analyzed Situations

The use of natural meteorological variability is a means of testing the ability
of a model to represent correctly the key physics of the aerosol indirect effects.
Careful choice needs to be made regarding possible locations where this might
be beneficial. The system should have some simple and effective proxies for
meteorological control, the meteorological variability must not greatly swamp
the essential aerosol signal, the albedo of the clouds in the system need to
be potentially susceptible to perturbations in aerosols, and the clouds in the
system should have sufficient horizontal homogeneity such that their proper-
ties (microphysical and macrophysical) are detectable from space. To some
degree, marine stratocumulus satisfies these criteria. Spaceborne retrievals of
CDNC, LWP, and cloud cover, and possibly other variables (e.g., drizzle from
Cloudsat), can be used for model evaluation. CDNC could serve as a proxy for
the aerosol variability. In principle, models could be used to calculate the radi-
ances actually measured by satellites.

Ensembles of LES/CRM Model Simulations

The understanding of aerosol-cloud interactions at a large scale might be ad-
vanced by simulating broad ranges of meteorological situations with process
models. LESs are highly idealized, limited domain (order of 10 km) simula-
tions. When embedding LES within a regional model, mesoscale forcing is
provided to the finer LES grid. Two-way nesting allows for communication be-
tween grids. In a different approach, meteorological parameters, such as SST
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and large-scale subsidence, may be varied along with aerosol perturbations to
explore the relative importance of aerosol and meteorology.

A multiscale modeling framework, which replaces the conventional cloud
parameterizations with a CRM in each grid-column of a general circulation
model, or global CRMs are ideal tools to apply CRMs to a large variety of
meteorological situations for all regions of the globe. These could be used to
investigate the effects of indirect aerosols on a large scale (Collins and Satoh;
Grabowski and Petch, both this volume).

Improving Large-scale Model Parameterizations

It has been a long-standing goal to use field programs, process models, and
satellite observations effectively to improve GCM parameterizations, which
are of critical importance to represent the effects of indirect aerosols accu-
rately. Still, this remains a daunting challenge. A basic strategy to achieve this
goal is first to develop confidence in process models (e.g., LES, CRMs). Field
campaigns can play a central role in doing this. Next, process models must be
used in the parameterization process. Finally, satellite observations, including
statistical analysis of covariances, provide a means to evaluate the GCM with
its parameterization.

Ice and Mixed-phase Clouds

Much of the previous discussion centered on the link from aerosols to the
CDNC and albedo of warm clouds. Whereas warm clouds (extensive stratus
or stratocumulus sheets especially over the oceans) are important for the radia-
tion balance, mixed-phase and ice clouds are more important in terms of the
possible effect of aerosols on precipitation. However, there are much larger
uncertainties associated with the processes acting in these clouds.

Summary

Various studies of observational data have established statistical relationships
between cloud microphysical properties and aerosol concentrations consistent
with an assumed aerosol indirect effect. However, covariance of acrosol con-
centrations and meteorological cloud-controlling factors leads to a variety of
responses beyond the enhancement of CDNC at increased aerosol concentra-
tions. Time history in 3-D data is needed to overcome some of the issues.
To interpret correlations found in observational data, process model studies
can establish causality, whereas process models applied to larger scales can be
used to comprehend aerosol effects beyond instantaneous influences. A better
understanding of models at the process scale may help us improve parameter-
izations in large-scale models.
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Is the Concept of Forcing for Aerosols Useful? If
Not, What Is a Viable Definition of Forcing?

Shortcomings of IPCC’s Radiative Forcing Concept

The forcing summary graph put forth by the IPCC (2007) includes only the
direct forcing and Twomey aerosol indirect effect. It does not reflect the full
magnitude or uncertainty of cloud-mediated aerosol forcing. However, some
effects (e.g., the aerosol “cloud lifetime effect,”) for which confidence in un-
derstanding is limited do not necessarily have the smallest magnitude, and
therefore they cannot be omitted. The inclusion of such uncertain effects em-
phasizes the imperative need to narrow the gap in our understanding.

Forcing, as used by IPCC, is well-defined for the cloud albedo effect when
simulated in a simplified manner, but it cannot capture the microphysical re-
sponses to aerosol-related changes in cloud particle number. For well-mixed
greenhouse gases, a consistent scaling between forcing and climate change is
a reasonable expectation, but this is less so for agents such as aerosols, which
are not well-mixed. Aerosol—cloud interactions break this consistency further
(Haywood et al., this volume).

The Radiative Flux Perturbation as an Alternative

Standard radiative forcing is computed as the change in radiation fluxes at the
tropopause attibutable to an external perturbation, with tropospheric tempera-
ture and humidity profiles held fixed, but allowing for fast (order of months)
temperature adjustment in the stratosphere. In contrast, radiative flux perturba-
tion allows for rapidly responding tropospheric meteorological fields to adjust
as well. The radiative flux perturbation concept does amount to “fixed-SST
forcing” (Shine et al. 2003; Hansen et al. 2005; Forster et al. 2007) or “quasi-
forcing” (Rotstayn and Penner 2001).

The radiative flux perturbation is likely to yield a more consistent scaling
with climate change than forcing. It is also likely to convey more intermodel
uncertainty than forcing, thus including some information about the level of
scientific uncertainty.

Recent work suggests that one of the consequences of adopting a flux per-
turbation approach for the assessment of greenhouse gas forcing is that the flux
perturbation may include a significant cloud response component (Gregory and
Webb 2008; Andrews and Forster 2008). This work further suggests that the
cloud—climate feedback, when strictly defined as being the response of clouds
to increases in surface temperature, may actually be quite small. Thus, un-
certainty in the proportionality between radiative flux perturbation and global
mean change in surface temperature would probably be less than for the pro-
portionality between forcing and global mean temperature change. Of course,
this inclusion of response to forcing in the radiative flux perturbation does not
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reduce overall uncertainty in, for example, expected warming at the end of the
215 century.

The proposal to adopt the radiative flux perturbation concept for aerosol
radiative impacts implies the convolution of direct and indirect effects, rapid
cloud responses, and other rapid climate responses in a single measure. This
convolution is similar to the mixing of forcing and response in the actual cli-
mate system. Observational estimates of flux perturbations should be based
on total derivatives of regional and global planetary albedo with respect to
measurable extrinsic aerosol properties, such as optical depth. Since the flux
perturbation is based upon fixed SSTs, it might be useful to composite oceanic
observations with similar spatial patterns of SST but varying measures of aero-
sol loading. Since the flux perturbation includes the radiative adjustment of
the troposphere to anthropogenic aerosol perturbations, it may be necessary to
combine observations over the appropriate radiative dynamic timescales.

Acrosol indirect effects other than the Twomey effect are difficult to de-
fine. The distinction between first, second, and semi-direct effects is obsolete,
and many more cloud—aerosol interaction “effects” may be defined. Thus, the
replacement of various ill-defined aerosol indirect effects by just the com-
bined radiative flux perturbation quantification appears to be an advantage of
this concept.

Open Issues

Whether radiative flux perturbations exhibit the same additivity as practiced
for traditional radiative forcings remains unknown. The relationships between
flux perturbations and traditional forcings for greenhouse gases and aerosols
need to be quantified across the ensemble of climate models used for IPCC.

To calculate forcing (as precisely defined), GCM simulations using a dou-
ble-call to the radiation scheme need to run typically for only one year in order
to sample the full seasonal cycle. In contrast, simulations to calculate the flux
perturbation must last considerably longer, typically from 5-10 years. This is
because the meteorology usually differs between control and perturbed simula-
tions in calculating the flux perturbation, and thus one has to run the simula-
tions for a number of years to obtain a good signal-to-noise ratio.

One difficulty with the flux perturbation is that usually only SSTs and sea-
ice extents are prescribed. This means that although feedbacks via surface tem-
perature over ocean areas are eliminated, those via changes in land-surface
temperature are not; neither are other land-surface responses, such as chang-
es in soil moisture or snow cover. Ideally, land-surface temperatures would
also be prescribed, but the complex formulation of land-surface parameter-
ization schemes in current GCMs makes this difficult and may not be pos-
sible for all models. Thus, we suggest the flux perturbation in the form of
“fixed-SST forcing.”
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Summary

We recommend that the community quantify the effects of aerosols on climate
using the concept of radiative flux perturbations, known in the literature as
quasi-forcing or fixed-SST forcing. Although extremely useful for well-mixed
greenhouse gases, the concept of forcing has limited utility and conceptual
rigor when applied to cloud—aerosol interactions. Since the comparison of
forcings from various radiative species has been very useful for scientific and
policy-oriented applications, we recommend, in addition, that the community
compute the effects of all anthropogenic agents using the radiative flux per-
turbation approach. The traditional IPCC bar chart for forcings could be com-
plemented by a corresponding bar chart for radiative flux perturbations. The
application of the flux perturbation concept includes the advantage of a more
intuitive observational assessment possibility, a tighter definition of feedbacks
as a pure response to surface temperature warming, and a more plausible defi-
nition of aerosol effects.
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