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the global climate modeling and measurement communities, a leading example
being the GEWEX Cloud System Study (GCSS). However, for the perturbed-
cloud problem, there is no framework at present. An obvious suggestion, there-
fore, would be to establish a GCSS working group on perturbed clouds.

Specific Examples and Proposals

Weekly cycle of aerosols. Look for cloud changes associated with the weekly
cycle of industrial aerosol emissions (the “weekend” effect). A weekly cycle of
diurnal temperature range has been observed in many of the world’s industrial-
ized regions, suggestive of aerosol effects and possibly involving aerosol-cloud
interactions (Forster and Solomon 2003; Gong et al. 2006). Research aimed at
better elucidating the physical mechanisms would be useful. Advantages of
this technique are that it involves short timescales (no need to observe long-
term trends) and that it can make use of current observational capabilities.

Regional aerosol studies. Detection of aerosol effects becomes less daunt-
ing if we go to the regional scale, where the perturbation is large. Coherent
regional patterns should be easier to detect and attribute to causes.

Amazon smoke investigation. The aerosol perturbation associated with dry-
season biomass burning over Amazonia is massive, yet highly localized in
some cases. The forest provides a uniform environmental context such that
there should be minimal meteorological differences between impacted and
unimpacted locations. In addition, there are year-to-year variations, since the
amount of burning varies with socio-economic factors like the price of soy-
beans. A problem that must be confronted (in this and other regions) is sorting
out the direct thermal effect of acrosol from microphysical effect on clouds.

Recent intensification of industrial emissions in China. Currently, indus-
trial emissions over China constitute a massive aerosol perturbation that has
been growing over the past several decades. Several datasets exist for assess-
ing changes in surface radiation and cloudiness in conjunction with the aerosol
increases. One suggestion is that aerosol particles are so absorbing that they
change deep convection. Investigating this poses an interesting methodologi-
cal problem. One would want to compare model simulations of the convection
with and without the observed aerosol (or with the varying aerosol concentra-
tions observed in the different cases). However, mixed-phase convection is so
poorly understood that it is questionable whether model sensitivities to even
large aerosol perturbations could be trusted. Investigating aerosol effects on
cloud cover would have to take care that cloud cover observations were not
directly affected by high aerosol concentrations (Charlson et al. 2007). A more
general problem is that the direct thermal effects of the aerosol could alter the
meteorological context (e.g., affect the strength of the monsoon circulation or
alter convective instability by changing the height of latent heat release). This
could lead to cloudiness changes, which need to be separated from aerosol-
induced microphysical changes.
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Ice formation problem. A sustained laboratory program is needed to iden-
tify precisely which particles act as ice nuclei and by which mechanisms.
Thereafter it should be possible to design a new generation of in-sifu airborne
devices to identify them. Extensive field programs with airborne in-situ sen-
sors for ice nuclei and ice particle size spectra, coupled with ground-based or
airborne multi-parameter Doppler cloud radars and lidars sensing the same
parameters, should provide a more complete description of the development
of frozen precipitation.

Ice formation problem. It is known from field experiments and cloud mod-
eling studies that secondary ice multiplication (e.g., splintering of existing ice
crystals or the so-called Hallett—Mossop effect) are important factors in cloud
development and for the initiation and intensity distribution of precipitation.
Only a few laboratory investigations exist on secondary ice formation. More
laboratory experiments are needed to investigate and quantify secondary ice
formation, if possible for relevant ice crystal shapes and sizes, under condi-
tions (temperatures, saturations, and turbulence) resembling those encountered
in real clouds. Such experiments may be conducted with single droplets and ice
crystals or in cloud simulation chambers.

Precipitation. Integrate observed changes in precipitation (Takayabu and
Masunaga, this volume) with observed changes in aerosol and other potentially
controlling factors.

LES validation for convective clouds. Cumulus updrafts play a central role
in the vertical transport of water, momentum, trace chemicals, and heat. Still,
there are inadequate observations of the statistical distribution of buoyancy,
vertical velocity, and condensate in cumulus updrafts, as a function of cloud
depth and aerosol profiles, and surface forcing environment. Such measure-
ments are key constraints on LES and cumulus parameterizations. They are
challenging to make from aircraft because of the associated sampling chal-
lenges and wetting issues, but shortwave-length radar-based remote-sensing
techniques may provide a new opportunity to gather such statistics.

Cloud overlap representation in GCMs. Currently, GCMs predict cloud
fraction in each vertical level. Uncertainty as to how to distribute this frac-
tional cloud, both as a function of horizontal resolution and as a function of
the distribution of clouds in the other layers of the model, gives model devel-
opers considerable freedom in distributing the modeled cloud amount so as
to satisfy the radiative constraints at the top of the atmosphere. Experience
with different GCMs shows that although they may have large layer-by-layer
differences in cloud fraction and cloud amount, suitable choices for the cloud
overlap assumption enables each to match the top of the atmosphere radiative
constraints. Therefore, providing measurements of cloud overlap would pro-
vide further and valuable constraints on the model.

Observational study of cloud lifetime. Satellite measurements with high
spatial resolution typically lack temporal resolution. Being able to measure
the temporal evolution of clouds as well would provide a valuable constraint
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on process models of clouds and their environmental interactions. In this re-
gard, for instance, a geostationary observatory that focused a large telescope
on particular cloud scenes (to complement field measurements or in-situ stud-
ies) would be invaluable.

Spectrally resolved radiation budget measurements from space. Stable and
accurate observations of changes in the Earth’s radiation field over several de-
cades are needed to quantify the forcing and radiative response of the climate
system. For the purpose of quantifying trends in the Earth’s radiation field,
spectrally resolved measurements are especially useful for separation and at-
tribution of the radiative effects from climate forcing and climate response
(Goody et al. 1998). The small magnitude of the effects and long integration
times required for detection together imply that very stable, absolutely cali-
brated satellite instruments are required. Several groups are now exploring
satellite radiometers designed to detect the radiative forcing, thermal response,
and radiative feedbacks in the Earth’s climate system. Spectral radiometers
can be developed with absolute calibration against traceable standards to in-
sure that trends in the observations are as free as possible of instrumental arti-
facts (Keith et al 2001; Anderson et al. 2004). Potentially both the infrared and
ultraviolet/visible/near-infrared radiation fields could be measured with such
instruments. Although the feasibility for detection of infrared GHG forcing
has been amply illustrated in modeling and satellite studies (e.g., Haskins et
al. 1997), it is important to recognize that the utility of the infrared measure-
ments or detection of longwave cloud feedbacks remains unproven (Leroy et
al. 2008). The advantages of the ultraviolet/visible/near-infrared radiation data
for detection and estimation of shortwave forcings and feedbacks have not
been demonstrated in detail.

Earth observations from Lagrange point L1. Satellites deployed at Lagrange
point L1, which are designed to measure the radiation emitted by the sunlight
side of the Earth (e.g., the Deep Space Climate Observatory, DSCOVR; Valero
etal. 1999), could provide valuable long-term measurements. DSCOVR would
include several single-pixel NISTARs with a ground-based calibration chain
tied directly to primary national standards. These instruments would measure
the total solar, near-infrared, and infrared radiance field emitted by the Earth in
the direction of Lagrange point L1. The inherent stability and traceable calibra-
tion of these instruments are ideally suited for the detection of secular trends in
the Earth’s short- and longwave radiation.
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