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Abstract Cloud drop condensation nuclei (CCN) and ice nuclei (IN) particles determine to a large extent
cloud microstructure and, consequently, cloud albedo and the dynamic response of clouds to aerosol-induced
changes to precipitation. This can modify the reﬂected solar radiation and the thermal radiation emitted to space.
Measurements of tropospheric CCN and IN over large areas have not been possible and can be only roughly
approximated from satellite-sensor-based estimates of optical properties of aerosols. Our lack of ability to
measure both CCN and cloud updrafts precludes disentangling the effects of meteorology from those of aerosols
and represents the largest component in our uncertainty in anthropogenic climate forcing. Ways to improve the
retrieval accuracy include multiangle and multipolarimetric passive measurements of the optical signal and
multispectral lidar polarimetric measurements. Indirect methods include proxies of trace gases, as retrieved by
hyperspectral sensors. Perhaps the most promising emerging direction is retrieving the CCN properties by
simultaneously retrieving convective cloud drop number concentrations and updraft speeds, which amounts to
using clouds as natural CCN chambers. These satellite observations have to be constrained by in situ observations
of aerosol-cloud-precipitation-climate (ACPC) interactions, which in turn constrain a hierarchy of model
simulations of ACPC. Since the essence of a general circulation model is an accurate quantiﬁcation of the
energy and mass ﬂuxes in all forms between the surface, atmosphere and outer space, a route to progress
is proposed here in the form of a series of box ﬂux closure experiments in the various climate regimes.
A roadmap is provided for quantifying the ACPC interactions and thereby reducing the uncertainty in
anthropogenic climate forcing.

1. Introduction
1.1. The Background and Objectives of This Review
Cloud active aerosols, i.e., cloud condensation nuclei (CCN) and ice nuclei (IN), can modify cloud microstructure,
precipitation forming processes, and the meteorological and radiative responses of clouds and the
atmosphere. These effects impact both the atmospheric circulation systems and the thermodynamic and
radiative energy budgets over a cascade of scales from local to global.
Observations of these cloud aerosol interactions are reviewed to provide context for novel concepts for ground
and satellite-based studies on aerosol-cloud-precipitation-climate interactions. CCN and IN are important
because they affect clouds and precipitation, which regulate a large fraction of Earth’s energy budget. Low
bright clouds have a strong cooling effect by reﬂecting back to space much of the incoming solar energy,
whereas high, semitransparent clouds have a net warming effect by shielding the upwelling thermal
emission from escaping to space, which outweighs the cooling by their weak reﬂectance of the solar radiation.
The latent heat, which is released when condensation creates precipitating clouds, supplies much of the energy
that the atmosphere loses by radiating to space.
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Figure 1. Illustration of ways by which aerosol particles suppress or increase local precipitation and alter thermal radiation
and latent heating proﬁles, thus altering the hydrological cycle and climate. After Lau et al. [2008].

Cloud-mediated aerosol effects are recognized by the Intergovernmental Panel on Climate Change (IPCC) as
one of the key sources of uncertainty in our knowledge of Earth’s energy budget and anthropogenic climate
forcing in particular. In view of this unanswered scientiﬁc and practical question, we provide here a condensed
review of the relevant knowledge, followed by plans for addressing this question effectively by consolidating
scattered ongoing efforts into the well-coordinated critical mass that is required for this research.
The overall goal of this review is to outline what is known about the mechanisms of aerosol cloud-mediated
climatic impacts and the ways to observe and quantify these effects, to assess what we know and identify
the gaps, and then suggest possible ways to move forward. Here we address tropospheric aerosols, because
clouds form in the troposphere. Although stratospheric aerosols may interact with upper tropospheric
clouds, they are not addressed in this review.
The same aerosols can have very different impacts at different scales, because primary effects that are clearly
observed at the individual cloud scale can be either buffered or ampliﬁed by system response and adjustment at
larger scales. Therefore, the assessment has to be done at several scales ranging from the individual cloud
element (few kilometers and tens of minutes), through the scale of the cloud system lifecycle (tens to few
hundred kilometers and few to 24 h), regional (few hundred to thousands of kilometers and few days), and to
the global extent at climate time scales.
After a general background introduction (section 1), section 2 provides an expanded review of the role of
aerosols in aerosol-cloud-precipitation-climate (ACPC) interactions. Section 3 reviews the challenge of measuring
CCN and IN, especially from satellites at a global scale, and presents possible solutions. Section 4 reviews the
present capabilities and limitations of observing cloud aerosol interactions, mainly due to the challenges of
making adequate measurements of the cloud-active aerosol particles. Section 5 provides a proposed framework
for quantifying the various aerosol effects on the atmospheric energy budget and air motions, which at present
are so poorly known. Finally, section 6 provides a summary and makes recommendations.
1.2. Aerosols Modulate Cloud Properties and Precipitation in Many Ways
The composition and radiative properties of both shallow and deep clouds are affected by the aerosol particles
that serve as cloud condensation nuclei (CCN) and ice nuclei (IN). In addition, the direct radiative effects of
the aerosol particles can modify clouds by locally changing atmospheric heating rates. These changes in cloud
properties also affect precipitation formation processes, which in turn feed back on to the cloud dynamic
properties in highly nonlinear ways. This, in turn, feeds back onto the clouds’ radiative properties that alter
the thermal structure that further changes the cloud dynamics, and so on, as illustrated in Figure 1. Because
the vertical proﬁles of heating rates are often dominated by latent heating processes (e.g., release during
condensation, freezing, or precipitation; uptake during evaporation or melting), aerosol impacts on these
processes (e.g., cloud development or precipitation formation processes) can cascade to inﬂuence atmospheric
circulation. Therefore, the impacts of aerosols on cloud properties are not independent of the meteorological
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environment and might even feed back into it. Therefore, it is even possible that disentangling the two may not
be a fully correct approach for quantifying the aerosol effects, as they may include the meteorological response.
Addressing the possible impacts of aerosols on clouds, precipitation, and the resultant changes in the
atmospheric structure (i.e., meteorology), and energy budget requires measuring the CCN at a useful accuracy
(better than within a factor of 1.5) on a global scale. The effects of CCN on clouds and subsequently on radiation
may be approximated as a logarithmic dependency. Thus, the upper limit to the required measurement
accuracy for CCN is bound to the desired limit of the uncertainty in the radiative forcing. In practice, global-scale
measurements are possible only when using satellite measurements. However, doing this is a major challenge,
which will be addressed with new concepts in section 3.
There is some evidence that aerosol effects often occur such that a perturbation of the system in one
direction creates a compensating effect in another [Stevens and Feingold, 2009]. Under some circumstances,
the system can bifurcate into different stable regimes that have rather different precipitation properties
and cloud radiative effects. Such bifurcations occur in marine layer clouds upon their transitions between the
fully cloudy closed and the partially cloudy, open cells [Ackerman et al., 1993; Rosenfeld et al., 2006a]. They
also occur as the transitions between the full cover of supercooled layer clouds and broken semitransparent
ice clouds [Morrison et al., 2012].
This highly complex situation of poorly quantiﬁed aerosol-cloud-precipitation-climate (ACPC) feedbacks,
some of which have opposite signs, causes high uncertainty in the resulting climate forcing. These complex
relationships and their potential climate impacts were reviewed by Rosenfeld et al. [2013].
1.3. The ACPC Initiative
To meet the challenge of quantifying the aerosol cloud-mediated effects on the climate system, the ACPC
initiative was established as a joint project of the International Geosphere–Biosphere Programme (IGBP) and
the World Climate Research Program (WCRP). The initiative has been developed through the cooperation of the
Integrated Land Ecosystem–Atmosphere Processes Study (iLEAPS) and International Global Atmospheric
Chemistry (IGAC) core projects of IGBP, and the Global Energy and Water Cycle Experiment (GEWEX), a core project
of the WCRP. The goal of the ACPC initiative is to obtain a quantitative understanding of the interactions between
aerosols, clouds and precipitation, and their role in the climate system, mainly by facilitating international
cooperation and providing the conceptual framework of related research projects. The latter is done in the ACPC
science plan and implementation strategy [Andreae et al., 2009], mostly in the form of major ﬁeld campaigns
in which a closure of components of energy ﬂuxes in their various forms within a limited domain will be sought.
Due to the global scale of the ACPC related questions, satellite-based observations are essential to capture
the spatial distributions of cloud, aerosol, and precipitation properties, as well as the thermodynamic
properties of the atmosphere and the surface, which is done mainly by sensing radiative ﬂuxes at selected
wavelength regions. This requires the formulation of a strategic approach, which is a major task within the
ACPC initiative and has been termed Remote Sensing of Aerosol-Cloud-Precipitation-Climate interactions
(SAT-ACPC). In this review, we identify the main challenges and follow with suggesting possible ways to
address them using satellite remote sensing. We focus on the ways by which these satellite measurements
can be used in conjunction with aircraft in situ and ground-based remotely sensed measurements, and on
ways by which the satellite data can be integrated in the framework of numerical simulations.
In addition, we introduce principles for planning closure box experiments with the goal of measuring the
ﬂuxes of energy and matter in all their relevant forms in various cloud regimes, and the ways these ﬂuxes are
affected by the variability in aerosol amount as well as in their chemical, physical, and optical properties.
Satellite methodologies are important components in the design of these experiments.

2. The Role of Aerosols in ACPC
2.1. CCN Microphysical Impacts on Clouds and Precipitation Forming Processes
2.1.1. The CCN and Cloud Base Updraft Controls on Na
The number of activated cloud drops at cloud base (Na) is a potentially observable cloud property of fundamental
importance. Na is determined by the supersaturation (S) activation spectra of the cloud condensation nuclei
(CCN) and by cloud base updraft velocity (Wb). The fraction of CCN that is actually activated into cloud drops
increases for larger Wb and smaller number concentrations of CCN (Nccn). At the extreme, in a CCN-limited
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environment with very small Nccn values of a few hundreds cm3, Na is determined by Nccn. At the other extreme,
where Nccn exceeds several thousands cm3, Na is determined by Wb. Therefore, the latter situation is called
updraft limited [Reutter et al., 2009]. The conditions over pristine ocean are mostly CCN limited, and even over
land, the updraft limited condition is reached only in highly polluted atmospheres. Therefore, for a given Wb,
changes in Nccn concentrations are manifested as respective changes in Na, a relationship which tends to
approach saturation at very high Nccn. Giant CCN reduce S at cloud base and hence decrease Na, because the
condensation rate is disproportionally larger for big droplets. This becomes important where there is a high
concentration of sea spray droplets under stormy conditions, or in dust storms. In polluted conditions, the effect
of condensable trace gases will also reduce the critical supersaturation and so enhance the CCN activity of the
small aerosols [e.g., Laaksonen et al., 1998; Charlson et al., 2001].
2.1.2. Primary Cloud Drop Nucleation and Conditions for Secondary Nucleation Aloft
Most cloud drops of convective clouds nucleate at cloud base; therefore, observing cloud properties above
cloud base can also be useful for retrieving Na in such clouds, as will be shown in section 3.5. Consequently, it is
important to characterize the conditions in which most cloud drops nucleate near cloud base. This does no
longer apply when signiﬁcant secondary nucleation of cloud drops occurs at some distance above cloud
base or when the drop size decreases due to partial evaporation caused by homogeneous mixing of the
cloud with the ambient air, or when drops grow signiﬁcantly by coalescence. When secondary cloud
drop nucleation occurs above cloud base, cloud drop size distribution can no longer be tracked back to its
origin at cloud base; and thus, Na cannot be retrieved. However, as described in section 3.5, these processes
have little impact on cloud drop size below the height where cloud drop effective radius reaches about
14 μm and the coalescence accelerates and initiates warm rain. Secondary nucleation can occur in
convective clouds when coalescence and precipitation scavenging of the cloud drops decrease the
combined surface area over which condensation can occur, and hence, S can exceed the maximum S that
was reached near cloud base [Pinsky and Khain, 2002]. Secondary nucleation occurs in nonprecipitating
convective clouds mostly in updraft-limited conditions, when the updraft speed accelerates signiﬁcantly
with height. This can occur mainly over near-coastal ocean in polluted air, where Nccn is high and Wb
is reduced by giant CCN originating from sea spray aerosol [Rosenfeld et al., 2002] and can be identiﬁed in
clouds by the appearance of a new mode of small cloud drops.
2.1.3. Vertical Proﬁles of Cloud Microstructure and Precipitation Forming Processes
Satellite retrievals of cloud drop number concentrations at cloud base are based on the retrieved vertical
development of cloud drop effective radius in convective clouds [Freud et al., 2011]. Therefore, in order to
provide the necessary background, the cloud drop growth with height and the initiation of rain is described
here. It is particularly necessary to be able to determine the height at which coalescence starts to add a
signiﬁcant growth rate to cloud drop effective radius beyond growth by condensation of vapor. This is done
by satellite retrieval of both cloud top temperature (T) and cloud drop effective radius (re) for the same pixels
in convective cloud elements reaching different heights above their base and relating re to T.
The subsequent growth with height of the drops nucleated at cloud base is initially dominated by condensation.
Because the coalescence rate is proportional to the ﬁfth power of the cloud drop effective radius [Freud et al.,
2011], the growth of drops by coalescence becomes very efﬁcient when re exceeds a critical radius, re,crit, of
~14 μm, where warm rain starts developing quickly [e.g., Rosenfeld and Gutman, 1994; Gerber, 1996; Rangno and
Hobbs, 2005; Suzuki et al., 2010; Freud and Rosenfeld, 2012; Rosenfeld et al., 2012a]. The height above cloud
base that is required for re to exceed re,crit and hence for the onset of warm rain linearly depends on Na for a cloud
water mixing ratio proﬁle that scales with an adiabatic one. This has been documented extensively for a wide
range of conditions around the world [Freud and Rosenfeld, 2012]. The shapes of the satellite-retrieved cloud-top
temperature (T)–cloud top re relationships in convective clouds were used to infer ﬁve vertical microphysical
zones in growing convective elements [Rosenfeld and Lensky, 1998]. The T-re relationships are composed
from the measured T and re of a cloud ensemble of various top heights. A remotely observed area that
includes the clouds has many cloudy satellite pixels, each with a pair for T and re values. The T-re relationships
are obtained by calculating the mean re for each 1°C interval of T. For this purpose, it is assumed that the
vertical evolution of re at cloud top along its growth is the same as the vertical proﬁle of T-re of the cloud
ensemble when examined at a snap shot. This assumption was corroborated in a study by Lensky and
Rosenfeld [2006]. They tracked clouds with a 3 min sequence of satellite data and showed that the time
evolution of T-re of a growing cloud was the same as the T-re that was obtained as a snap shot at the same
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Figure 2. Conceptual diagram describing ﬁve microphysical stages (droplet growth by diffusion, collision-coalescence,
warm rainout, ice-water mixed phase, and glaciated phase) common to deep convective clouds and their response to
the concentration of pollution aerosols. The dashed line divide the parameter space to the microphysical zones, as denoted
in the legend. For example, areas 1 and 2 show the domains of cloud drop growth by diffusion and coalescence, respectively. The bottom curve shows the case of a maritime environment with low CCN concentration and ample warm rain
processes; the middle curve corresponds to moderately polluted continental clouds, where the larger number of CCN
aerosols helps to suppress warm rain process and glaciation starts at slightly lower temperatures; the top curve represents
extremely polluted cases where the very large number of CCNs produce smaller and more numerous droplets at cloud base
suppressing the beginning of collision-coalescence processes and postponing the start of droplet freezing to lower
temperatures. Intermediate situations to the above curves are also possible. Figure from Martins et al. [2011] who adapted it
from Rosenfeld and Woodley [2003].

time for a cloud ensemble that had different cloud top heights. The satellite-retrieved vertical microphysical
zones are [Rosenfeld and Lensky, 1998; Rosenfeld and Woodley, 2003]
1. Condensation-dominated growth of cloud drops: This is where re < re,crit, and warm rain processes have
not signiﬁcantly progressed [Suzuki et al., 2010]. The depth of this region is determined mainly by Na
and cloud base temperature. Because Na is dominated by Nccn, except for updraft-limited conditions, the
depth of the diffusional growth zone is dominated by Nccn.
2. Coalescence-dominated growth of cloud drops: Cloud drops grow by coalescence into raindrops much
faster than they would just by condensation, even in an adiabatic cloud parcel. Therefore, this zone is
reached when the retrieved re exceeds its adiabatic value.
3. Rainout zone: When the warm rain is fully developed at the top of growing convective clouds the largest
drops that fall from the cloud tops balance the additional growth by coalescence. This is manifested as a
stabilization of re with further vertical growth at the size of about 25 μm.
4. Mixed phase zone: The development of the ice phase is indicated by an apparent additional increase of
the indicated re, when the retrieval algorithm assumes a water cloud.
5. Glaciated zone: When all cloud drops are glaciated, or at least when the radiative signature is dominated
by the ice phase, the re reaches its peak size, because there is no effective mechanism for additional
growth of the ice particles. Above that height, the retrieved re remains stable or decreases, due to
secondary ice nucleation aloft [Yuan et al., 2010].
The shapes of the T-re relations that deﬁne these microphysical zones are illustrated in Figure 2. These
inferred microphysical zones can be validated by surface and space borne radar measurements [L’Ecuyer
et al., 2009; Suzuki et al., 2010, 2011]. Not all microphysical zones are necessarily realized in any given
convective vertical proﬁle. They are determined by a combination of Nccn, ice nuclei number concentration
(NIN), updraft speed, and cloud base and top temperatures.
In tropical convective clouds with warm bases, the depth of the condensation-dominated growth zone is
determined by Na. The coalescence zone and formation of warm rain can be delayed to above the freezing
level in highly polluted atmospheres. For example, aircraft measurements have documented clouds with
base temperatures of 25°C over the Indogangetic plain, which did not produce warm rain and whose re
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remained below 14 μm up to the 5°C isotherm level [Konwar et al., 2012; Khain et al., 2013]. Precipitation
was initiated in these clouds as supercooled raindrops that froze at 12 to 17°C.
The updraft speed does not change the depth of the condensation-dominated growth zone for a given Na,
although it can increase Na for a given Nccn. However, satellite observations showed that stronger updrafts
aloft can delay the development of mixed phase and glaciation to greater heights and colder temperatures
[Rosenfeld et al., 2008b]. Ultimately, in severe convective storms with very strong updrafts aloft (larger than
40 m s1), glaciation is delayed to the homogeneous ice nucleation temperature of nearly 38°C, as
documented by in situ aircraft measurements [Rosenfeld et al., 2006b]. In clouds with high and cool bases and
with large Nccn and therefore high Na, in situ aircraft measurements have documented that cloud drops that
were mostly formed at cloud base reached the homogeneous ice nucleation temperature with updrafts that did
not exceed 15 m s1 [Rosenfeld and Woodley, 2000]. These cloud drops did not freeze earlier because they
remained too small to produce supercooled drizzle and rain drops, which freeze much faster than small cloud
drops. Apparently, ice nuclei concentrations could not have been very high in this situation, which would
have otherwise allowed the cloud drops to freeze heterogeneously before reaching the homogeneous ice
nucleation temperature. The cloud drops therefore froze into similarly small ice particles, which at these
heights had no mechanism to coalesce and precipitate, but rather detrained from the anvil and evaporated.
In agreement with the observed impacts of high CCN concentrations on delaying the precipitation and glaciation
to greater heights in convective clouds, Sherwood [2002a] and Jiang et al. [2009] found, based on satellite data,
that biomass burning aerosols were associated with smaller ice particle re in the anvils of tropical deep convective
clouds. The smaller ice particles precipitate more slowly and evaporate at higher levels, potentially delivering
more water vapor to levels where they can reach the upper troposphere and lower stratosphere [Sherwood,
2002b; Chen and Yin, 2011; Wang et al., 2011; Nielsen et al., 2011; Fan et al., 2012b], thus producing positive
radiative forcing due to the increased extent of colder anvils and greater detrainment of water vapor.
2.1.4. Simulations of Cloud-Aerosol Interactions
Cloud models are the computational tools that we use for integrating our quantitative knowledge about
the various processes and calculating the resultant clouds and precipitation under various scenarios of
meteorological, thermodynamic, and aerosol conditions. Cloud models simulate clouds by solving the
dynamic equations of motion of the air that forms the clouds, the thermodynamic processes that energize
the cloud, and the microphysical processes of aerosol nucleation into cloud drops, their coalescence into
raindrops, the nucleation of ice in the cloud, and the development of cloud ice and precipitation.
The most detailed and accurate type of model is the spectral bin microphysics model [e.g., Khain et al., 2000,
2004]. This class of models calculates explicitly the particle size distributions of the CCN, cloud and rain drops,
various hydrometeor types, and ice crystals. The size spectra are represented by the number of particles in
30 to 40 size bins, hence the name spectral bin model. This model calculates explicitly the interactions between
all the particle types of all sizes, such as collisions and their outcomes. The interactions with the environment
describe nucleation of CCN and IN into cloud drops and ice crystals, drop condensational growth and
evaporation, etc. Due to the required amount of calculations, such models can only be used for simulating
individual clouds or cloud clusters. When it comes to simulations at a regional scale, simpliﬁcations must be
made to allow the model to run in practical execution times. This is done mostly by approximating the
spectra of the various species by using some assumed shapes and constitutes the bulk microphysics models.
There is a very large number of bulk microphysics schemes of various degrees of accuracy, which is usually
inversely proportional to their run time. For global simulations of general circulation models, even the bulk models
are too slow, and the global models do not resolve the clouds at all but rather use cloud parameterizations.
Incorporating the cloud aerosol processes accurately in such cloud parameterization schemes is rather challenging.
2.2. Adjustment Processes to the CCN-Induced Changes in Cloud Microstructures,
2.2.1. Marine Stratocumulus
The impact of aerosols on cloud albedo via increasing the cloud drop number density consists of a decrease
in the mean particle size (for a ﬁxed cloud water path), resulting in an increase in the overall cloud drop
surface area and hence an increase in the cloud optical thickness [Twomey, 1977]. This effect (called the
Twomey effect) has been considered until recently as being the main aerosol-cloud-mediated radiative effect
[IPCC, 2007]. However, cases have been observed and simulated, for which the cloud liquid and/or ice water
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path do not remain constant. The Twomey effect can be counteracted to a large extent by loss of cloud water
due to enhanced mixing and evaporation that is caused by the smaller size of the cloud drops, especially in
nonprecipitating clouds. This was both simulated in idealized case studies [Ackerman et al., 2004; Bretherton
et al., 2007] and observed to the extent that 30% of the ship tracks in closed marine stratocumulus clouds had a
smaller albedo than the background, instead of the expected larger albedo due to the Twomey effect [Chen
et al., 2012]. Also, from satellite data, it has been shown that often smaller droplet radii due to larger amounts of
aerosols are associated with smaller liquid water path, which reduces the cloud albedo [e.g., Lebsock et al.,
2008], so that the impact of cloud-mediated aerosol radiative forcing at the cloud system scale may be smaller
than what individual cloud scale process studies may suggest. The reduced liquid water path in such cases is
due to faster evaporation of cloud drops, which induces faster mixing with the ambient dry air and hence loss
of cloud water. The difference in the response at the scales of individual clouds and the cloud system is a
result of a dynamic response to the aerosol impacts on precipitation-forming processes or on the rate of
cloud drop evaporation. For example, the observed change in cloud drop effective radius due to changes in
CCN can alter the precipitation and resultant downdrafts, which is in fact a dynamic response that often
changes the cloud organization.
In the previous sections, we showed that signiﬁcant rain forms when cloud drop re exceeds about 14 μm. The
cloud depth that is required for reaching this threshold (D*) is linearly related to Na, such that D* increases by
nearly 300 m for each additional 100 cm3 of nucleated CCN at cloud base, in both marine stratocumulus [Gerber,
1996] and deep convective clouds [Freud and Rosenfeld, 2012]. This means that D* is reached at the top of a 600 m
deep marine stratocumulus if Na is about 100 cm3 (based on Figure 2 in Rosenfeld et al. [2013]). Because Na
<100 cm3 is typical for the aerosol limited regime, Na under such conditions represents Nccn fairly well.
Simulations show that almost all CCN are nucleated in an aerosol-limited regime and even more so for smaller CCN
concentrations [Reutter et al., 2009]. The strong dependence of the precipitation on cloud top re and cloud optical
depth was shown by comparing CLOUDSAT radar-measured rain reﬂectivities in clouds with MODIS (Moderate
Resolution Imaging Spectrometer onboard the Terra and Aqua satellites) measured cloud top re, as illustrated in
Figure 3 (from Suzuki et al. [2010]). Figures 3a and 3f show that clouds do not precipitate regardless of their optical
depth, when re at their top is less than 10 μm. Figures 3c–3f and 3h–3j show that clouds precipitate almost
regardless of their optical depth when re > 15 μm. The transition thus occurs between re of 10 and 15 μm. Within
this transition, it is evident that rain tends to start for optically deep clouds at smaller re, probably due to the
sea-spray-generated giant CCN that initiate some raindrops even in clouds with suppressed coalescence.
When marine stratocumulus clouds start to drizzle heavily, they often cannot maintain full cloud cover any
longer and break into a regime of open cells. This was shown by both observations [e.g., Stevens et al., 2005]
and simulations [e.g., Ackerman et al., 1993; Wang and Feingold, 2009a]. Heavy drizzling and breakup of the
clouds occur when cloud top re exceeds re,crit, as evident from satellite observations [Rosenfeld et al., 2006a]
and simulations [Rosenfeld et al., 2012a]. Satellite observations have shown that at least in some circumstances,
the addition of aerosols to open cells can close them again into large decks of full cloud cover [Goren and
Rosenfeld, 2012]. Such aerosol-induced transitions between open and closed cells can cause a negative cloud
radiative effect in excess of 100 W m2, on a 24 h average. A cloud radiative effect is the difference in
the net radiation at the top of the atmosphere between the situation with the cloud and a hypothetical
cloud-free state under otherwise the same conditions. This means that when the added aerosols are
anthropogenic, as was the case observed by Goren and Rosenfeld [2012], this can be regarded as a local
radiative forcing. Goren and Rosenfeld [2012] showed that the Meteosat Second Generation (MSG) satellite
allows tracking the microphysical evolution of clouds over several days and can help to attribute the
observed changes to their possible causes by back tracking the aerosol and synoptic history of the air mass.
The present U.S. geostationary satellites lack the spectral resolution that would allow a similar day and
night tracking of the marine stratocumulus, but the upcoming GOES-R will provide these capabilities. The
METEOSAT third generation will have even better spectral and spatial resolutions that will make it possible
to quantify the time-dependent processes more accurately and on a near-global basis.
2.2.2. Deep Convective Clouds
2.2.2.1. Aerosols Impact Deep Convection by Affecting Their Precipitation Processes
As in the case of shallow layer clouds, the main impacts of aerosols on deep clouds are mediated by the cloud
dynamic response to the changes in cloud microstructure and resulting changes in precipitation-forming
processes within the cloud. These changes occur due to changes in the vertical condensate loading and
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Figure 3. Relative frequencies of occurrences of CLOUDSAT radar-measured rain reﬂectivities in clouds with MODIS measured cloud top drop effective radius as
denoted above the panels. The top and bottom rows are for clouds over land and ocean, respectively, during June-July-August. The unit of color shading is relative frequency in % dBZ. The white box on the left panels shows that cloud drops with re < 10 μm have very small reﬂectivities, which means no rain. The white box
on the right panels shows that large cloud drops with re > 25 μm have high reﬂectivities, which means rain. The changeover from no rain to rain occurs through
drizzle, shown in the white box in the middle panels, where re crosses 15 μm. Adapted from Suzuki et al. [2010].

latent heating proﬁles, which both affect the buoyancy, the cloud environment, and hence the cloud
dynamics and their subsequent development. In the following we present several examples of possible
effects at the scale of individual clouds. A comprehensive review of the physical basis and simulations of
aerosol cloud interactions of mostly deep convective clouds was published by Tao et al. [2012]. Here we
highlight the processes that can in principle be observed and quantiﬁed from satellites and add some
perspectives that are important for understanding the ways in which they can be measured from space.
2.2.2.2. The Aerosol Convective Invigoration Hypothesis
When aerosols are very scarce, cloud drop surface area becomes too small for effective adjustment of the vapor
saturation in clouds. Large supersaturations of several percent can develop above the base of extremely pristine
convective clouds, with few tens of CCN cm3 or less. When CCN concentrations increase beyond these low
concentrations, the supersaturation diminishes to below 1% and the previously supersaturated vapor
condenses and releases added latent heat of condensation, which invigorates the shallow convective clouds
compared to the ultrapristine background [Koren et al., 2014]. The drops in such pristine clouds coalesce
very quickly and precipitate as rain through the updraft. When pristine clouds become very deep, the updrafts
have to exceed the raindrop terminal fall velocity for a substantial amount of water to rise above the 0°C
isotherm, freeze and electrify the clouds, and create thunderstorms [Atlas and Williams, 2003].
A different kind of deep convective invigoration occurs when aerosol-induced decrease in cloud drop effective
radius slows the coalescence process, delays the formation of warm rain to greater heights, and consequently
postpones the development of the downdraft. This allows the continued growth and intensiﬁcation of the
updraft and invigorates the convection. This scenario is supported by satellite observations of taller trade wind
cumuli with smaller re in a Hawaiian volcanic plume [Yuan et al., 2011a]. The suppression of rainout from the
rising cloud parcel means that more cloud water reaches the freezing level and freezes onto ice hydrometeors.
The additional latent heat of freezing released by this process increases the buoyancy of the cloud. Updraft
invigoration can occur when the additional thermal buoyancy overcomes the added condensate loading
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[Rosenfeld et al., 2008a]. When the cloud drop coalescence zone and signiﬁcant warm rain processes are not
reached by the freezing level, a large amount of supercooled water is available to grow on relatively few
precipitation particles, and then they can grow into large hail, especially when strong updrafts exist. The
formation of large ice hydrometeors allows a faster unloading of the precipitation from the updraft, slower
evaporation and less evaporative cooling, which further invigorate the storm. Observational support for this
was obtained from reports of severe convective storms [Rosenfeld and Bell, 2011] and from satellite
observations that statistically relate satellite-observed cloud tops becoming higher and more expansive with
increasing aerosol loading, which usually is quantiﬁed by the aerosol optical depth [Koren et al., 2005, 2008a,
2010a, 2012]. The enhancement of updrafts, with more supercooled water and ice hydrometeors, is expected
to produce greater cloud electriﬁcation [Williams et al., 2002]. Indeed, clouds ingesting MODIS-observed
volcanic smoke over large areas of the western Paciﬁc were observed to produce much more lightning than
unperturbed clouds [Yuan et al., 2011b]. Similar relations between smoke aerosols and TRMM-LIS (Lightning
Imaging Sensor onboard the Tropical Rainfall Measuring Mission satellite) observed lightning were observed
also over the Eastern Paciﬁc near Mexico [Kucienska et al., 2012].
This process of invigoration and enhanced hail has been simulated by spectral bin models, whereas bulk
models produce the opposite effects [Khain et al., 2011; Morrison, 2012; Fan et al., 2012a]. The bulk
microphysical parameterization is considered less reliable.
Aerosol-induced changes in primary convective clouds are communicated to the environment and affect the
overall cloud organization in various ways. The changes in precipitation intensity and particle size affect
the rate of its evaporative cooling and in turn the temperature of the downdrafts and the resultant cold pools
of air near the surface. The increased hydrometeor size and decreased concentration reduce evaporative
cooling and therefore decrease the cold pools and in turn the intensity of the gust fronts [van den Heever
et al., 2011]. The increase in hydrometeor size with decrease in cloud drop size has been already observed by
a combination of satellites and disdrometers (rain gauges that measure rain drop size distributions)
[Rosenfeld and Ulbrich, 2003] and can now readily be observed by combining the satellite retrieved re with
polarimetric radar measurements of rain drop sizes. Satellite observations have shown that this effect
occurs at a global scale [Koren et al., 2012].
2.2.2.3. Adjustment Mechanisms and Their Potential Buffering Effect, as Obtained From Simulations
To account properly for the aerosol effects on deep convective clouds, it is necessary to include the various
adjustment mechanisms of the environment and the circulation systems. While simulations of aerosol
impacts on the scale of individual clouds showed clearly the invigoration effects, as discussed in section
2.2.2.2, simulations at larger scales with bulk cloud-resolving models indicated buffering of the invigoration
when feedback with the large-scale environment was considered [Morrison and Grabowski, 2013]. When
the aerosol perturbation is introduced into the whole model domain, simulations of aerosol convective
adjustments are eventually constrained by the external energy budget, such as the amounts of solar radiative
heating and the emitted thermal radiation to space. This results in convergence of the results of any aerosol
perturbation, with little overall effect on the radiative forcing and precipitation amount [Grabowski and
Morrison, 2011]. However, aerosol perturbations occur mostly on subregional scales, i.e., at the scale of several
hundreds of kilometers, which is the scale of large cloud systems. Simulating localized effects at the scale
of the cloud system (with a cloud resolving model at a spatial resolution of 2 km), while allowing the
interactions with the larger regional scale, did show invigoration of the aerosol perturbed cloud systems,
while inducing regional circulation systems [Fan et al., 2012b; Morrison and Grabowski, 2013]. Accounting for
these effects requires that simulations be done on domains extensive enough to include the full life cycle
of large convective cloud systems, such as ~500 × 500 km, but leaving the surrounding areas unperturbed.
2.2.2.4. Aerosol Effects on Invigorating Severe Convective Storms
In situations with high wind shear and instability, weakening of the cold pools by less evaporative cooling
of precipitation can prevent the undercutting of the updraft by the weakened gust front and allow the
transition from multicell to supercell convection. This, in turn, can trigger more tornadoes, as shown by
simulation studies [Snook and Xue, 2008; Lerach et al., 2008]. The updraft intensity above the height for
onset of precipitation can be inferred indirectly from satellite observations due to the fact that cloud drops in
stronger updrafts have shorter time to grow and glaciate, thereby having a smaller re for a given cloud top
temperature T, and also a colder glaciation temperature (Tg). Any large hydrometeors that might be sustained
by the strong updrafts fall from the cloud top deeper into the cloud, and respectively do not appear in the
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satellite view. The re at Tg is also smaller for stronger updrafts. Rosenfeld et al. [2008b] have shown that this can
be used as a predictor of severe convective storms and called it “severe storm microphysical signature.” This
signature is comprised of reduced re above the height of precipitation initiation, colder glaciation temperature,
and smaller re of the anvil ice particles, as compared to the nearby nonsevere convective storms.
Climatological evidence for the aerosol impact on severe convective storms is seen in the weekly cycle of
lightning [Bell et al., 2009], hail, and tornadic storms in the southeastern USA [Rosenfeld and Bell, 2011]. In
warm-base clouds and low wind-shear environments, adding aerosols can lead to invigoration of the
updrafts, increased cloud top heights, and enhanced peak precipitation intensities and downdrafts [Rosenfeld
et al., 2008a; Fan et al., 2009] by the mechanism discussed above. For clouds with warm bases and moderate
wind shear, this can lead to a transition from unorganized convection to squall lines [Khain et al., 2005].
2.2.2.5. Aerosol Effects on Deep Convection at a Regional Scale
Simulations of aerosol effects on deep convective storms at a regional scale were performed for different
cloud base temperature and vertical wind shear situations, using a spectral-bin-microphysics cloud-resolving
model [Fan et al., 2012b]. The results showed that the invigoration of deep tropical clouds was not limited to the
clouds themselves. The environmental adjustment to invigoration included enhanced regional low-level
convergence and upper level divergence. The compensating effects occurred outside of the domain with the
aerosol perturbation. This served as a positive feedback that probably enhanced the primary effects on the
original clouds. This result disagrees with the simulations of Grabowski and Morrison [2011] and demonstrates
that modeling the regional nature of the perturbation is essential. Subsequent simulations of perturbation at a
limited regional scale within the domain showed long-lasting invigoration for the duration of the simulation
(several days) that can induce a regional circulation [Morrison and Grabowski, 2013]. The simulation results of a
regional aerosol perturbation are supported by the observation of a weekly invigoration cycle in precipitation
over the southeast USA during the summer months. The weekly cycle of work days causes more aerosols
during week days compared to weekends, and was associated with a similar weekly cycle of midweek
enhanced convection and rain intensities. This cycle is coupled to a weekly cycle modulating the low-level
midweek convergence and upper level divergence components over land, a phenomenon mirrored by
subsidence over the adjacent oceans [Bell et al., 2008]. The weekly cycle was absent in the western USA and
during winter, because the invigoration by the mechanism of suppression of rain that leads to a greater release
of latent heat of freezing aloft works best with warm cloud bases. Such warm bases occur during summer in the
southeastern USA, but not in Europe or the western USA.
The simulations of Fan et al. [2012b] with spectral bin microphysics reproduced the invigoration and the
microphysical anvil expansion effects, as well as moistening of the upper troposphere. The simulations
showed that the negative solar radiative forcing of 3.0 W m2 at the top of the atmosphere was
overwhelmed by a positive long-wave radiative forcing of +6.6 W m2. The net forcing was +3.6 W m2 at
the top of the atmosphere and 2.0 W m2 at the surface, thus warming the atmosphere by 5.6 W m2.
However, this overall warming effect might be the result of the anvils in this particular single event growing
and lingering during nighttime, where only long-wave forcing exists. Similar month-long simulations
with a cloud-resolving model of aerosol-perturbed deep convective cloud systems showed that the solar
negative forcing was slightly larger than the thermal positive radiative forcing, leading to a net slightly
negative aerosol forcing of nearly 3 Wm2 [Fan et al., 2013].
Satellite observations of these effects will need to measure, in addition to the radiation budget, the water and
ice cloud particle re, the cloud top temperatures, and the UTLS water vapor amount and divergence.
2.2.2.6. Aerosol Effects on Intensifying Extratropical Cyclones Over Ocean
Aerosols transported from East Asia into the North Paciﬁc were observed to invigorate the storm track
intensity there. This was quantiﬁed by computing the temporal trend of transient eddy meridional heat ﬂux
(EMHF) at 850 hPa along with the trend of aerosol emissions. EMHF is deﬁned as the average of V′850 T′850,
where V′ and T′ denote the eddy meridional velocity and eddy temperature departure from the mean
seasonal cycles, respectively. This observation was replicated by a regional cloud resolving model, which was
validated by satellite data. The simulations also showed increasing cloud top heights, indicating that the
aerosols had strengthened the energy of the storm track through invigoration of convective clouds and
release of extra latent heat that was associated with 7% added precipitation. This was also associated with a
radiative forcing of 1 W m2 at the top of the atmosphere [Wang et al., 2014a, 2014b]. Enhancing the storm
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track intensity may modulate the planetary waves and the patterns of the global circulation. This subject is
still to be addressed in the future.
2.2.2.7. Effects of Aerosols on Modulating the Intensity of Tropical Cyclones
Aerosols affect convective storms at all scales. The ultimate manifestation of deep convection is the tropical
cyclone. It has been both observed and simulated that aerosols ingested into tropical cyclones invigorate
their peripheral clouds at the expense of convergence toward the eyewall, thereby decreasing the maximum
wind speed of the storm [Rosenfeld et al., 2007, 2012b; Zhang et al., 2007, 2009a; Khain et al., 2008; Carrió
and Cotton, 2011]. In contrast to the microphysical effect, simulations show that the radiative effects of
absorbing aerosols around the tropical cyclones add energy and invigorate the storm by absorbing solar
radiation [Wang et al., 2014c].
Many of these aerosol effects can be inferred from satellite measurements of the microphysical proﬁles of the
growing convective elements and the retrieved vertical microphysical zones and severe storm signatures
[Rosenfeld and Lensky, 1998; Rosenfeld et al., 2008c]. For example, a microphysical satellite analysis showed
clearly how air pollution ingested to the peripheral cloud bands of a tropical cyclone suppresses the warm rain
there, as indicated by elevating the height at which cloud drop effective radius exceeds 14 μm rain threshold to
the 14°C isotherm, as compared to 12°C in the nonpolluted spiral bands [Rosenfeld et al., 2012b, Figure 6].
Further into the storm along the spiral cloud bands, TRMM Precipitation Radar showed that precipitation
reﬂectivities above the freezing level intensify substantially and are associated with a large number of TRMM-LIS
measured lightning ﬂashes, which are absent from the other nonpolluted spiral cloud bands [Rosenfeld et al.,
2012b, Figure 7]. This supports the hypothesis that aerosols invigorate the outer convective cloud bands at
the expense of the intensity of the eye wall [Rosenfeld et al., 2012b]. The precipitation can be more directly
measured from spaceborne radars such as TRMM, CLOUDSAT, and GPM (Global Precipitation Mission).
The large contrast between the number of lightning ﬂashes for a given amount of precipitation has been
recognized as characterizing the different regimes of marine and continental deep convection [Zipser, 1994].
The new generation of geostationary satellites will have lightning sensors. This will be helpful for differentiating
the different regimes of deep convective clouds, in the context of the other measurements, which will help
quantify the aerosol effects on these cloud systems.
2.2.3. Mixed-Phase Layer Clouds
Satellite observations have shown that supercooled and mixed-phase cloud tops are the most common types
over the Southern Ocean and North Paciﬁc [Morrison et al., 2011]. Supercooled layer clouds are also very
common in the Arctic area. The lifetime and maintenance of these clouds depends on the balance between
CCN and IN concentrations. This is an important factor because when supercooled layer clouds glaciate, their
condensate content precipitates as snow and the clouds reﬂect much less solar radiation. Therefore, the
glaciation produces a positive cloud radiative effect. This is partially compensated by the reduced thermal
emissivity of the glaciated cloud. Obviously, during the polar night the sole effect is the thermal cloud
radiative forcing. It was shown observationally that adding IN to supercooled layer clouds can glaciate them
and convert them to semitransparent ice clouds or can clear the clouds altogether. This was shown to occur
with advertent cloud seeding [Langmuir, 1961] and by aerosols from aircraft exhausts [Heymsﬁeld et al., 2010].
Morrison et al. [2012] have shown that the longevity of the supercooled layer clouds is caused by their constant
rejuvenation by reverse convection that is propelled by radiative cooling at their tops, similarly to marine
stratocumulus. The cloud layer dissipates when the cloud water removal rate by freezing and precipitation
exceeds the cloud water condensation rate. This is again similar to the process in marine stratocumulus, where
the cloud layer breaks up when the drizzle becomes sufﬁciently heavy to deplete the cloud water. Satellite
measurements of cloud top temperature, re, and hydrometeor phase can provide insights to the glaciation
temperature and the parameters that control the changes in cloud regime from a supercooled to a glaciated
state. For example, satellite observations show that clouds glaciate at higher temperatures for the same
aerosols when cloud drops at the 5°C isotherm are larger [Rosenfeld et al., 2011]. Aircraft seeded tracks of AgI
ice nuclei were shown by satellite to glaciate supercooled layer clouds [Rosenfeld et al., 2005].
2.3. Separating the Components of Aerosol-Induced Cloud Forcing
2.3.1. The Radiative Forcing Components and Separating Them in Shallow Clouds
2.3.1.1. Separating the RF Into Twomey, LWP, and Cloud Cover Effects
Radiative forcing is deﬁned as the change in cloud radiative effect due to added anthropogenic aerosols.
A major unresolved question is the magnitude of the natural aerosol background that present-day aerosol
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concentrations have to be compared with Carslaw et al. [2013]. The few available estimates of preindustrial
aerosol background levels over land are highly uncertain [Andreae, 2007; Andreae and Rosenfeld, 2008]. This is
a leading source of uncertainty in the aerosol-mediated cloud radiative forcing.
Aerosol-induced cloud radiative forcing can be broken down into three components resulting from changes
in cloud drop number concentrations (Nd) (Twomey effect), liquid water path (LWP), and fractional cloud
cover (f). The metrics deﬁned so far do not distinguish these three forcing components; rather, they
characterize the respective changes in physical cloud properties. The Aerosol Cloud Interactions (ACI) effect
on re has been deﬁned as
ACIr ¼ ∂ lnr e =∂ lnα

(1)

where α represents the CCN concentration, often estimated using satellite-measured aerosol optical depth
(AOD) [Feingold et al., 2003; Nakajima and Schulz, 2009; Sorooshian et al., 2010]. If expressed in terms of
the effective radius re, rather than in terms of Nd, the partial derivative, i.e., the derivative at constant LWP, has
to be evaluated for given LWP. Using a measurement or retrieval of Nd overcomes this problem [Brenguier
et al., 2000; Quaas et al., 2006]. Similarly, the impact on cloud optical thickness (τ) is deﬁned as
ACIτ ¼ ∂ lnτ=∂ lnα

(2)

and the impact on cloud fractional cover (f) is given by
ACIf ¼ ∂ lnf =∂ lnα

(3)

The Twomey effect is in fact ACIτ for a ﬁxed LWP and f, i.e., the effect only due to aerosol-induced change in re
with everything else held constant. At nonabsorbing wavelengths (visible and UV), cloud reﬂectance is
directly related to τ. In the near infrared (NIR), water drops do absorb (with a direct dependence on drop size
and optical thickness). Therefore, broadband solar reﬂectance is somewhat smaller for clouds having the
same τ but larger re. The separation of the cloud radiative forcing into the Nd, LWP, and f components is
important, as it can provide insights into the relative importance of the primary microphysical effects on
cloud properties, as manifested by the re effect, versus the importance of the dynamical changes in the
clouds, given by the cloud fraction and LWP effects. The partitioning between the effects of f and LWP can
provide additional insights with respect to the dynamical and regime changes in cloud systems, such as
transitions between open and closed cell regimes in marine stratocumulus. Goren and Rosenfeld [2013]
developed a methodology for separating Nd, LWP, and f, and applied it to 50 MODIS observed adjacent pairs
of closed and open marine stratocumulus in adjacent cloudy areas with different aerosol amounts, assuming
the same meteorology. They found that the Twomey effect accounted for only about one fourth of the
overall difference of 110 W m2 of the cloud radiative effect, LWP accounted for one third, and the cloud
cover effect accounted for the remaining 42%. These large values occur on the transitions between open
and closed marine stratocumulus (Sc). A more climatically representative study, which analyzed the whole
central Atlantic Ocean (20°S–5°N), showed average aerosol cloud mediated radiative forcing of 9.5 W m2,
out of which only 1.5 W m2 was due to the albedo effect [Kaufman et al., 2005a].
2.3.1.2. Attribution of Observed Aerosol Effects to Anthropogenic Causes
Attributing changes in cloud radiative effects to aerosols is difﬁcult, because one has to exclude, or at least
account for, other meteorological and surface factors contributing to the observed differences in cloud
properties. Furthermore, the cloud radiative effects can be regarded as “anthropogenic radiative forcing”
only when the changes in aerosols can be attributed to anthropogenic causes.
These challenges were addressed by a satellite study of Goren and Rosenfeld [2012], who tracked the emission
of aerosols from ships and the subsequent growth and expansion of clouds from the original ship tracks
and showed cases where the overcast cloud regime could be unambiguously attributed to anthropogenic
sources. This is in general agreement with satellite observations over the global oceans [Sekiguchi et al., 2003],
where the Twomey effect was less than half of the overall aerosol induced cloud radiative forcing. This
might explain why, at a large scale (i.e., where one can no longer assume the same meteorology for the
different clouds), it is still challenging to obtain clear evidence for an anthropogenic effect on the overall
cloud radiative forcing. For example, average cloud top re was observed to be 0.9 μm smaller in the Northern
Hemisphere than in the Southern Hemisphere oceans due to the much larger abundance of anthropogenic
aerosols in the Northern Hemisphere [Rotstayn et al., 2007; Cai et al., 2010]. But the retrieved LWP of the two
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hemispheres gave grossly inconsistent results when calculated in different ways from the observations [Table 3
of Feng and Ramanathan, 2010]. Because the Twomey effect is deﬁned for a given LWP, it cannot be assessed
conﬁdently without a reliable measurement of the LWP, noting that the cloud optical depth is proportional
to LWP but (inversely) dependent only on the cube root of the cloud droplet number concentration.
Another challenge to our understanding is the observation that at a large scale, there is no signiﬁcant
difference in cloud properties between the windward and leeward sides of shipping lanes [Peters et al., 2011].
This stands in contrast to the observations of Yuan et al. [2011a] showing large impacts of volcanic aerosols
from Hawaii on the trade wind clouds downwind, as well as to the observations that aerosols originating from
land appear to dominate the cloud properties over the downwind ocean, as illustrated in Figure 4 [George et al.,
2013]. Perhaps the amounts of aerosol emission from ships are insufﬁcient to completely suppress the rain
from most of the marine clouds, except under special conditions when ship tracks are observed to close very
shallow open marine stratocumulus [Goren and Rosenfeld, 2012]. As long as the rain has not been fully
suppressed, it may be scavenging the aerosols very efﬁciently, as evident by the sharp transition between
closed and open cells, which is associated with a drastic decrease by a factor of about 3 in the cloud drop
number concentrations [Goren and Rosenfeld, 2013]. However, the much larger amounts of aerosols that are
drifting from the continents appear to delay the opening of the closed cells, as shown in Figure 4.
2.3.1.3. The Dominance of Aerosol Impacts on Precipitating With Respect to Nonprecipitating Clouds
There are both observational and simulation-based indications that adding CCN to nonprecipitating clouds
may enhance their mixing and evaporation due to faster evaporation of the smaller drops, thus the loss of cloud
water counteracting the negative radiative forcing due to the Twomey effect [e.g., Small et al., 2009]. For
very large aerosol amounts that include black carbon (BC), the direct radiative heating of the aerosols can
actually produce a “cloud burning” effect, by either warming the air that includes the clouds and/or blocking
the solar heating of the ground that propels the convection [Koren et al., 2004; Feingold et al., 2005]. This means
that not much negative forcing is incurred when aerosols are added to nonprecipitating clouds. This leaves
most of the observed effects of negative radiative forcing to those situations where aerosols are added to
precipitating clouds or at least where the added aerosols keep the clouds from starting to precipitate. This
means, in turn, that the dynamical response of the cloud systems to the aerosols very likely dominates the cloud
radiative forcing, in agreement with the few observational indications that are available so far [Goren and
Rosenfeld, 2012, 2013; Koren et al., 2014].
The background air masses over land rarely have a dearth of aerosols to the extent that low clouds would
start raining analogously to marine Sc. As described above, the main cloud radiative effect in marine Sc
comes from the adjustment processes to the development or suppression of rain by the dearth or abundance
of aerosols. These precipitation-driven adjustment processes would not occur in the nonprecipitating or
weakly precipitating continental Sc. This might be a reason why the aerosol effect on cloud albedo has been
observed over ocean [e.g., Schwartz et al., 2002; Yuan et al., 2011a; Werner et al., 2013] but not yet over land.
Over Europe, a strong weekly cycle is identiﬁed in aerosols and also in cloud droplet number concentration
but is not evident in cloud albedo [Quaas et al., 2009]. In contrast, a positive response of the clouds to the
aerosol weekly cycle was found during summer in the southeastern USA. The reasons for this difference are
discussed in section 2.2.2.4. Distinct “dimming” and “brightening” trends are found in surface solar radiation
for clear skies but less clearly for cloudy skies [Wild, 2005; Wild et al., 2009; Wild, 2012; Norris and Wild, 2007;
Ruckstuhl et al., 2008].
2.3.1.4. Large Sensitivity of Climate Effects and Geoengineering Potential Effectiveness
Pristine efﬁciently precipitating marine low clouds cannot persist in full cloud cover due to the dynamic response
to the precipitation [Rosenfeld et al., 2006a, 2006b; Feingold et al., 2010; Feingold and Koren, 2013]. Therefore,
adding a minimum critical amount of aerosols that suppress rain in pristine marine stratocumulus can
dramatically increase the cloud cover and induce a negative cloud radiative forcing greater than 100 W m2
[Goren and Rosenfeld, 2012]. The cloud albedo effect [Twomey, 1977] is only about a quarter of the overall aerosol
cloud radiative effect [Goren and Rosenfeld, 2013]. This process is not yet captured well in general circulation
models, which might therefore be underestimating the aerosol cloud radiative forcing due to this process.
Furthermore, this has implications with respect to geoengineering aimed at cooling the climate system by
seeding marine stratocumulus clouds with ultraﬁne sea spray aerosols in order to brighten them [e.g., Latham
et al., 2012]. These schemes have taken into account until now only the cloud brightening effect, i.e, the Twomey
albedo effect. However, they did not consider the much greater effect on cloud radiative forcing due to the
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Figure 4. The impact of anthropogenic aerosols on marine stratocumulus
to the west of South America. (a) Satellite observed and (b) model simulated drop number concentrations of the marine stratocumulus on 19
October 2008, 15:15 UTC. (c) Simulated clouds without anthropogenic
aerosols remain pristine with very small drop number concentrations. The
plus marks in Figure 4a represent the locations of trajectories from coastal
pollution sources. Adapted from George et al. [2013].
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adjustment process of the clouds to the
suppressed precipitation, which can
greatly increase the cloud cover.
Simulations of seeding open cells of
marine stratocumulus were not able to
convert the cloud ﬁeld into overcast
[Wang and Feingold, 2009b; Latham
et al., 2012], despite observations of
ship tracks being able to do so [Goren
and Rosenfeld, 2012]. This means that
the proposed techniques for seeding
marine stratocumulus might have much
greater effect by increasing cloud cover
than has been recognized until now,
where emphasis was on the Twomey
effect. If so, it means that mankind might
be able to tamper with Earth’ energy
budget to a much greater extent than
has been appreciated until now. This
calls for great care in the consideration
of any potential application of such
techniques. Continuing the research on
the adjustment of cloud dynamical
properties to cloud-aerosol interactions
in marine low clouds on a more
global basis is likely to provide much
needed quantiﬁcation of these potentially
very large effects.
2.3.2. The Forcing Components From
Deep Convective Clouds
The components of aerosol-cloudmediated forcing from deep convective
clouds can be divided into radiative and
thermodynamic, i.e., changes in the
vertical distribution of the latent
heating. The radiative effects can be
further divided into effects in the solar
and thermal radiation bands. Measuring
these effects directly by satellites
represents even greater challenges than
those for shallow clouds. The Twomey-,
LWP-, and cloud cover effects operate
as for the shallow clouds, but with
the added complications that come
from the inability to quantify the
respective contributions of water and
ice particles to the cloud optical depth
and to the liquid water and ice path.
Furthermore, additional important
mechanisms for the deep clouds are

1. Cloud top cooling effect: When cloud top temperature decreases in aerosol-invigorated clouds, the outgoing thermal radiation emitted from the cloud tops is decreased, thereby incurring positive radiative
forcing [Koren et al., 2010a, 2010b], as illustrated with the upward arrow at the right in Figure 5.
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2. Anvil expansion effect: When a large
number of small ice crystals are formed
in the upper troposphere, they can
detrain from the cloud tops, producing
larger and longer-lived anvils and
subsequent cirrus clouds, as seen in both
observations [Sherwood, 2002a; Jiang
et al., 2009] and simulations [Fan et al.,
2012b, 2013]. These semitransparent ice
clouds have a positive radiative effect
[Koren et al., 2010a, 2010b], as illustrated
at the top of Figure 5. When caused by
an increase in aerosols, this effect can be
regarded as a positive radiative forcing.
3. Upper troposphere and lower stratoFigure 5. Cloud radiative effect over ocean in a tropical atmosphere as
sphere (UTLS) moistening effect: The
a function of cloud optical thickness and top temperature. The arrows
additional amount of detrained ice
show the direction of the process denoted in their labels. Adapted
from Koren et al. [2010b].
crystals eventually evaporates and
moistens the upper troposphere. To
the extent that overshooting tops detrain, extra ice is also introduced into the lower stratosphere, which
could produce moistening there as well. Added vapor in UTLS is a potent greenhouse gas and causes
additional positive radiative forcing [Sherwood, 2002b; Chen and Yin, 2011; Wang et al., 2011; Nielsen
et al., 2011]. It has also been stated that anthropogenic aerosols may have increased upper tropospheric
humidity in the twentieth century [Bister and Kulmala, 2011].
Except for cloud top temperature, the cloud radiative effects on the thermal radiation are much less sensitive
to cloud microphysical properties than the effects on solar radiation, because cloud thermal emissivity
approaches saturation at visible optical depths of slightly more than one. The cloud microstructure still
dominates the emissivity of very thin clouds, which are semitransparent in the infrared.
2.4. Impacts of Clouds on Aerosols
Associations of aerosol variability with changes in cloud radiative effects do not necessarily reﬂect the
impacts of aerosols on clouds. The reverse, i.e., clouds affecting aerosols, can occur just as frequently. Here we
review the pathways by which this can occur.
2.4.1. Chemical Production of Aerosols in Water Clouds
Cloud water provides an effective medium for heterogeneous chemical reactions, which can convert aerosol
precursor gases into aerosol particles. When clouds evaporate, the aerosols formed in clouds will remain in
the air, seen as “new particles” that can serve as CCN. The well-known heterogeneous chemical processes
include oxidation of SO2 to form sulfate [e.g., Hoffmann and Edwards, 1975; Penkett et al., 1979] and oxidation
of reactive nitrogen oxides (NO, NO2, NO3, N2O5) to form nitrate [e.g., Chameides, 1986; Jacob, 1986]. There
are several reaction pathways of SO2 oxidation that lead to sulfate formation, including SO2 oxidation by
dissolved hydrogen peroxide (H2O2), ozone (O3), oxygen (O2), and NO2 [Lee and Schwartz, 1983; Martin, 1984;
Hoffmann and Calvert, 1985]. Among those, SO2 oxidation by H2O2 is by orders of magnitudes faster than
other reactions in acidiﬁed clouds (pH < 5), and the rate is mostly independent of pH within the range of
the cloud water concentrations in the atmosphere [Seinfeld and Pandis, 1998]. In less acidic cloud water
(pH > 5.5), the rate of SO2 oxidation by O3 becomes faster. Overall, it is believed that the aqueous-phase
oxidation of SO2 is the major chemical process for sulfate formation, accounting for 60–80% of sulfate formation
globally, with the rest produced via gas-phase reactions of SO2 with hydroxyl radicals (OH) [e.g., Chin et al.,
1996, 2000; Koch et al., 1999; Barth et al., 2000; Textor et al., 2006]. For nitrate formation, the most active
reactions are thought to be the hydrolysis of N2O5, which is formed from NO2 + NO3 during nighttime and
reacts rapidly with water to produce nitrate [e.g., Seinfeld and Pandis, 1998].
Organic aerosols can also be formed in cloud water. Organic aerosol formed via chemical reactions is usually
referred to as “secondary organic aerosol” (SOA), to differentiate it from primary organic aerosol that is directly
emitted to the atmosphere. There are many gas phase organic species, called volatile organic compounds
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(VOC), in the atmosphere, which serve as SOA precursors and which have different functional groups, solubility,
and chemical reactivity to form SOA. Signiﬁcant progress has been made in the past decade on understanding
SOA abundance and formation mechanisms, with most attention given to gas phase reactions. However,
some recent studies suggest a signiﬁcant role for cloud chemistry that can produce SOA as effectively as gas
phase reactions, with the highest contributions from biogenic emissions of the SOA precursor gases, such as
isoprene. Formation of new aerosol particles from very low volatile organic gases is also possible within a cloud
[Kulmala et al., 2006]. Interestingly, SOA can also be formed on hydrated aerosol particles that are coated with
water [Ervens et al., 2011]. Liquid-phase chemical reactions can also modify the composition of ambient SOA
particles and alter their hygroscopicity [Lee et al., 2011, 2012]. Detailed mechanisms and recent progress on
aqueous phase SOA formation can be found in a recent review paper [Ervens et al., 2011, and references therein].
2.4.2. Scavenging of Aerosols by Clouds
Although aerosols can be produced in clouds via aqueous phase chemical reactions as described in the previous
subsection, they can also be efﬁciently removed from the atmosphere via in-cloud scavenging and precipitation,
processes collectively called “wet removal” or “wet deposition.” Wet removal is considered to be the major
loss mechanism for removing aerosols (especially submicron size particles) from the atmosphere, thus
determining their lifetime [e.g., Liu et al., 2001; Chin et al., 2002]. A multimodel intercomparison study including a
dozen of global models indicated that globally 50% to more than 90% of submicron aerosol particles of sulfate,
BC, and organic matter were removed from the atmosphere by wet deposition [Textor et al., 2006].
Wet removal processes involve multiple phases that are affected not only by the properties of aerosols and
precursor gases but also by the prevailing cloud type (convective, large scale, warm, ice). The term “rainout”
usually refers to in-cloud scavenging of aerosols by precipitation, whereas “washout” refers to below-cloud
scavenging by precipitation [e.g., Liu et al., 2001; Seinfeld and Pandis, 1998]. Global model simulations also
demonstrated that the process of aerosol scavenging in the deep convective cloud updrafts must be
included in the models to realistically simulate aerosol vertical proﬁles [Balkanski et al., 1993; Liu et al., 2001].
The scavenging rates of each process are usually parameterized as a function of cloud and precipitation type,
precipitation duration and rate, and aerosol removal efﬁciency that depends among other things on
species chemical and physical properties [Giorgi and Chameides, 1986]. However, quantifying the wet removal
rate still remains one of the largest uncertainties in estimating the amount of aerosol in the atmosphere,
because of the complexity of the removal processes that are often not directly observable.
It has been shown that the differences in the treatment of wet scavenging in global models are one of the
determining factors causing the large diversity in model-simulated aerosol vertical distributions. For example,
a recent multiple-model comparison, made using the BC aerosol vertical proﬁles measured in the Highperformance Instrumented Airborne Platform for Environmental Research (HIAPER) Pole-to-Pole (HIPPO)
project over the Paciﬁc Ocean, showed that the BC concentrations in the middle and upper troposphere were
overestimated by all models up to an order of magnitude, with an average overestimation by a factor of 5
[Schwarz et al., 2010]. Such an overestimation may be attributed mostly to the insufﬁcient wet removal of
BC in the models. By incorporating an increased wet scavenging efﬁciency scheme and considering
nucleation scavenging in the model, the high bias was signiﬁcantly reduced to agree within a factor 2 with
the observations [Wang et al., 2014d]. These model experiments have pointed out the importance of wet
removal parameters in the models. The difﬁculty is that there is limited systematic observability of the
parameters involved in estimating aerosol removal rates. Such parameters include cloud water/ice proﬁles,
temperature-dependent scavenging efﬁciency, and reevaporation rates. Therefore, the model parameters
have to be “tuned” in order to get the best agreement with the observations [Laakso et al., 2003].
2.4.3. Alteration of Aerosol Chemical and Physical Properties Through Cloud Processing
In addition to the chemical reactions forming aerosols in clouds described in section 2.4.1, aerosol
composition and size distribution can be transformed by a variety of mechanisms during cloud processing,
as observed in laboratory studies and ﬁeld measurements. First, a fraction of aerosol particles can act as
CCN to form cloud droplets, while the rest remain interstitial particles in cloud. This is often described
as “nucleation scavenging” of aerosols [e.g., Hobbs, 2003]. Cloud droplets collect more interstitial aerosol
particles by collision or by dissolution of soluble particles (such as sulfate, nitrate, and sea salt) or coalesce
among themselves. If the cloud is precipitating, aerosol particles collected in the precipitating droplets
will be removed from the atmosphere via wet deposition, as described in section 2.4.2. However,
a large fraction of clouds are nonprecipitating and instead eventually evaporate [Lin and Rossow, 1996];
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Figure 6. Annual Global distribution of (a) AOD from MODIS and aerosol radiative forcing for (b) top of the atmosphere,
(c) atmospheric column, and (d) the surface, based on MERRAero reanalysis. The MODIS AOD is the mean climatology for
2003–2011 based on Terra and Aqua Collection 5.1 merged products. The units of AOD are nondimensional, while aerosol
2
radiative forcing is in units of W m . From Lau and Kim [2014].

in addition, some precipitation also evaporates before reaching the ground. In the evaporation process,
aerosol particles inside the cloud or precipitation droplets that reenter the atmosphere are more
internally mixed and are usually larger in size than before cloud processing [Pruppacher and Klett, 1997;
Hoose et al., 2008]. Enhanced aerosol number concentrations of ultraﬁne particles have been observed
in the vicinity of clouds, suggesting that new particle formation occurs that is a function of precursor gas
(e.g., SO2) concentrations and ambient relative humidity (>70%) [Hegg, 1990, 1991; Radke and Hobbs, 1991].
Another study suggested that the new particle formation in clouds is from nucleation of water insoluble
trace gases, which survive the deep convective updraft and produce new particles at low temperatures
[Kulmala et al., 2006].
2.5. Regional Scales
2.5.1. Satellite Observations Provide Global Aerosol Amount and Type Constraints
Satellite detection of aerosol types and amounts is useful for constraining IN and CCN activity. The advent of
the NASA and ESA Earth Observing System (EOS) satellites operating since the mid-1990s has heralded in
an era of unprecedented global aerosol, cloud, and precipitation measurements, spawning new discoveries
of many aspects of aerosol-cloud-precipitation interactions. A major achievement of the EOS satellite
observations is the availability of almost two decades of continuous global estimates of AOD, as obtained by a
number of satellites, shown in Figure 6. Seventeen years of coverage (1995–2012) is provided by ESA’s
Along-Track Scanning Radiometer-2 (ATSR-2) and Advanced ATSR (AATSR) instruments; this series will be
extended after the launch of Sentinel 3, expected in 2015 by the Sea and Land Surface Temperature
Radiometer (SLSTR). Over 14 years of observations, beginning in 2000, are available from NASA’s MODerate
resolution Imaging Spectroradiometer (MODIS) and Multiangle Imaging SpectroRadiometer (MISR). These
AOD maps reveal the global nature of aerosol distribution, with regions of high AOD, hereinafter referred to
as “hot spots,” covering large areas downwind of major desert, wildﬁre, volcanic, and pollution sources.
Speciﬁcally, these hot spots include not only major anthropogenic sources over East Asia, the Indo-Gangetic
Plain of northern India, biomass burning over the Amazon, South Africa, and Southeast Asia but also natural
sources such as desert dusts from the Middle East and northern Africa (Figure 6a). More than 8 years (since
2006) of space-based Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) (on the CALIPSO spacecraft)
backscatter and depolarization proﬁles have provided important constraints on vertical aerosol distribution.
Another major milestone of the EOS satellite era is that similar to other physical and dynamical quantities,
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aerosol optical depth is now being assimilated into global forecast and climate models, providing global
aerosol reanalysis products that are more consistent with the physics and dynamics of the earth climate
system [e.g., Zhang et al., 2008]. This has led to better understanding and modest improvement in representation
of aerosol-cloud interactions in climate models. With some limitations due to uncertainties in available aerosol
and surface property constraints, such as particle single-scattering albedo and hygroscopicity, surface albedo,
and the occurrence of aerosol below clouds, the aerosol reanalysis [e.g., Benedetti et al., 2009; Morcrette et al.,
2009] enables the global-scale estimation of aerosol radiative effects (Figures 6b–6d). Globally, at the top of
the atmosphere (TOA), with the exception of bright desert surfaces over the Sahara and the Middle
East and ice sheets of Greenland and Antarctica where multiple scattering and absorption of solar radiation
may occur, the aerosol radiative forcing produces a slight net cooling of the atmosphere-Earth surface system
of some 3–10 W m2 (Figure 6b). The redistribution of radiative energy between the atmosphere and Earth’s
surface by aerosols can be of greater magnitude and can regionally dominate climate forcing and
feedbacks [e.g., Ramanathan et al., 2001]. This redistribution is manifested in the form of substantial heating
(10–40 Wm2) of the atmospheric column (Figure 6c) and a nearly equal amount of cooling of the Earth’s surface
(Figure 6d) over the low-latitude aerosol hotspots and nearby areas. This redistribution is likely to alter
atmospheric stability and convective potential, as well as to induce atmospheric dynamical feedbacks producing
regional changes in clouds and precipitation, in comparison to an otherwise pristine or less polluted world.
A sizable absorption in the atmosphere, and subsequently a difference between surface and top-of-atmosphere
ARE, mainly results from the absorption of sunlight by aerosols (direct effect). For aerosol-cloud interactions,
to a good approximation, the forcing at the solar wavelengths is the same at the surface and at the top of
the atmosphere.
2.5.2. Aerosol-Water Cycle Interaction
Up to now, most of the fundamental work on aerosol-cloud-precipitation interactions has been derived from
local concepts of direct, semidirect, and indirect (microphysics) effects for individual rain cloud clusters as
described in other sections of this review. The studies of aerosol impacts on the water cycle involving largescale dynamical feedback effects are just beginning. Multiple factors other than aerosols, e.g., local and remote
sea surface temperature changes associated with El Niño–Southern Oscillation (ENSO), land use change, and
warming by greenhouse gases, are well known to have strong control on regional water cycle variability. Up to
now, most studies on aerosol-water cycle interactions are based on coupled model perturbation experiments,
with various assumptions on aerosol properties, distributions, and forcing, superimposed on top of the
aforementioned strong controls and feedback processes. However, model results are highly dependent on the
representation of aerosol processes, which in state-of-the-art climate models are in the early stages of
development and have large uncertainties. In addition, the lack of reliable long-term data for aerosol 3-D
distribution, types, and optical properties has made the task of validating model assumptions and results very
challenging. As a result, there are diverse results and views (see sections 2.5.3–2.6) regarding how the aerosolwater cycle feedback may operate on regional and global scales.
To synthesize current results from models and observations, some basic principles of aerosol-water cycle
interactions need to be stressed. On regional and global scales, the impacts of aerosols on precipitation
involve atmospheric systems with spatial scales of hundreds to thousands of kilometers, and time scales up
to seasonal to interannual and beyond, much longer than those for the life cycles of clouds and synoptic
weather systems. Over these scales, the atmospheric large-scale circulation plays an important role in the
formation of rain and the emission and transport of aerosols. Consequently, responses of regional water
cycles to aerosol forcing are often nonlocal in nature involving atmosphere feedback processes that could
give rise to maximum response in rainfall, winds, and temperature far away from the aerosol source region.
Furthermore, the feedback processes may also change surface energy and moisture ﬂuxes, affecting soil
wetness and sea surface temperature, which have longer memory compared to the atmosphere. Hence
responses to aerosol forcing may also be time-lagged with respect to the maximum aerosol forcing [Lau et al.,
2008; Lau and Kim, 2011].
2.5.3. Rainfall and Diabatic Heating Feedback Induced by Aerosols
This section focuses on aerosol-induced feedback processes over the Asian monsoon regions, where major
aerosol hot spots are located (Figure 6a). In these regions, there is an abundant supply of atmospheric moisture,
and the atmosphere is conditionally unstable. The interaction between aerosols and the regional water cycle
can be extremely complex, involving the interplay among aerosol local forcing from direct (radiative) and
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indirect (microphysics) effects, as well as feedback processes involving changes in monsoon wind, transport of
aerosol and moisture, vertical stability, and latent heating from redistribution of rainfall and convection.
2.5.3.1. Direct Effects
The large negative surface aerosol radiative forcing (Figure 6d) and small thermal capacity over Asian
monsoon land regions compared to the Indian Ocean cool the land faster than the ocean. This could result in
reduced surface evaporation, reduced rainfall, and diminished latent heating over land, leading to a slowing
down of the local Hadley circulation and subsequently a weakening of the monsoon circulation [Liepert et al.,
2004; Ramanathan et al., 2005; Wild and Liepert, 2010; Bollasina et al., 2012; Cherian et al., 2013]. For the South
Asian monsoon, BC has been proposed as the key species of aerosol that could induce regional climate
change [Ramanathan and Carmichael, 2008], but there are uncertainties regarding both BC’s source strength
and the way the associated climate impacts are represented in models [e.g., Bond et al., 2011, 2013; Andreae
and Ramanathan, 2013]. Studies have also shown that desert dusts may have strong impacts on monsoon
rainfall variability and change [Lau et al., 2006a, 2006b; Lau and Kim, 2006a, 2006b; Vinoj et al., 2014 ]
Atmospheric heating by absorbing aerosols (BC and dust) can induce a water cycle feedback through the
so-called Elevated Heat Pump (EHP) effect [Lau et al., 2006a, 2006b]. The EHP postulates that during the
premonsoon and early monsoon season, from April to June, the absorption of solar radiation by thick layers
of dust and BC accumulated over the Indo-Gangetic Plain (IGP) and central India warms the upper part of
the aerosol layer, enhances rising motion and increases the advection of moisture to northern India and the
Himalaya foothills. The increased moisture enhances convective instability and increases rainfall over the
Himalaya foothills and Bay of Bengal region downwind of the southwesterly monsoon ﬂow. The latent heat
from increased rainfall further warms the atmosphere above the aerosol layer and draws in more low-level
monsoon moisture initiating a positive feedback that results in a northward shift of rainfall from central India
to the Himalaya foothills. Since southern India and the Indian Ocean are relatively clean compared to the
IGP and northern India, the EHP-induced tropospheric heating effectively speeds up and ampliﬁes the
seasonal progression of the monsoon by increasing the upper tropospheric meridional temperature gradient
between northern India and regions to the south [Yanai et al., 1992], leading to an advance of the rainy
season in northern India and the Himalaya foothills. The increase in clouds and rainfall in the early season
reduces surface solar radiation and increases soil moisture, causing anomalous cooling of the land regions
over northern and central India. These may sow the seeds for reduced rainfall in July–August or early
termination of the Indian monsoon [Meehl et al., 2008]. Analyses of satellite observations of AOD distributions
from Total Ozone Mapping Spectrometer (TOMS) and MODIS, midtropospheric temperature from Microwave
Sounding Unit (MSU), and satellite-derived Global Precipitation Climatology Project (GPCP) rainfall data
together with station rainfall, and reanalyses of wind data have provided preliminary results supporting aspects
of the EHP hypothesis [Lau and Kim, 2006a, 2006b; Gautam et al., 2009a, 2009b, 2010].
The efﬁciency of the dynamic feedback induced by absorbing aerosols depends on the vertical proﬁle of the
aerosols and the location of the maximum induced heating. Here, CALIOP backscatter and depolarization
proﬁles have provided a key piece of information in support of the EHP; i.e., desert dust transported into
northern India during May–June is carried by the large-scale vertical motion and convection to great heights
(~5 km) over the IGP against the Himalaya foothills [Gautam et al., 2010]. Furthermore, dust particles become
more absorbing, by being swept over industrial cities and coated with ﬁne BC particles. This means that more
absorbing aerosol accumulates over the IGP from surface to higher elevations, thus increasing the feedback
efﬁciency via the EHP effect [Lau et al., 2009a, 2009b].
Variations of the EHP effect have been suggested by several general circulation model (GCM) experiments,
generally indicating that heating due to BC aerosol may increase monsoon rainfall in spring, but reduce
rainfall during the peak summer monsoon season [Meehl et al., 2008; Collier and Zhang, 2009; Randles and
Ramaswamy, 2008; Mahmood and Li, 2012]. Some aspects of the EHP remain controversial, especially
regarding the local versus nonlocal responses [Nigam and Bollasina, 2010; Lau and Kim, 2011]. For example,
observations from CALIPSO satellite data have shown that radiative heating by aerosols over the Tibetan
Plateau is small, leading some authors to question the validity of the EHP [Kuhlmann and Quaas, 2010]. It is
important to recognize that the presence of aerosol and aerosol radiative heating over the Tibetan Plateau is
not necessary for the EHP and related dynamic feedback mechanisms. Model results have shown that the
anomalous warming over the Tibetan Plateau is due to the nonlocal effect of circulation change, i.e., adiabatic
warming from compensating descent over the Tibetan Plateau in association with the aerosol-induced ascent
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over the Himalaya foothills [Lau and Kim, 2010]. The northward shift of the summer monsoon rainfall may
also be related to the increase in low-level moist static energy over northern India, due to advection of
moisture from the Arabian Sea induced by BC heating over the Indo-Gangetic plain [Wang et al., 2009].
Large-scale overturning circulation induced by atmospheric heating by aerosol over the Arabian Sea may
also have an impact on winter monsoon rainfall over the Bay of Bengal [Krishnamurti et al., 2009].
The possible impact of aerosols on the East Asian monsoon is even more complex compared to the South Asian
monsoon, because of the multiple natural and anthropogenic aerosol sources and the much larger spatial scales
of the East Asian monsoon system. Compounding these issues is the strong downstream inﬂuence from the
South Asian monsoon and lateral forcing from Eurasia and the North Paciﬁc. Numerous studies have claimed
attributions of various aspects of rainfall and wind changes in different regions of East Asia to aerosol forcing, but
validation has been a major challenge. At this time, there are diverse views, but no consensus on dominant
forcing and feedback pathways attributed to aerosols that can explain the observed East Asia monsoon rainfall
anomalies, such as the well-known North-dry South-wet pattern over East Asia [Wang and Zhou, 2005].
GCM experiments have shown various possible impacts of aerosol particles on East Asian monsoon climate
dynamics. An increased aerosol loading in China may cause a signiﬁcant increase in precipitation in the southern
part of China in July due to the induced surface cooling in midlatitudes that leads to the strengthening of the
Hadley circulation [Gu et al., 2006]. The dimming effect of sulfate aerosol can reduce atmospheric baroclinicity,
decelerate the East Asia jet stream, and consequently reduce rainfall over East Asia in late spring and early
summer [Kim et al., 2007]. In one study, the combined effects of BC and sulfate aerosols were found to be largely
dominated by sulfates in producing a weakened East Asian monsoon for both summer and winter season
[Liu et al., 2009]. Another GCM experiment has found that through the semidirect effect, BC aerosols can cause a
reduction in cloud and rainfall in Southern China and India, while increasing rainfall over northern China through
increased moisture transport by the West Paciﬁc Subtropical High [Zhang et al., 2009a, 2009b]. However, this
modeling result is contrary to the observed long-term North-dry and South-wet pattern in recent decades [Wang
and Zhou, 2005].
2.5.3.2. Indirect Effects
The aerosol indirect effect on the monsoon water cycle is still in an early stage of research. Evidence of
reduction in cloud effective radius as a function of increasing AOD in northern India, consistent with the
albedo effect [Twomey, 1977], has been found from MODIS and Aerosol Robotic Network (AERONET) data
[Abish and Mohanakumar, 2011; Tripathi et al., 2007; Panicker et al., 2010; Cherian et al., 2013]. Analysis of the
microphysical structure of deep convective clouds over the Indian Peninsular region observed during the
Cloud Aerosol Interaction and Precipitation Enhancement Experiment (CAIPEEX) showed that polluted clouds
had larger concentrations of smaller drops. These clouds had to grow to a greater depth before rain could
be initiated [Konwar et al., 2012; Khain et al., 2013]. From CALIPSO and CAIPEEX data, it was found that during
relatively lightly polluted conditions over the IGP, there was a frequent generation of small droplets above
the height of precipitation initiation due to in-cloud nucleation [Prabha et al., 2011]. However, the speciﬁc
effects of aerosol microphysics effects on system-wide monsoon rainfall and winds are still unknown.
For the East Asian monsoon, coupled chemistry-aerosol climate model experiments have shown that the ﬁrst
indirect effect for the most part reduces surface solar radiation and surface temperature, while the aerosol
cloud lifetime effect can signiﬁcantly suppress rainfall during fall and winter over the East Asian mainland
[Huang et al., 2006, 2007]. However, the results are sensitive to the autoconversion (the process of conversion
of cloud to rain water) scheme used. These studies also found that the combined direct and indirect effects
can lead to increased cloudiness and cloud liquid water, which generates a substantial increase in downward
long wave radiation to the surface. This could lead to an increase in nighttime surface air temperature in
winter and a reduction of the diurnal temperature range over the industrial part of China. Observations from
GPCP and station rainfall data and numerical simulations have shown that there is a decreased frequency
of light rain over China and suppressed rain over the East China Sea in the last 50 years, attributable in part to
the reduced rate of collision and coalescence of cloud drops by aerosols [Qian et al., 2009; Bennartz et al.,
2011]. Another possible impact of aerosol indirect effects on the water cycle is the invigoration of deep
convection through delayed ice nucleation and increased latent heating from ice-phase rain at higher levels
[Rosenfeld et al., 2008a, 2008b, 2008c]. Simulations with high-resolution cloud resolving models have
indicated that aerosol-invigorated convection can enhance moisture convergence and warming of the upper
troposphere locally [Koren et al., 2010a, 2010b; Fan et al., 2012b]. However, evidence of invigoration of deep
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convection systems by aerosols in the Asian monsoon region is lacking. Impacts by indirect effects on the
overall monsoon water cycle remain unclear and may be difﬁcult to separate from aerosol radiative and
dynamical feedback effects.
In summary, models have played an important role in advancing the understanding of aerosol-monsoon water
cycle interactions. However, due to the lack of observational data for validation, especially on aerosol and cloud
properties, the skill of current model simulations of the regional water cycle interaction with aerosol emission,
transport, and aerosol-cloud microphysical processes cannot be ascertained. This skill is likely to not be very
high, however, considering the poor model representations of aerosol and cloud processes. To better
understand the impacts of aerosols on regional water cycles, more work is needed in the areas of improving the
representation of aerosol physics in climate models, particularly the optical and physical properties of aerosols
and their role in hydrometeor activation in both the liquid and ice phases. Satellite observations and derived
quantities related to aerosols, such as the global aerosol radiative forcing (Figure 6) described here, have
been instrumental in providing the global perspective and the basic framework for aerosol-water cycle
feedback studies as discussed in the beginning of this section (see Figure 1). Without this global perspective,
aerosol-cloud-rainfall studies would have remained at the local process level, and aerosol connections to
large-scale dynamics would not have been explored. Most importantly, observations (both satellite and
ground-based) regarding microphysical properties of aerosols and clouds on regional scales are largely missing.
Field observations and future satellite missions with focus on aerosol microphysical and optical properties,
types, and vertical distributions will be key to constraining model results to observations, thus reducing
uncertainties in future model simulations.
2.6. Global-Scale Aerosol Impacts
The Madden-Julian Oscillations (MJO) and the El Niño–Southern Oscillation (ENSO) are two of the most
dominant natural oscillations of the tropical atmosphere-ocean system on intra-seasonal and inter-annual
time scales, affecting a wide range of weather and climate events in the tropics and mid-latitudes [Lau and
Waliser, 2012]. There is now a growing body of evidence, mostly from satellite observations, of global
signatures of aerosol properties, emission and transport associated with MJO and ENSO.
2.6.1. MJO and Aerosols
The MJO is an intrinsic tropical atmospheric oscillation manifested as a planetary-scale eastward propagating
coherent structure of winds, temperature, water vapor, clouds, and precipitation on a time scale of 30–60
days, across the tropical belt spanning the equatorial Indian and Western Paciﬁc Oceans, South America,
and the Atlantic Ocean. The inﬂuence of the MJO is not limited to the tropics but also extends to the extratropics,
through moisture surges and energy propagation via preferred regions in the seasonally varying basic ﬂow
of the atmosphere. As the MJO circumnavigates the tropics, it passes over aerosol sources and outﬂow regions
and exerts inﬂuences on aerosol emission and distribution. Global satellite data have made it possible for
correlative studies of MJO and aerosols. Using the TOMS aerosol index (AI) and MODIS/AVHRR (Advanced Very
High Resolution Radiometer) AOD and the MJO index derived from AVHRR outgoing long-wave radiation,
Tian et al. [2008] showed a strong correlation of AOD with MJO, with high (low) aerosol concentration during
dry (wet) phase of the MJO. Following Wheeler and Hendon [2004], Tian et al. [2011] and Guo et al. [2013]
divided a full cycle of MJO oscillation into eight phases and found negative correlation between MODIS dust
AOD over the Atlantic and low-level zonal wind anomalies, with the former lagging the latter by about one
MJO phase (about 6 days). This indicates that transport of Saharan dust occurs mostly in association with
easterly low-level ﬂow of the MJO. These results are expected, given that MJOs are generally associated with
strong winds and rainfall oscillations that affect aerosol transport and wet deposition processes. However,
how aerosol processes may affect the dynamics and evolution of the MJO is still an open question. Recently, a
small but growing number of studies have indicated possible impacts of aerosols in affecting MJO-related
intra-seasonal oscillations in monsoon regions. Manoj et al. [2010] found from observations obtained using
CAIPEEX and TOMS ozone data that the heating by absorbing aerosols and invigorated convection could
play a role in the transition of the Indian monsoon breaks to active spells. Hazra et al. [2013] showed from
model simulations a coupled dynamical feedback pathway involving aerosol direct heating, cloud microphysics,
and large-scale dynamics that could affect monsoon intra-seasonal variability and predictability. More
recently, Vinoj et al. [2014] have found from MODIS and MISR observations, and conﬁrmed with numerical
experiments, that anomalous dust accumulation over the Arabians Sea can increase monsoon rainfall over
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northern/central India on time scales of days to weeks through fast nonlocal feedback processes involving
aerosol radiative heating and induced changes in monsoon winds, moisture, and convergence. Lau [2014]
has suggested that these fast feedback processes, which are induced by absorbing aerosols (dust and BC),
could play an important role in the response of the Asian monsoon water cycle to global warming.
2.6.2. ENSO and Aerosols
The positive phase of the ENSO, i.e., El Niño, is well known to be associated with increased sea surface
temperature over the tropical eastern Paciﬁc and a weakening of the Walker circulation, characterized by
anomalous large-scale rising motion over the central and eastern Paciﬁc and subsidence over the western
Paciﬁc. Based on tropospheric ozone and CO measurements from the Ozone Measuring Instrument (OMI),
the Microwave Limb Sounder (MLS) on the Aura satellite, and numerical simulations using the Global Model
Initiative Chemistry Transport Model (GMI CTM), studies have found that the anomalous subsidence motion
over the Western Paciﬁc intensiﬁes and prolongs the biomass burning season over the Maritime Continent and
northern Australia [Chandra et al., 2009a, 2009b; Ziemke and Chandra, 2003; Logan et al., 2008]. Analyses of
MODIS and MISR data from the Aqua/Terra satellite have found reductions in aerosol size over the western
Paciﬁc/Maritime Continent during El Niño, indicating dominance of ﬁne particles from biomass burning and
urban pollution, in association with drier and more stable atmospheric conditions. During La Niña, aerosol
size increases over the same region, indicating more coarse particles such as dust and sea salt, in association
with stronger winds and aerosol remote transport. Enhanced forest ﬁre activities over the northern part of
South America during the 2006 El Niño have also been reported [Le Page et al., 2008]. The increase in biomass
burning produces more absorbing carbonaceous aerosols. Biomass burning emissions over the Maritime
Continent of Southeast Asia during El Niño, which corresponds to local drought conditions, have been
estimated to lead to an increase by more than 30 times of the aerosol loading compared to La Niña,
suggesting a possible feedback between drought conditions and biomass burning [van der Werf et al.,
2008]. Enhanced forest ﬁre activities over the northern part of South America during El Niño have also been
identiﬁed from ATSR and AATSR satellite observations [Le Page et al., 2008]. GCM experiments with interactive
sea surface temperature (SST) have shown that increased carbonaceous aerosols from biomass burning in
the maritime continent during El Niño can lead to increased atmospheric heating by shortwave absorption and
SST cooling through reduction of net radiation at the surface. The combined effects lead to increased
atmospheric stability and colder SST, further suppressing rainfall and enhancing the drought conditions [Tosca
et al., 2010]. Besides biomass burning, increased desert dust loading during El Niño detected over Barbados
has been linked to droughts in West Africa [Prospero and Lamb, 2003]. Increased dust emission over the deserts
of Australia may be associated with drought conditions induced by El Niño [Mitchell et al., 2010].
2.6.3. Intertropical Convergence Zone and Aerosols
The Intertropical Convergence Zone (ITCZ) is a narrow region of active deep convection in the near-equatorial
region of the Paciﬁc and the Atlantic, where the southeast and northeast trade winds meet. It coincides with
the rising branch of the Hadley circulation, which is a key component of the atmospheric general circulation.
This subsection highlights recent work on attribution of aerosol effects to changes in the ITCZ and related
climate anomalies in the twentieth century. These works are mostly exploratory and based on numerical
simulations but represent an area of growing interest, as climate scientists are beginning to pay attention
to the possibilities that aerosol may have already impacted major climate anomalies such as the Sahel
droughts during the 1950–1980s. Climate model experiments have suggested that both radiative (direct)
and cloud-mediated (indirect) effects of sulfate aerosols could have impacted tropical SST, which could in
turn change circulation and rainfall in tropical regions. Speciﬁcally, stronger cooling of the Northern
Hemisphere SST compared to the Southern Hemisphere by anthropogenic sulfate aerosols in the Atlantic
may have caused the equator-ward shift of the Atlantic ITCZ and the West African monsoon rain band.
This shift could have suppressed rainfall over the Sahel region, thus causing the long-term Sahel drought in
1950–1980 [Rotstayn and Lohmann, 2002; Biasutti and Giannini, 2006]. On the other hand, a modeling
study [Lau et al., 2009a, 2009b] has shown that atmospheric heating induced by increased dust loading
during Saharan dust outbreaks over the North Atlantic could, through the EHP effect, induce enhanced
convection at the northern ﬂank of the Atlantic ITCZ, abutting the southern edge of the Saharan dust layer.
The increased convection is associated with a stronger African easterly low level jet and enhanced dust
transport from the Sahara [Kim et al., 2010]. These results are consistent with observations from MODIS
and TRMM and from the Africa Monsoon Multiscale Analysis (AMMA) ﬁeld campaign [Jenkins et al., 2008;
Wilcox et al., 2009]. Additionally, Saharan dust aerosols have been suggested as a possible mechanism in
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inﬂuencing tropical cyclogeneses of African easterly waves along the Atlantic ITCZ, affecting long-term
trends of Atlantic hurricanes through induced SST changes and associated changes in the large scale
tropical circulation [Evan et al., 2006; Lau and Kim, 2007a, 2007b; Reale et al., 2014].
Coupled-model twentieth century simulations including cross-hemispheric transport of anthropogenic
aerosols from Asia to Australia have shown increased rainfall and cloudiness over much of Australia during
1951–1996 in agreement with observed trends. The strong impact of aerosols is primarily due to the massive
Asian aerosol haze, which alters the meridional SST and surface temperature and pressure gradients over the
tropical Indian Ocean (warmer in the south, colder in the north), thereby keeping the ITCZ in the Southern
Hemisphere and increasing the tendency of monsoonal winds to ﬂow toward Australia [Rotstayn et al., 2007]. On
an even more profound level, based on the results of coupled model simulations, Booth et al. [2013] have
suggested that aerosols from fossil fuel and biomass burning, as well as volcanic eruptions, had been a prime
driver of North Atlantic climate variability, including the decadal shift in the Atlantic ITCZ in the twentieth
century. This result is controversial, given that multidecadal variability in Atlantic SST has long been thought to
be governed by internal ocean dynamics [Mehta and Delworth, 1995].
The long-term (multidecadal and longer) changes due to aerosols are likely the results of cumulative effects of
responses to relatively small aerosol perturbation forcing, ampliﬁed through a chain of dynamical feedback
processes in coupled ocean-atmosphere models as described in sections 2.5–2.6. These feedback processes
highly depend on the model representation of aerosol physics and ocean-atmosphere dynamics. Initial biases
may be ampliﬁed resulting in large uncertainties. Thus, attributions of aerosol impacts for twentieth century
climate anomalies to aerosols have to be treated with extreme caution. Up to now, most numerical experiments
on aerosol impacts and interaction with the water cycle were carried out independently by modeling
groups, with vastly different assumptions, initial and boundary controls, time period of integration, and
experimental design. These make it very difﬁcult to compare results among models and with observations.
Future work needs to focus on intercomparison of multimodel simulations based on common model
assumptions and experimental designs, using consistent datasets for aerosol emissions and validating
basic model assumptions and climatology based on reliable observations.

3. The Challenge and Methods of Global Measurements of CCN and IN
3.1. The Importance of CCN in Determination of Cloud Properties
Two basic properties govern aerosol particles’ ACPC interactions: the extent to which they scatter and absorb
light and their potential to nucleate cloud droplets or ice crystals under speciﬁc conditions of supersaturation.
This section focuses on the role aerosols play as cloud condensation nuclei. To emphasize that the number
of nuclei depends on the water vapor supersaturation (S), we will use the expression CCN(S) to represent that
fraction of the aerosol population that can nucleate cloud droplets at a speciﬁed value of S. Since the
particles’ composition determines both their radiative properties and their CCN ability, aerosol composition
will also be discussed. Issues related to ice crystal nucleation are addressed in the subsequent section.
As described in section 2.1, the initial microphysical properties of a water cloud are to a large extent
determined by the supersaturation and the number concentration of CCN(S) at the value of S in the cloud
base region. As the cloud evolves, its microphysical properties depend on the evolution of S within the
cloud, the interstitial CCN(S) population present, and the CCN(S) population in air that is entrained into the cloud
at its margins, as well as on interactions between droplets. Therefore, a realistic simulation of cloud behavior
at the microphysical scale depends on having accurate knowledge of the spatial and temporal distribution of
CCN(S) at highly resolved spatial and temporal scales (centimeters to kilometers, seconds to hours).
3.2. The Importance and Required Accuracy of CCN Measurements at Local to Global Scales
The previous sections (especially sections 2.5 and 2.6) have shown the profound impacts of CCN, due to their
inﬂuence on cloud and precipitation properties, on the energy budget, hydrological cycle, and atmospheric
circulations at regional and global scales. This underlines the importance of global measurements of these
aerosols at all scales.
When going from the cloud scale to regional and global scales in weather and climate models, the spatial
resolution requirements for CCN(S) ﬁelds can be relaxed, as long as valid parameterizations exist, since the
spatial variability of aerosols is small compared to the spatial variability of humidity, which dominates cloud
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heterogeneity [e.g., Anderson et al., 2003; Quaas, 2012]. In absolute terms, the CCN spatial variability can still
be rather high. Then, however, regional or global coverage becomes essential. A similar problem exists at
longer time scales: To determine secular trends in ACPC forcings, we need large-scale coverage over time
spans of years to decades. These requirements cannot be met by direct (in situ) measurements, because
the much shorter lifetime of atmospheric aerosol particles with respect to greenhouse gases implies large
spatial and temporal variability. This makes global coverage by in situ measurements impossible and hides
secular trends behind short-term variability. The microphysical processes relevant for ACPC act on time
scales of the order of 102 to 103 s. Snapshot observations from diverse meteorological situations are thus
excellent bases for statistical analysis, and the global coverage of satellite data is in principle able to deliver
the relevant quantities for all weather regimes occurring around the globe. This has been shown previously
for several aspects of cloud physics [e.g., Doutriaux-Boucher and Quaas, 2004; Lohmann et al., 2007].
An urgent need for global observations of CCN(S) by remote sensing follows from these considerations. Because
the microphysical and radiative effects of aerosols act simultaneously on a given cloud population and change the
thermodynamic environment of cloud formation and the microphysical processes of the cloud development
[Rosenfeld et al., 2008a], the CCN(S) ﬁeld should be observed simultaneously with aerosol light scattering and
absorption properties. Since the effects of light scattering (cooling of the ground surface) and absorption (cooling
at the ground combined with heating aloft) have different impacts on atmospheric stability, they must be
observed independently. Here, quantitative measures of absorption are especially important.
The required accuracy of the measurements is determined by the amount of change in CCN that would
make a signiﬁcant difference to the microphysical behavior of a cloud. Because the cloud response to CCN
is logarithmic, the magnitude of this change depends on the CCN reference level. At low CCN concentrations
and in CCN-limited regimes, the large fractional change due to small absolute differences in CCN is
important, and the most cloud-signiﬁcant changes are at the low end of the concentration range. There,
space-borne aerosol remote-sensing techniques have a signal-to-noise problem. In contrast, at large
CCN concentrations or perturbations—for instance, if we want to distinguish between clouds growing over
the clean and smoky Amazon—larger uncertainties, up to a factor of 3 or even an order of magnitude,
may be acceptable. The analysis by Reutter et al. [2009] showed that in an updraft-limited-regime, it would
not make much difference if we have 10,000 or 100,000 cm3 CCN. However, at low CCN concentrations
and in the CCN-limited regime, small differences will be important.
3.3. What Do Current Satellite Sensor Data Offer?
There are no effective remote sensing methods for directly measuring the small-size part of the typical CCN
distribution, as particles of 0.05 to 0.1 μm in diameter, which often make up a signiﬁcant fraction of the
CCN number concentration, are indistinguishable from atmospheric gas molecules with these methods.
Consequently, indirect remote-sensing methods for deducing the CCN distribution have been developed that
rely on in situ observations from aircraft or ground to provide the required detail, with very limited coverage,
combined with larger-scale satellite proxy observations [e.g., Andreae, 2009b]. A very different approach that
might eventually provide better retrievals is described in section 3.5.
The classical “direct” passive remote sensing techniques (e.g., AVHRR, ATSR-2, AATSR, or MODIS) yield
aerosol spatial distribution data only for aerosol load via column integrated extinction (the sum of scattering
and absorption, given as AOD, aerosol optical depth) and for general information on aerosol size (via AOD
spectral dependence at solar wavelengths). Remote-sensing observations that include multiangle and/or
polarization measurements in addition to the multispectral measurements (e.g., AATSR, MISR, or POLDER) can
provide qualitative constraints on column-effective particle size, shape, and single-scattering albedo, but
only when the midvisible (500 nm) AOD exceeds about 0.15 to 0.2 and not for particles smaller than about
0.1 μm, which typically comprise the smaller-sized part of the CCN size distribution. This is valuable but not
sufﬁcient. Because the ratio of aerosol light scattering to absorption is closely connected to the aerosol sources
and atmospheric history, it is likely that data-model-fusion in the form of remote sensing combined with
an aerosol chemistry-transport model could substantially improve the interpretation of remote-sensing
observations [Kahn, 2012; Yu et al., 2013]. Further, remote-sensing techniques cannot detect aerosol below
optically thick cloud, another area where model-data fusion holds promise. And it goes without saying that for
the observation of secular aerosol trends, including aerosol proxies for the CCN distribution, well calibrated,
traceable, and accurate sensors must be kept in orbit.
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3.3.1. Aerosol Optical Depth
AOD and its wavelength-dependence, usually expressed as the Ångström exponent (negative log of the AOD
spectral slope), can be retrieved from many passive satellite sensors observing backscattered solar radiation
such as AVHRR, AATSR, MISR, MERIS (MEdium Resolution Imaging Spectrometer), and MODIS. Algorithm
descriptions and validation are provided in many references [e.g., Nakajima and Higurashi, 1998; Veefkind
et al., 1998; Mishchenko et al., 1999; North, 2002; Martonchik et al., 2009; Kahn et al., 2010; Remer et al., 2005;
Levy et al., 2010, and references therein; see also Kokhanovsky and de Leeuw, 2009 and de Leeuw et al., 2011
for an overview]. A table summarizing the major, currently available satellite tropospheric aerosol data
products is given in Kahn [2012]. The regional variability of AOD broadly corresponds to that of CCN [Andreae,
2009b]. To enhance the suitability of retrieved AOD as a CCN proxy, it has been suggested to calculate
the product of the AOD and the Ångström exponent, the so-called aerosol index, AI [Deuzé et al., 2001;
Nakajima et al., 2001]. This idea makes use of the fact that usually the majority of CCN are ﬁne-mode aerosols,
which produce larger Ångström exponents (all other factors being equal), so qualitatively, substituting AI for
AOD has the correct sign, though not necessarily the correct magnitude. As was shown by Kapustin et al.
[2006], the relationship between AI and CCN depends critically on the details of the aerosol size distribution
and composition and on the ambient relative humidity. Also, currently available Ångström exponent products
derived from satellite data amount to classiﬁcations in about three-to-ﬁve bins for multiangle instruments
such as MISR [e.g., Kahn et al., 2010], and over land, aerosol properties are assumed for single-view instruments
such as MODIS [Levy et al., 2010]. So AI can be used as a qualitative indicator of CCN occurrence, but
quantitative constraints on CCN distribution would require in situ sampling, or some other proxy, in most cases.
3.3.2. Vertical Proﬁles of Aerosol Extinction
Another important property of atmospheric aerosols (and also CCN) is their vertical distribution. Altitude
information can be mapped from multiangle passive instruments like MISR using tomographic techniques for
clouds and for aerosols near sources, where plume features can be identiﬁed in multiple angular views, with
vertical resolution between about 0.3 and 0.5 km [Muller et al., 2002; Moroney et al., 2002; Seiz and Davies,
2006; Kahn et al., 2007; Nelson et al., 2013]. Information on aerosol layer height can be derived from passive
UV-absorption methods even for subvisible layers, e.g., with OMI instrument data, provided the aerosol
extinction and absorption properties are adequately known [Satheesh et al., 2009].
Far from aerosol sources, where visible plume structure is lacking but aerosol layers are more spatially extensive,
detailed aerosol vertical distribution can be obtained from active sensors [Winker et al., 2009, 2010, 2012], nicely
complementing the multiangle techniques [Kahn et al., 2008]. Since 2006, lidar observations in space are
available from the CALIPSO mission. The CALIOP instrument onboard the CALIPSO satellite measures the
backscattered lidar signal at two wavelengths and two polarization states. Important advantages of CALIPSO
observations are that aerosol properties can be retrieved with similar sensitivity over land, ocean, and even
snow, as well as during the day and at night. Also, aerosol observations above thick clouds and even below thin
cloud layers are possible with lidar. The CALIOP observations are available during day and night (with lower
signal to noise ratio during the day due to interference with the solar radiation). From CALIOP observations, not
only information on the vertical extinction proﬁle but also some constraints on aerosol type can be obtained
from the observed degree of depolarization, and ratios of extinction and backscatter [Cattrall et al., 2005;
Omar et al., 2009]. However, as for the passive sensors, the combined use of the observed aerosol spectral
extinction and backscatter to estimate the CCN abundance depends strongly on the details of the aerosol size
distribution. Also, unlike the passive imager data, the width of the satellite footprint at the surface for active
sensors is very limited; for CALIPSO it is only 70 m. Thus, the probability that a speciﬁc scene is observed by
CALIPSO is very low (4 orders of magnitude lower than for passive satellite instruments, ~2000 km versus
~70 m), although extended aerosol plumes are observed frequently.
3.3.3. Aerosol Absorption
Information on aerosol absorption is routinely derived in the ultraviolet (UV) spectral range using the UV
aerosol index (UVAI), which is a measure of spectral contrast (usually referred to as the residue) between two
selected UV wavelengths. The positive part of the residual (the so-called aerosol absorbing index, AAI) was
originally developed for Total Ozone Mapping Spectrometer (TOMS) observations to correct ozone retrievals
in the presence of strongly absorbing aerosols. However, it turned out that the AAI is also a very useful
quantity in itself for detecting absorbing aerosols (mainly desert dust and biomass burning aerosols) [e.g.,
Hsu et al., 1996; Herman et al., 1997; Gleason et al., 1998; Chiapello et al., 1999; Torres et al., 2002]. Recently it
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was also shown that the negative part of the residual contains useful information on (mainly) scattering
aerosols [Penning de Vries et al., 2009; Penning de Vries and Wagner, 2011].
Important advantages of the UVAI are that this parameter can be retrieved above clouds and that it is only
weakly dependent on surface type (because of the small surface albedo and large atmospheric gas opacity
in the UV). The most important limitation of the UVAI, on the other hand, is that it is only a qualitative
indicator of the presence of UV absorbing or scattering aerosols. The difﬁculty in retrieving aerosol absorption
quantitatively arises from the fact that the UVAI also depends strongly on AOD, single scattering albedo,
and aerosol layer height. Moreover, although the UVAI can be retrieved above clouds and to some extent
within and below thin clouds, a strong cloud effect on the UVAI still exists, which further hinders its quantitative
interpretation [e.g., Penning de Vries and Wagner, 2011]. The footprint of current satellite instruments from
which the UVAI can be retrieved is rather coarse, ranging from 12 × 26 km2 for OMI to 40 × 320 km2 for GOME,
which exacerbates cloud heterogeneity issues within retrieval regions. Unfortunately, to date, imaging satellite
sensors usually have little or no coverage of the UV spectral range.
Currently available instruments can also measure aerosol absorption in the visible and near infrared (IR)
spectral range, where the aerosol contribution to radiative forcing is maximal, under good retrieval
conditions (e.g., sufﬁciently high AOD). At longer wavelengths, aerosol absorption can be constrained by
combining multiangle, multispectral, and if available, polarization data, using approaches that rely on
scattering rather than absorption of background Rayleigh UV radiation. With these techniques, surface
albedo must also be taken into account. Qualitative constraints on aerosol single-scattering albedo (SSA) in
the visible can be derived from MISR, in approximately two to four bins over the natural range of SSA,
provided the mid-visible AOD exceeds about 0.15 or 0.2, and the algorithm climatology options include
particles having about the right size and SSA [e.g., Kahn et al., 2009; Kahn and Limbacher, 2012]. With the
addition of polarization, somewhat greater sensitivity to particle absorption can be achieved [e.g., Hasekamp,
2010], as has been demonstrated with POLDER [Waquet et al., 2014]. A next-generation satellite instrument
would exploit the full potential of retrieving aerosol absorption in the visible and near IR from space, by
providing UV, visible, and NIR channels, with both multiangle and polarization sensitivity.
3.3.4. Satellite Observations of Tropospheric Trace Gases as Proxies for CCN
During recent years, several nadir-looking satellite instruments sensing at high spectral resolution were
launched, from which the abundances of tropospheric trace gases can be determined. Some of these
observations might be useful as CCN proxies, at least in certain situations. From observations in the UV, visible
and near IR spectral range [e.g., from GOME-1, SCIAMACHY, OMI, or GOME-2, see Burrows et al., 1999;
Bovensmann et al., 1999; Levelt and Noordhoek, 2002; EUMETSAT, 2005] trace gases such as NO2, HCHO, CO,
CHOCHO, or SO2 can be analyzed. Observations in these spectral ranges are typically sensitive to the entire
tropospheric column including the near-surface layers (for cloud-free cases). From observations in the
thermal IR (e.g., from MOPITT, TES, IASI, and AIRS) CO can be retrieved most easily. Observations made from
high spectral resolution instruments (e.g., IASI) can also provide information about several other trace gases,
which might also be studied as possible CCN proxies (e.g., NH3, CH3OH, and C2H4) [see Coheur et al., 2009].
3.3.5. Relations Between Trace Gases, UVAI, and AOD as CCN Indicators
Some initial studies have been performed investigating the relationship between simultaneous satellite
observations of AOD and tropospheric trace gas column densities: Veefkind et al. [2011] found a signiﬁcant
correlation between MODIS AOD and OMI trace gas columns for various regions in the world. This study,
however, is not based on the correlation of individual observations but on monthly or seasonal means. In
addition, in other cases such correlations could not be found, because they depend on the speciﬁc mixture and
properties of emission sources and the meteorological conditions at a given location. For instance, satellite
observations over Paris or Johannesburg show clearly enhanced concentrations of NO2, but AOD is not
evidently higher over the same area [Sundström et al., 2013]. The use of trace gases as proxies for new particle
formation, also using AOD and UV radiation from satellites, has been proposed by Kulmala et al. [2011].
Recently, Wagner et al. [2013] investigated correlations between measurements of AOD and trace gases for
selected biomass burning regions based on daily observations. Over the investigated regions [Abracos Hill in the
Amazon (-10.75°S, 62.35°W), Mongu in Zambia (15.25°S, 23.15°E), and Bac Giang in Vietnam (21.28°N, 106.22°E)]
enhanced concentrations of CO, NO2, HCHO, and CHOCHO were often found during the biomass burning
seasons (see also Figure 7). However, large differences in the relationship between the different quantities were
found for different locations indicating differences in ﬁre types and chemical transformations.
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Figure 7. Monthly averages (September 2004) for different quantities retrieved from satellite observations over biomass
burning regions. (a) Fire counts derived from AATSR (obtained from ESA, http://shark1.esrin.esa.it/ionia/FIRE/), (b) AOD
retrieved from MODIS (http://neo.sci.gsfc.nasa.gov), (c) UVAI retrieved from SCIAMACHY (http://www.temis.nl), (d) NO2
tropospheric vertical column density (VCD) retrieved from SCIAMACHY, (e) CO VCD retrieved from MOPITT for clear sky
conditions (obtained from the NASA Langley Research Center Atmospheric Science Data Center, http://eosweb.larc.nasa.
gov/PRODOCS/mopitt/table_mopitt.html), (f) HCHO Slant Column Density (SCD) retrieved from SCIAMACHY, and (g)
CHOCHO SCD retrieved from SCIAMACHY. Observations from SCIAMACHY (UVAI, NO2, HCHO, and CHOCHO) are averaged for
clear and cloudy sky observations. NO2, HCHO, and CHOCHO are from retrievals of the Max Planck Institute for Chemistry
Mainz (from Wagner et al. [2013]).
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An important advantage of many of these proxies is that they can be measured from satellite even in the
presence of clouds. For the locations investigated in the study, satellite observations of NO2, HCHO, CHOCHO,
and the UVAI were typically available for twice the number of days compared to AERONET observations.
Besides possible instrumental problems, this difference is mainly related to the presence of clouds. However,
not all satellite observations of trace gases and UVAI made in the presence of clouds yield useful information.
Correlation studies between satellite observations of trace gases (CO, NO2, HCHO, and CHOCHO), UVAI, and
AOD over biomass burning regions indicate that the selected satellite quantities could in principle be used as
proxies for the presence of aerosols and possibly also for CCN, because the emissions of these gases are
correlated with the emissions of the aerosols. However, at least to date, the derived correlations are not speciﬁc
enough, too weak, and/or too dependent on other environmental factors to allow an accurate estimate of
the CCN abundance. The correlation analyses were carried out with respect to AOD measurements and not in
situ CCN data.
In summary, satellite observations of various CCN proxies might have the potential to provide valuable
information on atmospheric CCN abundance. In contrast to AOD observations, they can often be performed in
the presence of clouds, taking into account the cloud height and coverage. Because the gas measurements
as proxies for AOD are not very accurate, however, and the step of translating from AOD to CCN would result in
even greater uncertainty, the usefulness of trace gases as a direct proxy for CCN is not yet known.
It is expected that future satellite observations of trace gases will be improved compared to existing sensors,
especially with respect to spatial resolution, signal-to-noise ratio, and temporal sampling (e.g., using geostationary
orbits). For satellite observations of aerosol extinction proﬁles and aerosol absorption (including the visible and
near IR spectral range), improvements can be expected from combined multiangle viewing and polarizationsensitive instruments. Imaging instruments would need to include two or more UV wavelengths to allow the
retrieval of UVAI at high spatial resolution. Finally, carrying out correlation studies of satellite CCN proxies with
coincident in situ CCN observations on a global scale would make it possible to investigate further the suitability
of the various satellite CCN proxies.
3.3.6. Satellite Aerosol Classiﬁcation
Aerosol type information can potentially be used to identify anthropogenic aerosols, but currently, there still are
limitations regarding the type of information available from satellite observations. For example, the ﬁne mode
fraction has been used as a proxy for urban-industrial pollution [e.g., Bellouin et al., 2005, 2008; Kaufman et al.,
2005b], though many assumptions are involved with this approach and signiﬁcant biases can occur where
natural aerosols are present. Type-speciﬁc optical properties are required to determine the associated topof-atmosphere, in-layer, and surface forcing. To better partition these three terms in the future, the most
important parameters are single scattering albedo and, to a lesser degree, the ﬁrst moment of the scattering
phase function (asymmetry parameter). Multiangle observations by MISR provide perhaps the most successful
approach so far to retrieve aerosol type globally. The MISR product yields qualitative constraints on aerosol
size, shape, and single scattering albedo under good retrieval conditions (e.g., midvisible AOD greater than
about 0.15 or 0.2) [Kahn and Limbacher, 2012]. To date, MISR provides a limited but near-global data set of
aerosol type constraints for an extended period of time [Kahn et al., 2010]; complementary work using
multiangle, multiwavelength, and polarization information from PARASOL is under way [Dubovik et al., 2011]. In
addition, the depolarization and color ratios from lidar provide qualitative classiﬁcation of particle type as well
[e.g., Omar et al., 2009]. Polarized, multiangle, multispectral observations with passive instruments (such as
the PARASOL and APS satellite instruments, and the RSP, MSPI, and PACS airborne imagers that are aimed at
testing concepts for future satellite missions, and the planned 3M imager) combine the strengths of multiple
instruments currently in space, aimed at providing tighter constraints on aerosol type and optical properties
[Mishchenko et al., 2007; Hasekamp, 2010; Diner et al., 2010]. The spectral resolution in the thermal infrared
channels offered by IASI has successfully been explored by Clarisse et al. [2013] to provide aerosol type
information. Also, the spectral resolution offered by instruments such as GOME, SCIAMACHY, and GOME-2 is
used in a synergistic approach together with radiometers to obtain aerosol type information [Holzer-Popp et al.,
2008]. As the experience from MISR [e.g., Kahn et al., 2010], MODIS [e.g., Levy et al., 2010; Remer et al., 2005],
and AATSR [Holzer-Popp et al., 2013; de Leeuw et al., 2013] has shown, it is essential to compare global data sets
from any technique to the “ground truth.” AERONET has proven extremely useful to provide not only optical
thickness data but also constraints on size distribution and to some extent asymmetry parameters, single
scattering albedo, and type [e.g., Holben et al., 2006; Eck et al., 2010]. Satellite AOD sensitivity varies with retrieval
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Figure 8. Relations between AOD at 500 nm and CCN at supersaturation of 0.4% for aerosols, excluding sea spray and dust.
From Andreae [2009b].

conditions; based on AERONET comparisons, MODIS retrieves midvisible AOD to within 0.05 or ±20% AOD over
dark, vegetated land and 0.03 or ±5% over dark water [Levy et al., 2010; Remer et al., 2005], while MISR retrieves
AOD to within 0.05 or 20% and even better over dark water [Kahn et al., 2010].
Aside from surface-based remote sensing, aircraft ﬁeld campaigns staged around the world provide
measurements that go beyond the validation of satellite retrievals, as described below, adding correlative
information about CCN and satellite observables that can be used to improve the translation between globalscale proxies retrieved from space and the particles that effect cloud formation and mediate their evolution.
3.4. Are There Acceptable Simpliﬁcations and Assumptions?
We move from these more general considerations to the particular problem of observing CCN(S). The ability of
aerosols to act as CCN is determined to a ﬁrst approximation by a combination of particle size and hygroscopicity
parameter, κ [Petters and Kreidenweis, 2007]. Therefore, to determine the column burden of CCN(S), one would
need to know the detailed aerosol size distribution, (N(d)), throughout the column and the aerosol compositiondependent value of κ. To complicate matters, aerosol size distribution and composition (κ) typically vary with
altitude. These requirements make the characterization of CCN(S) distributions by remote sensing, and especially
the variability of CCN(S) with height, appear quite challenging. However, a new conceptual approach that uses
clouds as natural CCN chambers might be able to overcome this challenge, as shown in section 3.5.
3.4.1. Relationships Between AOD, Aerosol Composition, and CCN
It is not easy to determine size distributions in the CCN-relevant size range (80–400 nm diameter) from
radiometric measurements, because of a lack of sensitivity to sizes smaller than about 150 nm in diameter and
difﬁculties in extracting size-distribution details. Furthermore, remote observations of κ are not possible, because
they require details of the aerosol composition for CCN-relevant sizes. Fortunately, atmospheric aging over
hours to days results in a signiﬁcant convergence of aerosol properties (N(d); κ) [e.g., Andreae, 2009a; Jimenez
et al., 2009; Dusek et al., 2006; Kammermann et al., 2010; Levin et al., 2012]. Since regionally the shape of the size
distribution and the mean effective κ of most aged aerosol populations vary only over a limited range, there
are tighter relationships than might otherwise be expected between ﬁne-mode AOD (diameters smaller than
1000 nm) and CCN(S) concentration (which is dominated by particles in the 100–200 nm diameter range), as
shown in Figure 8 [Andreae, 2009b]. The empirically observed correlations between column-integrated ﬁnemode AOD and surface CCN(S) measurements also indicate that surface concentrations are often correlated with
column burden. This requires a well-mixed boundary layer with no disconnected layers above (i.e., it may depend
on the time of day and meteorological situation). However, such relationships would not exist when there is
signiﬁcant transported aerosol (e.g., elevated dust or smoke layers) above the boundary layer. At least for regions

ROSENFELD ET AL.

©2014. American Geophysical Union. All Rights Reserved.

778

Reviews of Geophysics

10.1002/2013RG000441

where correlations are observed, rough estimates of CCN(S) abundances from radiometric measurements
seem possible. It must be noted, however, that the CCN-AOD relationship shown in Figure 8 was meant to be
a proof of principle and that the value of CCN(0.4) for a given AOD varies within a factor of about three.
Consequently, this relationship is too coarse to be useful as a predictive parameterization for most applications.
A more detailed study using collocated optical and CCN measurements at selected sites shows similar
relationships [Liu and Li, 2014]. Whereas the study of Andreae [2009b] used (ﬁne-mode dominated) AOD at
500 nm observed from the ground as a measure of column aerosol burden, Liu and Li [2014] explored the
use of a range of wavelengths and the inﬂuence of other variables, such as relative humidity and single
scattering albedo. They showed that some improvement is possible by using AOD at shorter wavelengths to
represent the CCN-relevant ﬁne mode. Based on a data set acquired at a continental site, they proposed a
parameterization for converting AOD to CCN using the aerosol index (i.e., the product of the AOD and the
Ångström exponent), which also can be observed from space. However, the retrieval accuracy of the
Ångström exponent also has large uncertainty (section 3.3.1 above). Their results showed that in the absence
of dominating signals from desert dust, sea salt, or black carbon, the relative estimation error (RE) of their
parameterization is 96%. The RE is deﬁned as (estimated-measured)/measured CCN concentrations at a
supersaturation of 0.4%. Limiting the relationship to relative humidity values of <80% improved the RE to
85%. Although the paper of Liu and Li [2014] does not provide enough detail to allow a clear statistical
evaluation of their stated uncertainty, it is likely that their parameterization is also uncertain to a factor of 2 or
more, which limits its predictive usefulness.
Given the rapidly increasing availability of CCN(S) measurements worldwide, further investigations like those
of Andreae [2009b] and Liu and Li [2014], linking ground data to column data at a wider range of sites, are
encouraged. These should include measurements of CCN(S), scattering coefﬁcient, Ångström exponent,
single scatter albedo, humid growth factor, and size distribution, and ideally also vertical distributions from
lidar or aircraft. Such studies could yield a more representative assessment of the conditions under which the
resulting estimates of CCN(S) are good enough for aerosol-cloud-interaction studies.
Improved algorithms have been proposed, which take into account the effects of aerosol size, composition,
and relative humidity [Gasso and Hegg, 2003; Kapustin et al., 2006], but no quantitative assessment of the
improvement due to these additional physical considerations is yet available. MODIS provides ﬁne-mode
particle concentration over the ocean from remote sensing measurements, for the size range of 0.03–0.1 μm,
called PSML003-Ocean. It was developed with the intention to estimate CCN concentrations, but it was never
validated. Recent work has shown that there are relationships between chemical and optical properties of
aerosols (i.e., between the wavelength dependence of extinction and the organic mass fraction, which in turn is
correlated with the hygroscopicity factor) that may be useful in the remote detection of the CCN properties of
aerosols, provided data speciﬁc to aerosol type are available [Shinozuka et al., 2009].
3.4.2. Synergetic Approaches Involving Ground-Data/In Situ Data and Modeling
Passive radiometric measurements will at best provide column-integrated burdens of a proxy for CCN(S),
and the lack of vertical information limits the usefulness of this information for modeling of ACPC
interactions. Active remote sensing with multiwavelength Raman or multiwavelength high spectral
resolution lidars (HSRL) provide vertically resolved aerosol size distribution data that might offer insights
[de Graaf et al., 2013; Veselovskii et al., 2004], even though the gap between ground and the lowest
detection altitude would need to be closed (e.g., by in situ proﬁling). In a complementary sense,
observational data and model fusion can extend these samples to provide reasonable estimates of aerosol
vertical distributions over larger areas. Another complementary element will be space-borne HSRL lidar
data offered by the upcoming EarthCare mission [Donovan et al., 2013].
An additional difﬁculty is the swelling of aerosols due to the increased relative humidity near clouds that
enhances the AOD, which may cause false positive relationships between AOD and the inferred CCN with
cloud cover [Myhre et al., 2007]. Therefore, aircraft ﬁeld validation campaigns are needed to test the limits of
this approach and to help reﬁne the interpretation of remote sensing data for this application, as appropriate.
More accurate knowledge of the relative humidity and composition of the aerosols could help improve the
conversion between AOD and CCN. For example, Zieger et al. [2011] used combined simulations and
observations around the Cabauw measurement site in the central Netherlands to show the shift of aerosol
equilibrium size due to changing relative humidity with height.
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3.5. Satellite Inference of CCN by
Retrieved Cloud Properties
As discussed above, the conversion of the
optically measured aerosol properties into
CCN is rather inaccurate and has many
limitations, especially in the vicinity of clouds.
However, measuring CCN near the clouds
that interact with them is essential for
understanding cloud aerosol interactions
and aerosol cloud-mediated forcing.
Furthermore, an obvious problem in
measuring CCN interactions with clouds from
space is the fact that they are obscured from
the satellite view by the very clouds that
ingest these CCN from the boundary layer.

Figure 9. The adiabatic effective radius as a function of height
above cloud base (D) for clouds with various number of cloud
drop concentrations at their base, for cloud base at a height of
2 km and temperature of 15°C. Actual aircraft measurements of 1 s re
3
are shown for a cloud that had 610 drops cm
at its base. From
Rosenfeld et al. [2012c].

An alternative approach that can overcome
these problems has been proposed, which
in effect uses clouds as CCN counters
[Rosenfeld et al., 2012c; Rennó et al., 2013].
In a laboratory CCN chamber, a set of known
vapor supersaturations with respect to
water is applied to an air sample containing
aerosol. The number concentrations of
nucleated cloud drops are counted, and the
CCN(S) spectrum is obtained.

Ideally, simultaneous observations of cloud droplet effective radii and updraft velocities near cloud base can
yield classical CCN spectra (i.e., NCCN versus S) in a fashion analogous to a laboratory CCN chamber. With
values of κ based on assumed ﬁne-mode composition adopted from global air chemistry and aerosol
modeling, these CCN-spectra can be inverted to derive rough size distributions. Conversely, if the cloud drop
number concentration (N(d) near its base is known or assumed, κ of the aerosols in the boundary layer can
be derived.
To use naturally occurring clouds as CCN chambers, it is necessary to be able to retrieve the number of
aerosol particles that nucleate into cloud drops at cloud base, Na, and the cloud-base updraft, Wb. A method
for doing this from space was recently introduced by Rosenfeld et al. [2012c], and a satellite mission aimed at
acquiring the necessary data was proposed [Rennó et al., 2013].
The satellite retrieval of Na for convective clouds assumes that all cloud drops are nucleated at cloud base and
that the cloud drops continue to grow with height by condensation as in an adiabatic parcel, without
signiﬁcant coalescence or evaporation due to mixing with the ambient air outside of the cloud. It is also
assumed that the boundary layer is well mixed, so that all clouds in a viewing area several tens of kilometers
in size have the same base height and ingest the same aerosols. Under these conditions, the retrieved vertical
evolution of cloud-top effective radius, re, can be uniquely related to Na for a given cloud base pressure and
temperature, as illustrated in Figure 9. Fortunately, the deviations of the actual re from its adiabatic value in
convective clouds are small for the lower parts of the clouds, because the mixing process is close to
inhomogeneous. Inhomogeneous mixing occurs when the rate of evaporation of small cloud drops is much
larger than the rate of ambient air entrainment, so that the drops that border the entrained air parcel
evaporate completely, while leaving the other drops away from the mixing front little affected and hence
retaining their re. Freud and Rosenfeld [2012] have shown that observed clouds exhibit similar behavior above
their bases up to the height when coalescence becomes signiﬁcant, i.e., when re exceeds about 14 μm.
The average deviation between calculated Na based on the re vertical proﬁle and Na actually measured at
cloud base was an overestimate of about 30%, due to the deviation of the real clouds from the adiabatic
assumption. Freud and Rosenfeld [2012] showed how to correct for this bias if the relative humidity outside
the clouds is known. The updraft velocity, Wb, can be retrieved by high-resolution multiple stereoscopic
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views that allow tracking of the vertical evolution of the cloud surface. The value of Wb can then be
calculated based on the assumption that the airﬂow is continuous between the rising cloud envelope
and the cloud base.
The high spatial resolution of the recently launched NPP/VIIRS (375 m) allows the retrieval of Na for boundary
layer clouds, but Wb has to be estimated by properties such as the surface sensible heat ﬂux and relative
humidity [Williams and Stanﬁll, 2002]. A proof of concept for retrieving CCN using clouds as CCN chambers
was demonstrated in boundary layer convective clouds over the Southern Great Plains super site in
Oklahoma [Rosenfeld et al., 2014]. Na was retrieved from the NPP/VIIRS using the method shown in
Figure 9. The cloud-base height and Wb were measured by vertically pointing ground-based radar.
The supersaturation was obtained by the expression, S = c Wb3/4Na1/2 [Pinsky et al., 2012], where c is a
coefﬁcient that depends on cloud-base temperature and pressure. The satellite-retrieved Na is in fact
CCN(S), as calculated by this expression. It was validated favorably against surface measurements of CCN
under well-mixed boundary layer conditions.
The next step toward demonstrating satellite CCN retrieval is deriving cloud base pressure and temperature,
which are required for the calculation of Na and S. This was achieved from the high-resolution NPP/VIIRS data
and validated against lidar measurements of cloud base with an accuracy of about 1°C and 100 m [Zhu et al.,
2014]. The last piece of the derivation would be retrieving Wb directly by the satellite. The retrieval is based
on the difference between surface air and skin temperatures, cloud base height, and horizontal wind speed.
The error propagation in this method was calculated and presented in Rosenfeld et al. [2012c]. A retrieval error
of underestimating re = 16 μm by 1 μm (a factor of 1.067) corresponds to an overestimation of Na by a factor
of 1.21. Another 20% error can be added due to the uncertainty in the mixing mode of the cloud drops with
the ambient air, bringing the error in retrieving Na to a factor of 1.45. An uncertainty of 20% in Wb causes S to
be biased by 12% in the same direction. A 45% bias in Na causes S to be biased by 14% in the opposite direction.
Combining the errors results in an overall error estimate of 25% in S.
By measuring the cloud updraft and the vertical proﬁles of microstructure and precipitation-forming
processes independently (section 2.1.3), this method can measure the aerosol-cloud interactions in the
most direct and accurate way and can disentangle the aerosol effects from the dynamical effects on the
clouds and precipitation-forming processes. This would allow disentangling the effects of aerosols from
the effects of cloud-base updraft, and thus meteorology, on boundary layer clouds. Measuring the
updrafts at greater heights would require development of a suitable satellite, such as proposed by
Rennó et al. [2013].
3.6. The Importance and Challenge of Measuring Ice Nuclei From Space
3.6.1. The Knowledge Gap in Aerosol Ice Nucleating Activity
A major gap in current knowledge is that of aerosol ice-nucleating properties and number concentrations as
a function of ice super saturation and temperature, at appropriate spatial resolution. This is a key limitation in
observing the relationship between aerosol IN properties and their impact on supercooled and ice clouds.
The gap also makes it impossible to account for IN activity realistically in simulations at all scales. As for the
CCN, ﬁlling the IN gap is an essential prerequisite for including ACPC interactions in climate models and for
validating aerosol model simulations.
One difﬁculty in observing IN aerosols from space is that they are masked by the vast majority of aerosols,
which are not IN. There is roughly one IN for about every 105 CCN aerosols. However, there are some useful
indicators for observing IN aerosols from space.
3.6.2. What Aerosol Types Can Serve as IN?
It is commonly accepted that mineral dust aerosols can serve as IN at modestly low temperatures and low ice
supersaturations. When present in high concentrations, desert dust can be detected reasonably well from
satellites. In addition, heavy urban and industrial air pollution over China was reported to exhibit IN activity
similar to that of desert dust [Rosenfeld et al., 2011]. However, there is no agreement on the IN activity of
carbonaceous aerosols [Hoose and Möhler, 2012]. Some terrestrial biogenic aerosols such as pollen can
serve as IN under low supercooling conditions. Furthermore, particular kinds of bacteria can serve as IN at
relatively warm temperatures of only a few degrees below 0°C [Hoose et al., 2010], but there is presently
no ability to detect them by remote sensing.

ROSENFELD ET AL.

©2014. American Geophysical Union. All Rights Reserved.

781

Reviews of Geophysics

10.1002/2013RG000441

The ﬁnding that the concentration of aerosol particles with a diameter greater than 0.5 μm can explain a
large fraction of the variability in IN concentrations [DeMott et al., 2010] can be addressed with satellite
remote sensing. There is still large variability in the IN activity of different types of aerosols with particle
size greater than 0.5 μm. The only exception is desert dust, which is readily detectable by satellites and
serves as good IN. Again, the essential question is under what conditions is this approach to interpreting
the remotely sensed data adequate for constraining aerosol-cloud interaction models? We conclude that
except for desert dust, the prospects of detecting IN from satellite are not very good.

4. The Challenge of Observing Cloud-Mediated Aerosol Radiative Effects
4.1. The Challenge
The processes by which aerosols can modulate cloud radiative effects at various scales have been discussed
in previous sections. In summary, in terms of aerosol radiative impacts on clouds, both the albedo and
cloud-lifetime or cloud-cover effects were the ﬁrst to be widely recognized. In addition, a large variety of
other microphysical effects have been identiﬁed such as the invigoration of water [Koren et al., 2014]
and mixed phase [Rosenfeld et al., 2008a] clouds, and the “cloud-burning effect” [Ackerman et al., 2000;
Johnson et al., 2004; Kaufman et al., 2005a]. All these aerosol cloud-mediated effects have been broadly
accepted as a collection of concepts for distinguishing different processes. But although cloud-aerosol
interactions can sometimes be very apparent in small-scale observations (for example, in ship tracks as
seen from space if conditions are suitable), Stevens and Feingold [2009] caution that correlations
between observed cloud and aerosol properties cannot always be used to identify cause and effect. It
might be necessary to also consider intrinsic buffering mechanisms in the cloud-aerosol system that
may modulate or counteract the traditional cloud-aerosol effects [Feingold et al., 2010] as well as to
consider the impact of the observational scale [McComiskey and Feingold, 2012]. Moreover, the
meteorological context needs to be taken into account [e.g., Loeb and Schuster, 2008], where the direction of
aerosol inﬂuences can depend on the regime under consideration (positive and negative semidirect effect
[Johnson et al., 2004]; aerosol-precipitation [Rosenfeld et al., 2008a]). Despite these challenges, Stevens and
Feingold [2009] suggest studying these regimes one by one. The challenges here are measuring these
components and disentangling them by remote sensing, especially from the vantage of global coverage
that satellites can provide.
However, before the above challenges can be properly addressed, we have to overcome the low skill
of current satellite sensors in observing cloud and aerosol properties simultaneously, as well as deal
with aerosol retrieval artifacts in the vicinity of clouds [Várnai and Marshak, 2009; Várnai et al., 2012].
Swelling of aerosols due to higher relative humidity in the vicinity of clouds increases their AOD and
AI [Loeb and Schuster, 2008]. Apparent AOD increases further in association with the clouds due to
cloud contamination [Koren et al., 2008b] and thickening of the boundary layer near more-developed
convective clouds. This association of greater AOD in the vicinity of clouds might explain at least part
of the reported increase in cloud cover with greater AOD and AI [Sekiguchi et al., 2003; Kaufman et al.,
2005a; Kaufman and Koren, 2006; Loeb and Schuster, 2008; Koren et al., 2008a; Dey et al., 2011; Small
et al., 2011]. A physically based positive correlation exists between larger cloud fraction and deeper
clouds, especially in convective cloud regimes. Gryspeerdt et al. [2014] demonstrated that this often
explains a substantial part of the indicated decrease in cloud-top pressure in association with greater
AOD, which has been ascribed to aerosol cloud invigoration [Koren et al., 2005, 2010a, 2010b, 2012;
Yuan et al., 2011a, 2011b; Niu and Li, 2012; Koren et al., 2014]. Therefore, reliable documentation of
the effects of aerosols on cloud cover and invigoration cannot be based on comparisons with AOD
and AI exclusively.
The objective here is to move the discussion toward relating retrieved cloud-aerosol interactions to the
energy budgets and to the question where in the atmosphere (or at the surface) the energy is deposited.
Understanding the relationship between the microphysical, macrophysical, and optical cloud-aerosol
parameters on the one hand, and the associated ﬂuxes and heating rates on the other, is essential not only
to attributing budget terms to atmospheric constituents but also to understanding atmospheric dynamics
and radiation-related aerosol-cloud feedbacks and buffering mechanisms directly from observations,
rather than relying solely on model simulations.
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4.2. Limitations of Space-Borne Remote Sensing:
4.2.1. Limitations in Measuring Aerosols in the Vicinity of Clouds
Current studies of aerosol radiative impacts on clouds (and of cloud processing of aerosol particles) from
space are based on separate retrievals of aerosol and cloud parameters in (usually disjoint) satellite pixels. For
spatially homogeneous clouds, the optical thickness of an overlying aerosol layer has been retrieved from
space-borne lidar observations [Chand et al., 2008] without relying on assumptions about the lidar ratio as
had been done in previous studies. Waquet et al. [2009] published the ﬁrst retrieval of aerosol optical
thickness above or within clouds from passive spectral imagery of POLDER, followed by Torres and Bhartia
[2012], who used OMI. However, both studies assumed ﬁxed aerosol optical properties (single scattering
albedo and scattering phase function). Furthermore, they sensed aerosols only above the clouds, whereas it is
also necessary to measure the aerosols that are ingested into the clouds from the boundary layer. Waquet
et al. [2013] used multiangle and multispectral polarized reﬂectance from a POLDER “hyper-pixel” (coarsened
data) to retrieve cloud and aerosol properties separately but point out that their method is not very sensitive
for deriving aerosol single-scattering albedo.
The modeling study by Hasekamp [2010] argues that multiangle polarized reﬂectance observations have an
advantage over single-view nonpolarized passive imagery in providing accurate retrievals of multiple aerosol
and cloud parameters with low dependence on a priori information about, e.g., aerosol type and scattering
properties. For example, the single scattering albedo, index of refraction, and information about aerosol size can
be retrieved by such methods. The index of refraction can be used for estimating the amount of absorbed water
in the aerosols, which reﬂects their swelling in high relative humidity [Kapustin et al., 2006], provided the
retrieval constraints are sufﬁciently tight, and some independent information about particle composition is
available. The value of the combination of multiangle polarized reﬂectance measurements for aerosol retrieval
has been demonstrated by application to PARASOL [Dubovik et al., 2011; Waquet et al., 2014]. The October 2012
PACE (Pre-Aerosol, Clouds, and ocean Ecosystem) science deﬁnition team report [Del Castilo et al., 2012]
discusses the advantages and drawbacks of the various ﬂavors of a “3 M” (multidirectional, multipolarization,
and multispectral) imager concept as currently developed at ESA. Aircraft experiments such as the Polarimeter
Deﬁnition Experiment (PODEX, conducted in early 2013 with the NASA’s ER-2 high altitude aircraft) provide a
test bed for airborne proxy instruments, making it possible to test various options for future satellite
instruments and to validate retrieval techniques with experimental data.
Overall, ACPC requires constraints on CCN size distribution, hygroscopicity, and concentration in the clouddroplet-formation region near cloud base, which are best determined with in situ measurements, but can be
inferred from remotely sensed CCN proxies combined with aerosol transport modeling. (An early example of
this approach is Schwartz et al. [2002].) Aerosols adjacent to clouds, in particle detrainment regions, can be
probed with lidar [Tackett and Di Girolamo, 2009].
In the top-of-atmosphere upwelling irradiance data as derived from Earth Radiation Budget (ERB)-type broadband
instruments such as CERES, aerosol-induced changes to the cloud radiative budget cannot be isolated.
Perhaps the most direct space-borne observation of the aerosol radiative effect above or within clouds is the study
by de Graaf et al. [2012], which uses spectrally resolved reﬂectance observations by SCIAMACHY. From the
measured spectrum, two shortwave infrared wavelengths (only marginally affected by aerosol absorption) are
used to retrieve cloud optical thickness and effective radius, which is then used to parameterize the spectral
reﬂectance under unpolluted conditions. The difference between the observed and parameterized (unpolluted
reference) reﬂectance can be converted into the radiative ﬂux that is absorbed by the aerosol layer above the
cloud. de Graaf et al. [2012] use this method to constrain the direct radiative effect of absorbing aerosols over
clouds in the South Atlantic Ocean west of Africa for the month of August 2006 (23 ± 8 W m2, with a variation
of 22 W m2). This shows the potential and importance of spectrally resolved and contiguous observations.
4.2.2. The Vertical Dependence of Cloud-Mediated Aerosol Radiative Effects
The vertical structure of a cloud-aerosol scene is of fundamental importance for the correct vertical partitioning
of the global energy budget [Trenberth et al., 2009]. Correct knowledge of the vertical distribution of
radiative and of latent heating in the atmosphere and at the surface is key to a better understanding of
the role of dynamics in aerosol-cloud interactions. Unfortunately, surface forcing by cloud-aerosol ﬁelds
is even less well understood than that at the top of the atmosphere [e.g., Wild, 2005; Wild et al., 2013],
let alone the vertically resolved atmospheric absorption and heating rates. Active remote sensing can
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measure the vertical proﬁles and constrain the composition of aerosols. This allows for studying the effect of
aerosol layers above a cloud ﬁeld on the combined aerosol-cloud radiative properties [Costantino and Bréon,
2010]. Chand et al. [2009] used CALIPSO observations to retrieve aerosol optical thickness above cloud layers
and to calculate top-of-atmosphere forcing (aerosol direct effect above clouds). They also derived the
absorption in the atmosphere as a function of the underlying cloud fraction and cloud albedo and
determined the critical cloud properties beyond which top-of-atmosphere cooling by the overlying aerosol
layer turns into warming. This is similar to the effect of surface albedo on aerosol forcing [Russell et al., 2002].
The caveat in any such studies is that the critical cloud fraction or surface albedo depends on the aerosol
single scattering albedo, which is difﬁcult to measure from space.
Wilcox [2012] quantiﬁed observationally a small negative semidirect effect caused by thickening clouds in
response to an overlying but vertically separated absorbing aerosol layer; this differs from the classical
semidirect effect, where the cloud is immersed or is in direct contact with an absorbing aerosol layer, leading
to cloud thinning. The study uses a combination of AMSR-E microwave-derived liquid water path and the OMI
aerosol index for detecting aerosol layers, in conjunction with CERES-derived cloud-aerosol albedo, and
MODIS to screen for overcast conditions. Although it does not rely on active remote sensing, it is one of the
few studies that utilize observations to show the importance of vertical structure when assessing the
magnitude and even the sign of aerosol radiative effects on clouds.
4.2.3. Complications due to Cloud Heterogeneity and 3-D Effects
Heterogeneous cloud-aerosol ﬁelds represent a great challenge to space-borne remote sensing because the
signal measured by passive imagers carries not only information about the diverse atmospheric constituents
and surface properties within the pixel itself but is also superimposed with the radiative signatures of nearby
cloud and aerosol particles, gases, and the surface. Even distant clouds can bias the retrieval of aerosol
properties [Zhang et al., 2005] due to radiation scattered into the pixel of interest. Marshak et al. [2008]
showed that this effect is not spectrally neutral, but results in an enhancement of reﬂectance at shorter
wavelengths (bluing), because secondary scattering by atmospheric molecules, which affects the shortest
wavelengths most, is superimposed on the observed signal. On the other hand, Redemann et al. [2009]
showed by comparison with sun photometer measurements that near-cloud aerosol optical thickness
retrievals from MODIS might have a bias that does not depend on wavelength. In addition to aerosol-induced
biases in cloud retrievals, aerosol particles above or around clouds also produce biases in retrieved cloud
properties, especially when they are absorbing. Haywood et al. [2004] showed that an absorbing aerosol layer
above clouds can mimic an aerosol indirect effect in imager-derived cloud properties; Meyer et al. [2013]
introduce an algorithm that corrects this effect in MODIS cloud retrievals.
Because clouds and aerosols are so difﬁcult to distinguish in many circumstances, Charlson et al. [2007] and
Koren et al. [2007] have emphasized the need to study them as a system rather than separating them artiﬁcially.
Koren et al. [2008b] found that unresolved clouds within the pixel of an imager lead to an overestimation in the
satellite-derived aerosol layer reﬂectance that grows with coarser resolution, and McComiskey and Feingold
[2012] point out that the assessment of aerosol indirect effects depends on the resolution of the data used.
It is generally assumed that retrievals based on polarized reﬂectance are less affected by cloud heterogeneity
because the radiative transfer tends to be dominated by single scattering. The limits of this assumption are
currently being explored with observations (see Alexandrov et al. [2012] for cloud retrievals). Space-based
lidar techniques do not suffer as much from multiple scattering effects. Tackett and Di Girolamo [2009] used
CALIPSO data to show that aerosols in the immediate vicinity of tropical trade wind clouds actually had
reduced droplet number concentration, larger size, and narrower size distribution than cloud particles farther
away. Várnai et al. [2012] used CALIPSO and MODIS observations to quantify the MODIS overestimation of
aerosol optical thickness as a function of the distance to the nearest cloud. However, it is still unclear to what
extent the near-cloud effects in apparent aerosol optical thickness in general are caused by retrieval artefacts
and changes in particle size and/or number concentration.
4.2.4. Assessing the Diurnal Cycle of Radiative Budget Terms
The state-of-the art NASA EOS satellite observations have morning and afternoon overpass times, providing
two snapshots per day (approximately 10:30 AM and 1:30 PM) of the relationship between cloud or aerosol
retrievals on the one hand and the associated upwelling irradiance on the other. However, to follow the
temporal evolution of aerosol-cloud interactions over the course of the day, it is necessary to determine local
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diurnal patterns for scenarios of interest. Geostationary satellites currently provide cloud retrievals that can
be traced throughout the day, but their spectral bands do not allow the accuracy of aerosol retrievals that is
obtained from the polar orbiting satellites. Zhang et al. [2011] used a multiangle approach to obtain aerosol
retrievals from geostationary data, based on Lyapustin et al. [2011]. This work may help to better deﬁne the
requirements for aerosol retrievals from geostationary orbits.
4.3. Aircraft Measurements
4.3.1. Aircraft Simulators for Spacecraft Instruments
Most space-borne sensors to date have aircraft prototype instruments that are tested during spacecraft
instrument development, e.g., on the high-altitude ER-2, which serves as a NASA spacecraft simulator. This
allows the validation of retrieval techniques before the instruments are launched into space. Once a satellite
instrument is operational, aircraft measurements are conducted for validation and vicarious calibration. For
example, MODIS observations of clouds are validated with MAS or MASTER measurements on the ER-2 [King
et al., 2010], and CALIPSO aerosol retrieval products are regularly validated with HSRL on the NASA King Air
[Hair et al., 2008]. In addition, the AERONET ground-based network has proven highly successful in validating
space-based aerosol products worldwide.
4.3.2. Advantage of Aircraft in Resolving Vertical and Horizontal Cloud-Aerosol Scenes
The different observational perspectives from aircraft and ground stations (generally, suborbital
observations) make it possible to go beyond the information that is available about cloud-aerosol layers from
space-borne sensors and to examine the relationship between cloud-aerosol properties and their effect on
the shortwave energy budget. In particular, the absorption of atmospheric layers, and the surface forcing, can
be better constrained from aircraft and from the surface than from space. To date, only a few studies have
used sub-orbital measurements to investigate the aerosol direct, indirect, and semidirect effect.
4.4. Summary of Available and Conceptual Remote Sensing Approaches for Studying Aerosol Cloud
Radiative Effects
4.4.1. Passive Imagers
Passive imagers are still the workhorses of atmospheric remote sensing and, in combination with
scanning (ERB-like) radiometers, will remain the most important tools for probing the radiative energy
budget from space.
Advantages Extensive spatial coverage and frequent repeat cycle; provide top-of-atmosphere radiances,
which is the most important quantity for deriving irradiance; long time-series are already available; retrievals
of a large variety of cloud microphysical parameters are possible.
Drawbacks Limited retrieval capabilities; little or no skill in retrieving vertically resolved cloud and aerosol
properties; not possible to retrieve aerosol and cloud properties within single pixels; retrieval artifacts in
cloud/aerosol properties due to aerosols/clouds nearby; usually low spectral resolution with only a few
bands, or broadband observations.
Possible advancements Higher spectral resolution and wider spectral coverage by multispectral imagers
would increase retrieval capabilities and might increase the accuracy in energy budget estimations,
especially in conditions when aerosols and clouds occur in the same pixel. Multidirectional and multiviews
offer data on altitude and possibly on cloud dynamics. Adding polarization to the multidirectional views can
add information on aerosol and cloud properties in new ways. Speciﬁcally, the Aerosol Polarimetry Sensor
[Mishchenko et al., 2007] was developed for the GLORY satellite mission, but unfortunately its launch on 2011
failed and no replacement is secured yet. Also, multiple instruments in different orbits could provide better
diurnal and generally greater overall coverage.
4.4.2. Active Techniques
From space, CALIPSO has allowed the detection of aerosol layer height and at least some information about
aerosol optical properties. Aircraft HSRL systems allow the retrieval of vertically resolved extinction and some
aerosol type differentiation [Burton et al., 2014]. The next generation of space-borne active instruments will
probably inherit many of the advancements that were made with aircraft instruments over the last 10 years.
For example, the satellite EarthCare mission is planned to carry an HSRL.
Advantages Accurate vertical information; aerosol retrievals in the vicinity of clouds with minimal cloudrelated artefacts; radar allows for a good characterization of precipitation ﬂux.
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Drawbacks The small spatial coverage makes it possible to achieve global coverage only in the statistical
sense (a “slice” of the globe), depending on the orbit. Another problem is that of validation: Whereas MODIS
aerosol products can be widely validated with AERONET data, the narrow swath width of CALIOP does not
cover sufﬁcient surface stations to allow statistically sound validation.
Possible advancements A space-borne high-spectral-resolution lidar (HSRL) would provide layer-resolved
aerosol type information, and a scanning lidar in space might increase the spatial coverage of lidar-based
retrievals. However, the technology for achieving this reliably is still immature.
4.4.3. Multiple Viewing-Angle and Polarized Observations
Observations using multiple viewing angles provide the best currently available global-scale retrievals of
aerosol type and even qualitative constraints on SSA. They allow substantially better separation of the surface
and atmospheric signals than single-view imagers and, by way of determining SSA from space, allow limited
vertical partitioning of budget terms (surface, layer, top-of-atmosphere forcing). Additional, polarimetric
capabilities are available for PARASOL and are currently being added to multiangle imaging instruments
(e.g., in the Multiangle SpectroPolarimetric Imager, MSPI, PACS, and 3MI), which will improve the retrieval of
aerosol optical properties and provide frequent, global coverage. Fully polarized, multiangle, multispectral
observations promise the most detailed aerosol type differentiation and most accurate optical property retrieval
that can be achieved with passive remote sensing from space [Hasekamp, 2010; Dubovik et al., 2012]. They allow
one to distinguish aerosols from clouds, provide enhanced aerosol type information for identifying and at least
to some extent quantifying anthropogenic effects in the climate system. The relative independence from
surface effects on aerosol retrievals might signiﬁcantly increase retrieval accuracy in clear-sky scenes compared
to nonpolarized techniques. Multiangle measurements can also be used for obtaining the vertical structure
and motions of clouds [Moroney et al., 2002; Seiz and Davies, 2006; Martins et al., 2011].
4.4.4. Remarks and Suggestions
Given the limitations of the above-mentioned approaches for aerosol-cloud remote sensing, it is obvious that
no single instrument can close all the gaps in our knowledge. Therefore, a plan to match observations from
several satellites has emerged over the past few years, combined with data assimilation approaches in
numerical weather predictions where raw data (e.g., radiances) are directly ingested into a model by Kalman
ﬁltering. This direct way to connect models to satellite data is realized by so-called instrument simulators,
which provide synthetic measurements that can be compared with the observations. Such model runs are
termed Observing System Simulation Experiments (OSSEs) and have their origins in numerical weather
simulation. Although the results of an OSSE are no substitute for actual measurements, due to whatever
limitations there are in the model physical parameterizations as well as any spatial and/or temporal
resolution mismatch, they offer a powerful way to test the model physics and the consistency of the
measurements [Wind et al., 2013].
To improve the measurement of budget terms from space, it may be advantageous to consider a satellite
having complete solar and terrestrial spectrum coverage in a sun-asynchronous orbit, such as a precessing
orbit, to better capture the diurnal pattern (currently, it is only observed twice a day, at ﬁxed local solar times).
Also, a better knowledge of aerosol single scattering albedo (and the asymmetry parameter) and vertical
distribution will be crucial for partitioning energy budget terms vertically, which might be achieved by
multiangle, polarized measurements.
The A-Train is a constellation of early afternoon, sun synchronous polar orbiting satellites, which were
designed for exploiting the synergy between the sensors on the various satellites. This should be used as a
model for future satellite combinations, possibly with a better overlap of footprints, and/or with pointing
capabilities. The surface budget should be tied better to top-of-atmosphere observations by extending
surface-based observations.
Beyond the synergistic application of current and incrementally advanced measurement and modeling
techniques, the combined retrieval of cloud and CCN properties in the same cloudy area, using a methodology
such as that described in section 3.5, might provide a signiﬁcant advance in the ﬁeld. The retrieved CCN as
well as the response of cloud properties can be assimilated into model simulations to improve the weather
forecasting and constrain GCMs. Having simultaneous CCN, cloud microstructure and dynamical properties will
make it possible to disentangle the aerosol and meteorological effects on the cloud systems. It would require a
specially designed satellite, such as the instrument proposed by Rennó et al. [2013].
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4.5. Loss of Old Satellites and Their Replacements
The past decade has been an unusually fruitful period in terms of remote-sensing observations of aerosols and
clouds, leading to major advances in observation technology, retrieval techniques, climate-quality data sets, and
understanding of underlying aerosol-cloud-precipitation processes. A summary table of major currently
available satellite instruments used for tropospheric aerosol data products is given in Kahn [2012]. The value of
these data, especially for climate studies, rests heavily upon having multidecadal observations with at least the
accuracy and richness of the data currently being acquired, to identify trends, isolate mechanisms by stratifying
on multiple parameters, and validate retrievals from continuing, coincident suborbital measurements. Yet
the resources needed to maintain, and certainly to advance, current capabilities have been difﬁcult to obtain.
There are no follow-on instruments scheduled to carry forward the observations of relevant NASA EOS satellite
capabilities, such as those of CLOUDSAT, CALIPSO, and MISR, which were launched between 1999 and 2006,
and are already functioning well beyond their design lives. Likewise, the loss of ESA’s ENVISAT in April 2012 has
caused a gap in the observations of SCIAMACHY, MERIS, and AATSR. However, after successful launches of the
EUMETSAT/ESA Sentinels, relevant data will become available from SLSTR and OLCI on Sentinel-3, expected
launch in 2015. Sentinel 1 was already launched in April 2014; SLSTR and OLCI are similar to AATSR and MERIS,
respectively, but with extended capabilities. The PARASOL mission terminated in 2013, but multiviewing,
multichannel, multipolarization information will become available from 3 M on Sentinel-5, planned for launch
in 2020. Data from the Ultraviolet Visible Near-infrared (UVN) spectrometer and from Eumetsat’s thermal
InfraRed Sounder (IRS), both embarked on the MTG-Sounder (MTG-S) satellite, will also become available
around the same time; a Sentinel-5 precursor with spectrometer in the UV, visible and solar IR bands
(TROPOMI) is scheduled for launch in 2015. The GPM, a TRMM follow-on mission, was launched in 2014. The
ESA/JAXA Earth Clouds and Aerosol Explorer Mission (EarthCARE) [Donovan et al., 2013], with expected
launch in late 2016, will replace CLOUDSAT and CALIPSO with expanded capabilities for measuring aerosols
using the HSRL technique and cloud vertical motions with its Doppler radar.
The new NPP/VIIRS imager, a MODIS follow-on instrument, is capable of providing imagery that can be used
for retrieving aerosol and cloud properties at a resolution of 375 m. Retrieving cloud and aerosol properties
from geostationary satellites will get a substantial boost from the improved spatial and spectral resolution.
The GOES-R satellite will have a nominal resolution of 2 km for cloud properties, which is an improvement on
the present 3 km resolution of the METEOSAT Second Generation. The METEOSAT Third Generation, which
may be available starting in 2020, will provide imagery with capability of retrieving cloud properties at a
nominal resolution of 0.5 to 1 km.

5. Disentangling the Aerosol Effects on Earth’s Energy Budget in All Its Forms
5.1. The Challenge
In this review, we have shown that aerosols and their interactions with clouds affect, sometimes substantially,
Earth’s energy budgets in all their forms. This constitutes their importance to the climate systems and the
need to quantify all the resulting energy transformations in the context of a GCM. Aerosols affect Earth’s
energy ﬂows in many ways, including the following:
1. Aerosol scattering reﬂects solar energy back to space while cooling the surface.
2. Aerosols absorb solar radiation and heat the layer in which the aerosols reside.
3. Absorbing aerosols, by warming a cloudy air layer, “burns” the clouds, which then reﬂects less solar radiation back to space.
4. Scattering and absorbing aerosols, by cooling the surface, delay or prevent convection and thus prevent
the formation of clouds that would reﬂect more solar radiation to space.
5. CCN aerosols, by nucleating more numerous smaller cloud drops, brighten clouds by the Twomey effect
and reﬂect more solar radiation back to space while cooling the layer below cloud tops.
6. In a very pristine atmosphere, where large S can exist, adding CCN leads to reduced S, additional condensation, and invigoration of shallow water clouds, which then reﬂect more solar energy to space.
7. CCN, by suppressing precipitation in marine Sc, allow the existence of a full cloud cover, along with a very
large (>100 W m2) increase in the reﬂected solar radiation.
8. In deeper clouds, CCN suppressing warm rain causes invigoration by the mechanism of added release of
latent heat, accompanied by greater melting and evaporation cooling at low level. This leads to deeper
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convective overturning, stronger vertical and horizontal winds, and stronger rain intensities, followed by
longer periods to recover from the instability.
The deep cloud invigoration redistributes precipitation in time and space, followed by changes in air
temperature and moisture.
The changes in temperature due to the differences in latent heating lead to changing of air circulation
systems and weather patterns.
The deep cloud invigoration causes greater reﬂectance of solar radiation, which is countered to unknown
extent by reduction in the thermal radiative cooling from the colder and more expansive cloud tops.
The deep cloud invigoration detrains more vapor into the upper troposphere, which serves there as a
potent greenhouse gas.
Ice nuclei aerosols glaciate supercooled cloud water faster and enhance precipitation in the case of
otherwise long-lived water clouds.
Ice nuclei, by glaciating supercooled layer clouds, which are abundant in the polar regions but can occur
even in the tropics at heights above 5 km, cause their dissipation. This creates a negative forcing during
daylight, but a positive forcing at night.

Accounting for all these aerosol effects requires accounting for the energy budget. This implies that doing so
correctly should result in a closure of all the aerosol effects and other components of the energy budget,
along with documenting the physical processes as listed here. This can be best done in the form of a box
closure experiment, which is described in the next sections.
5.2. A Box Experiment for Representing All Fluxes In and Out of a Cube Within a GCM
The essence of a GCM is the calculation of all the ﬂuxes of energy and mass in all their forms between
adjacent grid boxes. The TOA energy balance is the net radiative energy ﬂux through the top of the model,
and in its global integrated form over time and space, it represents the global heat change. When accounting
for the heat that is getting stored in the system in the form of change in ocean heat storage and melted ice,
it is possible to obtain the global surface temperature change. Fluxes of mass at the surface include emission
sources and some of the sinks for aerosols, vapor, and trace gases that occur there.
The ideal ﬁeld experiment that would constrain a GCM is one that can determine all the ﬂuxes within a 3-D
domain, of several hundreds of kilometers on the side, inside a GCM. The regions of greatest interest, where
aerosols have the greatest impact, are described in sections 2.5 and 2.6. The aerosol-dependent interactions of
the processes within the cloud system at the regional scale and beyond can be quantiﬁed by the measured
ﬂuxes through the box boundaries. The ﬂuxes of mass include air ﬂow, water in all its forms in the air, at the
surface, underground, and in the seas and oceans. The ﬂuxes also include relevant trace constituents, such
as aerosols and their precursors. The ﬂuxes of energy include solar and thermal radiation, sensible heat in the
atmosphere and oceans, and latent heat in the form of phase changes of the water substance.
5.3. The Scale of the Box Experiment
Clouds play a major role in modulating the energy and mass ﬂuxes in all their forms. Therefore, the domain of
the box closure experiment should contain the scale of a full lifecycle of a typically deep convective cloud
system which is driven by the diurnal heating cycle. This is necessary for encompassing most of the buffering
effects that may produce systematic and opposite responses of perturbations at different parts and/or
different stages in the lifecycle of the cloud systems. For example, added aerosols may initially suppress rain
but increase it later in the lifecycle of a convective rain cloud system. This implies a required domain size of
about 5 × 5 degrees of latitude and longitude for the box experiment and a time scale of the full lifecycle of
the convective system, which is at least 24 h.
5.4. The Design of the Measurements in the Box Experiment
Major issues in the design of such an experiment are the required accuracy for the various ﬂux parameters,
the kind of measurements, their point accuracy, and the spatial density that are required to achieve it.
Different treatment is needed for the random and bias components of the measurement errors. Therefore,
these two components have to be deﬁned independently.
The estimation of the required temporal and spatial density of the various measurements can be done by a
high-resolution simulation that includes the domain of the box, sampling the data from the sampling times

ROSENFELD ET AL.

©2014. American Geophysical Union. All Rights Reserved.

788

Reviews of Geophysics

10.1002/2013RG000441

and locations, adding to them the instrument measurement errors, and calculating the ﬂuxes at the box
boundaries based on these sampled data. The error can be obtained by comparison of the calculated ﬂuxes
with the “true” simulated ﬂuxes, as calculated based on the full simulated data. This is an essential step in the
design of such an experiment. These calculations will quantify the frequency in space and time of the
measurement means, as shown in Table 1. Their results may also change the priorities of the measurements,
as estimated now and marked in Table 1.
Execution of such a box closure experiment requires a major effort of highly coordinated international
cooperation, as it is beyond the possibility of any single research entity. Integration of such an effort is highly
desirable, because the overall result goes much further than the sum of its components. The experiment that
came closest to this goal was GATE [Frank, 1978], which measured the air and vapor mass ﬂux that is
consistent with the observed amounts of tropical rainfall, using a network of ship-borne radars and
radiosondes at the equatorial Eastern Atlantic Ocean.
5.5. The Constituents of a Box Closure Experiment
Major components of a box closure are as follows:
1. Radiation: Surface and top of atmosphere solar and thermal radiative ﬂuxes, partitioned according to the
contributions from aerosols, clouds, water vapor, and other greenhouse gases
a.
b.
c.
d.
e.
f.

Satellite measurements of TOA radiation, separated into cloud-free and cloudy conditions
Surface downwelling radiation measurements during cloud-free and cloudy conditions
Satellite measurements of precipitable water vapor
Satellite measurements of upper tropospheric water vapor that is detrained from anvils
Satellite measurements of CO2 and other greenhouse gases
Satellite measurements of cloud top temperatures, albedo, and emissivity

2. Nonradiative heat transfer: Surface sensible and latent heat ﬂuxes; atmospheric and oceanic heat storage
and transport; atmospheric vertical proﬁles of latent heating
a. Measurements of surface energy budgets in different types of environments, such as forest, pasture,
and water bodies
b. Calculation of heat advection, based on the atmospheric motions and soundings, and accounting for
latent heating
3. Air motions: The changes in air mass ﬂuxes at the lateral boundaries determine the forcing of circulation
systems. This requires the documentation of lateral mass and latent and sensible energy ﬂuxes
a. Radiosonde network enclosing the box area, complemented, and interpolated by satellite soundings
b. Satellite-retrieved winds at various heights, based on tracking clouds and moisture features
(Atmospheric Motion Vectors)
c. Doppler S-Band radar measurements
4. Hydrological cycle: Precipitation measurements are required for obtaining a vertical proﬁle of the latent
heat and moisture ﬂuxes
a. 3-D coverage of Doppler and polarimetric measurements for measuring the dynamics of the precipitation systems and their hydrometeor types
b. Correction for drop size and attenuation by polarimetric measurements
c. Validation by rain gauge and disdrometer networks
d. Separation into convective and stratiform components
e. Hydrologic measurements of soil moisture, runoff, and stream ﬂows
f. Measurements of evaporation and evapotranspiration
g. Atmospheric height-dependent moisture convergence, as measured by the sounding network and
satellite measurements of moisture soundings
5. Aerosols and their precursors: The aerosol direct and cloud-mediated effects on the radiative and latent
heat budget of the atmosphere, and the resultant changes in the atmospheric motions that feed back
to the clouds, precipitation, and aerosols
a. Surface measurements of precursor trace gases and aerosol size-dependent chemistry, hygroscopicity,
and CCN activity
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Calculation of heat advection,
based on the atmospheric motions
and soundings, and accounting
for the latent heating.
Air motions:
Air motions: The changes in air mass
ﬂuxes at the lateral boundaries determine
the forcing of circulation systems.
This requires the documentation of lateral
mass and latent and sensible energy ﬂuxes.

Nonradiative heat transfer:
Surface sensible and latent heat ﬂuxes.
Atmospheric and oceanic heat storage
and transport; atmospheric vertical
proﬁles of latent heating.

Satellite measurements
of cloud top temperatures,
albedo and emissivity.

Satellite measurements of water
vapor, with emphasis on upper
tropospheric vapor that is
detrained from anvils.
Satellite measurements of CO2
and CH4. (near-surface-sensitive
column-averaged dry air mole fractions)
Tropospheric ozone: Tropospheric
column or layer averaged mixing ratio

Radiation
Satellite measurements of TOA
radiation, separated to cloud-free
and cloudy conditions
Surface downwelling radiation
measurements during cloud-free
and cloudy conditions

Parameter

H

H

H

M

H

H

H

M

H

M

M

H

L

H

H

L

H

Trade Wind
Cumuli

H

Marine Sc

M

H

H

H

H

M

H

H

H

Deep
Convective

5 m/s, 30 km

Divergence of 0.01 kg m

h

3 1

Sensible and latent heat ﬂuxes:
∼15–20% half-hourly
(∼5% daily) random error,
order of 10–20%
surface energy balance closure
deﬁcit [Kessomkiat et al., 2013]
1
0.25 K d of atmospheric heating

Emissivity: ±0.05 for effective
emissivity > 0.50; ±0.15
for emissivity < 0.50
Albedo: No absolute uncertainty
reported; Stability better
than 1%/year
SW TOA Flux: ~ 4% for all-sky,
2–3% over thick cloud

Tropospheric ozone:
TES, OMI, IASI

Tropospheric ozone: 10–20%
[Zhang et al., 2010;
Boynard et al., 2009]
Temperature: ~ ± 5 K
for optically thin clouds
±1 K for optically thick clouds

Sonic anemometer
for ﬂuxes

MISR-MODIS-CERES
(TOA Flux)

AIRS and TOVS
(T and Emissivity)
CERES (Albedo)

CO2, CH4:
SCIAMACHY, GOSAT

ACE-FTS, MIPAS,
AURA-MLS, AIRS

Pyranometer (SW total),
Pyrheliometer (SW direct),
Pyrgeometer (LW)

MODIS, CERES

Instrument

CO2 0.5–1%, CH4 1%
[Buchwitz et al., 2014]

2

2 W m for SW instantaneous
2
grid point measurement; 3.7 W m
for LW [Loeb et al., 2009 JC]
LW: 1%; SW: 2% (daily) [Wild et al., 2013]
2
+3 W/m representativeness error of a
point observation for regional
(1°) means [Hakuba et al., 2013]
10–30% [Hegglin et al., 2008;
Stiller et al., 2012
and references therein]

Achievable Accuracy

a

Table 1. The Measured Parameters, Measuring Instruments, and Achievable Accuracy for the Box Experiments

Satellite

Soundings and
satellites, aircraft

Soundings and
satellites, aircraft

EOS Terra (MISR)

Various NOAA
polar-orbiting
satellites (TOVS)
EOS Terra and Aqua
(MODIS, CERES)

EOS Aqua (AIRS)

Satellite

Satellite

Surface

Satellite

Platform
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M

H
N/A

Measurements of aerosol
hygroscopicity and CCN-activity

CCN activation spectra
including giant CCN
Ice nucleating activity
of the aerosols

M

M

H

Measurements of size-resolved
aerosol chemistry

H

H

H

NA

NA

Aerosol size distribution

—

—

M

M

H

M

M

M

H

H

H

H

H

Trade Wind
Cumuli

H

Marine Sc

Atmospheric height-dependent moisture
convergence, as measured by the
sounding network and satellite
measurements of moisture soundings.
Aerosols and their precursors:
Measurements of precursor gases

Satellite-retrieved winds at various heights,
based on tracking clouds and moisture
features (Atmospheric Motion Vectors).
Doppler S-Band radar measurements
(clear air motions)
Hydrological cycle
Precipitation measurements are required
for obtaining a vertical proﬁle of the
latent heat and moisture ﬂuxes.
3D coverage of Doppler and polarimetric
hydrometeor type and size measurements
3D evolution of drizzle in MSC,
with a cloud radar
Separate to convective
and stratiform components
Hydrologic measurements of soil moisture,
runoff, and stream ﬂows.
Measurements of evaporation
and evapotranspiration.

Parameter

Table 1. (continued)

H

H

M

M

H

M

H

H

M

H

M

H

H

H

Deep
Convective

Link to latent heat

see latent heat ﬂux: ∼15–20%
half-hourly (∼5% daily) random error)
[Kessomkiat et al., 2013]
3 1
0.0001 kg m h

For most inorganic precursors gasses
Monitor instruments
typically better than 5%:
e.g., 1% or 0.2 ppb for SO2
±10% in number size distribution
SMPS or DMPS APS,
in submicron ranges from 20 to 200 nm
PCASP (supermicron)
[Wiedensohler et al., 2012],
decreasing accuracy (±30%) at higher
particle sizes. Total particle number
concentrations better than ±5%.
3
At best 0.1 μg/m for size speciﬁc speciation,
AMS, time of ﬂight
25% for PM1 [Canagaratna et al., 2007].
mass spectrometer
Lower detection limit varying with species,
3
0.03 μg m (nitrate, sulfate, and chloride)
3
up to 0.5 μg m (organics) [Drewnick et al., 2009]
Better than ±20% in hygroscopicity parameter
CCNC, HTDMA
[Su et al., 2010]. For hygroscopic growth factor,
typically ±0.05 [Swietlicki et al., 2008].
For hygroscopic growth factor, typically
±0.05 [Swietlicki et al., 2008]
Similar to aerosol hygroscopicity, above
DMPS, SMPS,
CCNC, PCASP
Better than order of magnitude
INC
in the activated fraction [Jones et al., 2011],

Link to soundings
lateral ﬂuxes

Stream ﬂows

10%

Radar data analysis

Cloud radars

Sensitivity of 15 dBZ
10% of the rainfall accumulation

Polarimetric radar

Polarimetric Radar
and rain gauges

Instrument

20% of MVD

10% of the rainfall accumulation

1 km, 1 m/s

Achievable Accuracy

Airplane, surface

Airplane, surface

Airplane, surface

Airplane, surface

Airplane, lidar,
surface

Airplane, surface

Surface and
satellite radars

Surface radar

Surface and
satellite radars

Surface radars

Platform
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Cloud-aerosol interactions
The aerosol direct and cloud-mediated
effects on the radiative and latent heat
budget of the atmosphere, and the
resultant changes in the atmospheric
motions that feed back to the clouds,
precipitation and aerosols. The great
challenge here is disentangling the
aerosols from meteorological effects
on clouds and their radiative effects.
Cloud cover, optical depth, albedo and radiative
effects under different aerosol conditions
in as similar meteorology as possible.
Study of adjacent clouds in and out of
aerosol plumes can be effective.
For layer clouds: satellite retrieved cloud top
effective radius, liquid water path and cloud
drop concentrations. Validation with aircraft
measurements and cloud radar
For convective clouds: satellite-retrieved
vertical proﬁles of cloud particle effective
radius and thermodynamic phase.
Validation with aircraft measurements.
Cloud base updraft spectra, by
vertically pointing radar and lidar,
and by aircraft and UAVs.
Cloud base CCN, as obtained from cloud base
updrafts and drop number concentrations.
Secondary activation of aerosols in deep
convective clouds. This can be inferred by
the satellite retrieved vertical proﬁles of cloud
particle effective radius, and validated
in more detailed by aircraft.

Surface sun photometers
(spectral AOD)
Satellite measurements of aerosol
parameters: AOD, SSA, spectral AOD,
depolarization ratio, UVAAI.

Parameter

Table 1. (continued)

H

H

H

H

H
M

H

H

H

H
N/A

H

H

H

M

Trade Wind
Cumuli

M

Marine Sc
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M

H

H

H

H

H

H

M

Deep
Convective

1

30% of drop concentrations
at cloud base
30% of small drop and
ice concentrations at any level

On the order of 0.1 m s

Data processing

Data processing

Radar, lidar

Data processing

Data processing

LWP, re, Nd, cloud optical depth for
convective and layer clouds

10% of the effective radius

Data processing

sun photometers
(Cimel)

Instrument

LWP, re, Nd, cloud optical depth
for convective and layer clouds

14% for activated fraction in deposition
freezing [Kanji et al., 2013]
Cimel 0.01 [Eck et al., 2010],
Microtops 0.02 [Ichoku et al., 2002]
AOD: The larger of 0.05 or 20% over land;
the larger of 0.03 or 10% over dark water.
SSA—qualitative two-to-four bins between
very absorbing and nonabsorbing.
Particle size—qualitative ﬁne/coarse
ratio over water from MODIS; qualitative,
three-to-ﬁve size bins from MISR
UVAI—Precision of 0.1 for AI > 0.8
over ocean, and for AI > 0.5 over land.
from OMI [Torres et al., 2013]

Achievable Accuracy

Surface and aircraft

Satellite

Airplane, surface

Platform
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a

1500 km
500 km
500 km
200 km
200 km
500 km?
50 m
100 m
100..400 m
50 m
100 m
1000 m
3 days
1 day
1 day
Offshore
South China Sea, Indonesia,
California,
Gulf of Mexico Amazonas,
Offshore Chile,
Congo
Canary Islands
or Cape Verde

10.1002/2013RG000441

The importance codes in columns 2–4 are as follows: High (essential, must be included), M (important to be included), L (low priority). Instrument names are as follows: AIS, Aerosol and Air Ion
Spectrometer; AMS, Aerosol Mass Spectrometer; CCNC,Cloud Condensation Nuclei Counter; Cimel, Sun photometer; DMPS, Differential Mobility Particle Sizer; HTDMA, Hygroscopic Tandem
Differential Mobility Analyzer; INC, Ice Nuclei Counter; NAIS, Nanometer aerosol and Air Ion Spectrometer; PCASP, Passive Cavity Aerosol Spectrometer Probe; PSM, Particle Size Magniﬁer;
SMPS, Scanning Mobility Particle Sizer.

SMPS, PCASP
Similar to the size distribution
measurements (above)
M
M

M

M
M

Vertical proﬁle of hydrometeor
types, concentrations and sizes,
by surface and space borne radars.
Detrained aerosols from the
clouds at various heights, as
measured by aircraft.
Scales
Horizontal along wind
Horizontal across wind
Vertical resolution
Horizontal resolution
Temporal scale
Potential locations

H

link to polarimetric
radar measurements

aircraft

Surface and aircraft
AIS, NAIS, DMPS, PSM

Qualitative in smallest sizes
(diameter < 3 nm), similar to particle
number size distribution measurements
in larger sizes (Kulmala et al., 2012]
20% of MVD
M
M
New particle formation

M

Platform
Instrument
Trade Wind
Cumuli
Marine Sc
Parameter

Table 1. (continued)

Deep
Convective

Achievable Accuracy

Reviews of Geophysics

b. Ice nucleating activity of the aerosols
c. Airborne measurements of the same parameters,
and spectral scattering and absorption coefﬁcients
throughout the vertical proﬁle; airborne lidar
d. Surface sun photometers
e. Satellite measurements of aerosol parameters: AOD,
SSA, Ångström exponent, depolarization ratio. Aerosol
types can be retrieved based on these and on multiangle measurements, as described in section 3.3.6
6. Cloud-aerosol interactions: The aerosol direct and
cloud-mediated effects on the radiative and latent heat
budget of the atmosphere, and the resultant changes
in the atmospheric motions that feed back to the clouds,
precipitation, and aerosols. The great challenge here is
disentangling the effects of aerosols from meteorological
effects on clouds and their radiative effects
a. Cloud cover, optical depth, albedo, and radiative
effects under different aerosol conditions in as similar meteorology as possible; study of adjacent clouds
in and out of aerosol plumes can be effective
b. For layer clouds: satellite retrieved cloud top effective
radius, liquid water path and cloud drop concentrations; validation with aircraft measurements
c. For convective clouds: satellite-retrieved vertical proﬁles of cloud particle effective radius and thermodynamic phase; validation with aircraft measurements
d. Cloud base updraft spectra, by vertically pointing
radar and lidar, and by aircraft and unmanned aerial
vehicles (UAVs)
e. Cloud base CCN, as obtained from cloud base
updrafts and drop number concentrations
f. Secondary nucleation of aerosols in deep convective
clouds; this can be inferred by the satellite-retrieved
vertical proﬁles of cloud particle effective radius and
validated more detail by aircraft
g. Vertical proﬁle of hydrometeor types, concentrations,
and sizes, by surface and space borne radars
h. Detrained aerosols from the clouds at various heights,
as measured by aircraft
i. Composition and longevity of supercooled layer clouds,
and their dependence on CCN and IN, as measured by
aircraft, lidar, radar, and satellites
j. Cirrus microstructure, radiative effects and their
dependence on CCN and IN, as measured by aircraft,
lidar, radar, and satellites
5.6. Recommended Cloud Regimes and Locations for
the Box Experiment
The criteria for the selection of the cloud regimes and sites
for box experiments are as follows: (1) cloud regimes that
cover a large fraction of the world, (2) cloud regimes that
are known or suspected to be susceptible to aerosol effects,
(3) regimes where the clouds are not dominated by
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synoptic forcing, and (4) regions that experience large variability of aerosols for the same cloud and
meteorological conditions.
The cloud regimes and the geographic areas that best satisfy these conditions are as follows:
1. Marine stratocumulus
a. Off the coast of Chile
b. Off the coast of California
c. The Canary Islands or Cape Verde
2. Trade wind cumulus
a. Southwest China Sea off the coast of Vietnam in winter
b. The western Gulf of Mexico in winter
3. Deep tropical convection
a. Indonesia
b. The Amazon
c. Congo
5.7. Process Studies
In addition to the box experiment, process studies are also needed, as the model simulations are lacking
much knowledge of the processes involved.
Process studies of high priority, addressing major gaps of knowledge, include the following:
1. Ice forming processes, both primary and secondary.
2. The nature of mixing of convective clouds—homogeneous versus inhomogeneous. This has major implications for the ability to retrieve Na from satellites.
3. Secondary activation well above cloud base.
4. Environmental controls of cloud base updraft.
5. Impact of chemical composition of aerosols on their CCN activity.
These topics are already well recognized and the subject of current research. Numerical experiments might
highlight missing physics not yet recognized and being researched.
5.8. Global Experiments
The results of the box experiment are conﬁgured for constraining the parameterization of the global models.
The improvements in the global models and in the satellite retrievals will be implemented and applied to
regional and global scales. Then the model simulations and satellite retrievals at these larger scales will be
checked for consistency.
5.9. Recommendations
Our overall objective is to facilitate the understanding of the role of ACPC in climate forcing, which leads to
reducing the uncertainties of the aerosol effects and its anthropogenic forcing component. Here we present
recommendations for the ways to reach this goal. There are two levels of experiments: (1) case study process
experiments and (2) box closure experiments.
The essence of a GCM is the calculation of ﬂuxes of mass and energy between the adjacent grid cells and the
upper and lower boundaries of the domain, i.e., surface and TOA. The box closure experiment measures
the ﬂuxes through the boundaries of a box that include several GCM grid cells to the extent possible. In order
to reach physically meaningful closures, the box of the closure experiment must be at the minimum time
and space scales of the lifecycle of the convective systems, which is about 5 × 5° and 24 h. This has to be
repeated for a large number of convective events. In addition, in order to reach the necessary accuracy of the
calculated ﬂuxes, the box experiment needs to have a “critical mass” with respect to the measurements
that need to be made in order to be effective. There are incremental steps that can be taken before the larger
box experiment is performed. Such steps include the following: (1) perform closure studies of clouds and
CCN, using satellite, airborne, and surface measurements that constrain numerical simulations; (2) use a
combination of measurements and models for disentangling meteorology and aerosol microphysical effects
on clouds on a case study basis; and (3) 3-D combined retrievals of cloud and nearby aerosol properties.
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Design box closure experiments, separately for marine Sc, trade winds, and tropical deep convective clouds.
The focus of these experiments will be on quantifying to the extent possible the ﬂuxes of energy and mass in
all their forms at the boundaries of the box. This includes radiation budgets at the surface and TOA. The
design of the box experiment can be made along the following outline:(a) running the numerical simulations
for the design and evaluation of the scales and magnitudes of the various terms and measurables, (b)
compare the results with existing measurements and identify discrepancies and gaps, (c) identify smaller
scale studies that can address the gaps without the need for the whole box experiment, (d) evaluate the
needed accuracy and spatial and temporal sampling strategy for the various measurements, and (e) identify
the appropriate instruments and their platforms for the required measurements.
The expected outcomes of the box experiments are as follows: (1) improved interpretation of satellite
measurements of cloud-aerosol interactions; (2) improved constraints on the aerosol indirect effects for the
marine Sc, trade wind and deep convective clouds systems, which in combination represent most of the
Earth’s atmosphere; (3) improved parameterization of cloud-aerosol interactions for simulations at scales
from cloud-resolving to global; and (4) reduction of the uncertainty in the aerosol effects on earth energy
budget and the anthropogenic forcing component.
As the scale of these box experiments is larger than any single entity can support, large-scale international
cooperation and coordination for realizing this vision will be required.

6. Summary
An overarching goal of the research on ACPC interactions is the ability to realistically represent them in
numerical weather prediction and climate models. In numerical weather predictions, the goal is to enable a
realistic representation of precipitation characteristics, including extreme events, along with generally
more realistic weather forecasts. In climate prediction, ACPC research aims at a realistic representation
of the radiative forcing by anthropogenic aerosols and of cloud- and aerosol-related feedbacks in the
climate system.
The processes of ACPC originate at the microphysical scale. For many of these processes, theories and
fundamental understanding are available (e.g., droplet activation and generation of warm rain (section 2.1) or
aerosol scavenging (section 2.4). For others, fundamental knowledge is scarce and science relies on empirical
studies (e.g., ice nucleation and precipitation formation in mixed-phase clouds). How these microphysical
processes translate into macrophysical processes such as precipitation ﬂuxes at the surface, latent heating of
the atmosphere, or radiation ﬂuxes depends on cloud dynamics and differs between aerosol-cloud regimes
due to a large variety of feedbacks, sometimes enhancing, sometimes “buffering” initial perturbations
(section 2.2). Finally, effects of aerosols on large-scale climate phenomena are difﬁcult to analyze from
observations alone. Such studies have to rely on a model-data combination, applying models that
represent the relevant ACPC interactions as realistically as possible and as comprehensively as necessary
(sections 2.5 and 2.6).
In consequence, the challenge is twofold, namely, to empirically develop an understanding of (1) how
microphysical and cloud-dynamical processes of ACPC function (a process-scale understanding) and (2) how
the ACPC interplay affects the energy and water cycle, speciﬁcally how it affects diabatic heating, at a cloudsystem scale; i.e., how it can be parameterized at horizontal scales from 1 km to 100 km for numerical weather
predictions and GCMs (a statistical understanding).
The latter approach needs to rely on simpliﬁcations, and such assumptions can be validated at least for
speciﬁc aerosol-cloud regimes (section 2.1).
Since model parameterizations have to apply to all weather situations, observations need to cover all relevant
aerosol-cloud regimes. Satellite data covering the global scale and long time series have proven to be of
outstanding relevance to ACPC research.
Satellite observations available today offer a tremendous wealth of data, covering several decades of basic
aerosol and cloud retrievals and covering several years of comprehensive aerosol, cloud, precipitation, and
radiation retrievals (section 3.3). Metrics to quantify aerosol-cloud-precipitation interactions have been
deﬁned based on available satellite retrievals (section 2.3) and have proven very useful for evaluating models.

ROSENFELD ET AL.

©2014. American Geophysical Union. All Rights Reserved.

795

Reviews of Geophysics

10.1002/2013RG000441

However, the very quantities necessary to assess the effect of aerosol on clouds, the cloud condensation
nuclei (CCN) and ice nuclei (IN) concentrations, are not available from current retrievals (sections 3.1, 3.2, and
3.6). Indeed, current satellites do not allow the retrieval of aerosol properties in situations with clouds or
precipitation present, and thus, ACPC studies based on satellite data, in any case, cannot rely directly on
satellite retrievals without assumptions or additional information (sections 4.2 and 4.5). But present retrievals
of cloud properties are inadequate in several regards: For liquid clouds, droplet number concentration
retrievals rely on many assumptions, and for ice clouds, information on crystal number concentrations,
shapes, and orientations is unavailable or very uncertain.
One option to improve the situation for CCN retrievals may be to apply a new concept for a future satellite
mission, using clouds in the atmosphere as a “natural cloud chamber” (section 3.5). Another option is to
advance methods for aircraft observations (sections 4.3 and 4.4).
For a breakthrough in scientiﬁc research on ACPC, however, this study argues that a coordinated effort using
observations and models from process to large scales is necessary. Such a “box experiment” would actually
need to address not just one, but ideally all relevant aerosol-cloud regimes, and cover at least the scale of
several general circulation model grid boxes.

Notation
AAI
AATSR
ACE/FTS
ACI
ACPC
AERONET
AI
AIRS
AMMA
AMSR-E
AOD
APS
ARE
ATSR
AURA-MLS
AVHRR
BC
BRDF
CAIPEEX
CALIOP
CALIPSO
CCI
CCN
CERES
CHASER
d
D*
EarthCARE
EHP
ENSO
ENVISAT
EOS
ERB
ESA
f
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aerosol absorbing index
Advanced Along Track Scanning Radiometer
Atmospheric Chemistry Experiment/Fourier transform spectrometer
Aerosol Cloud Interactions effect
aerosol-cloud-precipitation-climate interactions
Aerosol Robotic Network
aerosol index
Atmospheric Infrared Sounder
Africa Monsoon Multiscale Analysis
Advanced Microwave Scanning Radiometer - EOS
aerosol optical depth
Aerosol Polarimetry Sensor/Aerosol Particle Sizer
Aerosol Radiative Effects
Along Track Scanning Radiometer
Microwave Limb Sounder onboard AURA satellite
Advanced Very High Resolution Radiometer
black carbon
bidirectional reﬂectance distribution function
Cloud Aerosol Interaction and Precipitation Enhancement Experiment
Cloud-Aerosol Lidar with Orthogonal Polarization
Cloud-Aerosol Lidar and Infrared Pathﬁnder Satellite Observation
Aerosol Climate Change Initiative
(number concentration of) cloud condensation nuclei
Clouds and Earth′s Radiant Energy System
Clouds, Hazards, and Aerosols Survey for Earth Researchers
aerosol or cloud drop diameter
cloud depth for reaching re* and initiation of rain
Earth Clouds, Aerosols and Radiation Explorer
Elevated Heat Pump
El Niño–Southern Oscillation
environmental satellite
Earth Observing System
Earth Radiation Budget
European Space Agency
fractional cloud cover
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GCM
GERB
GEWEX
GMI CTM
GOES-R
GOME
GOSAT
GPCP
GPM
HIAPER
HIPPO
HSRL
IASI
IGAC
IGBP
IGP
iLEAPS
IPCC
IN
IR
IRS
ISSI
ITCZ
JAXA
κ
LIDAR
LW
LWP
MAS
MASTER
MERIS
MIPAS
MISR
MJO
MLS
MODIS
MOPITT
MSG
MSPI
MTG
MTG-S
MVD
Na
Nccn
Nd
NIN
NASA
NIR
NPP/VIIRS
OLCI
OMI
OSSEs
PACS
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global circulation model
Geostationary Earth Radiation Budget
Global Energy and Water Cycle Experiment
Global Model Initiative Chemistry Transport Model
Geostationary Operational Environmental Satellite - R
Global Ozone Monitoring Experiment
Greenhouse Gases Observing Satellite
Global Precipitation Climatology Project
Global Precipitation Mission
High-performance Instrumented Airborne Platform for Environmental Research
HIAPER Pole-to-Pole
high spectral resolution lidar
Infrared Atmospheric Sounding Interferometer
International Global Atmospheric Chemistry
International Geosphere–Biosphere Programme
Indo-Gangetic Plain
Integrated Land Ecosystem–Atmosphere Processes Study
Intergovernmental Panel of Climate Change
ice nuclei
infrared radiation
InfraRed Sounder
International Space Science Institute
Intertropical Convergence Zone
National Space Development Agency of Japan
aerosol hygroscopicity parameter
laser imaging, detection and ranging
longwave radiation
liquid water path
MODIS airborne simulator
MODIS/ASTER airborne simulator
Medium Resolution Imaging Spectrometer
Michaelson Interferometer for Passive Atmospheric Sounding
Multiangle Imaging SpectroRadiometer
Madden-Julian Oscillations
Microwave Limb Sounder
Moderate-Resolution Imaging Spectroradiometer
Measurements Of Pollution In The Troposphere
METEOSAT Second Generation
Multiangle SpectroPolarimetric Imager
METEOSAT Third Generation
MTG-sounder
Median Volume Diameter
number of activated cloud drops at cloud base
number concentration of CCN
cloud drop number concentration
number concentration of IN
National Aeronautics and Space Agency
near-infrared
Suomi National Polar-orbiting Partnership/ Visible Infrared Imaging Radiometer Suite
Ocean Land Color Instrument
Ozone Monitoring Instrument
Observing System Simulation Experiments
Passive Aerosol and Cloud Suite
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PARASOL
PODEX
POLDER
re
re,crit
S
SAT-ACPC
Sc
SCD
SCIAMACHY
SLSTR
SOA
SSA
SST
SW
T
Tg
TES
TOA
TOMS
TOVS
TP
TRMM
TRMM-LIS
TROPOMI
τ
UAV
UTC
UTLS
UV
UVAI
UVD
VCD
VOC
Wb
WCRP
3MI
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Polarization & Anisotropy of Reﬂectances for Atmospheric Sciences coupled with
Observations from a Lidar
Polarimeter Deﬁnition Experiment
Polarization and Directionality of the Earth′s Reﬂectances
cloud drop effective radius
critical re for initiation of rain
water vapor supersaturation
Remote Sensing of Aerosol-Cloud-Precipitation-Climate interactions
Stratocumulus clouds
Slant Column Density
Scanning Imaging Absorption Spectrometer for Atmospheric Chartography
Sea and Land Surface Temperature Radiometer
secondary organic aerosol
single-scattering albedo
sea surface temperature
shortwave radiation
cloud-top temperature
glaciation temperature
Tropospheric Emission Spectrometer
top of the atmosphere
Total Ozone Mapping Spectrometer
TIROS Operational Vertical Sounder
tropopause
Tropical Rainfall Measuring Mission
Lightning Imaging Sensor onboard the Tropical Rainfall Measuring Mission satellite
TROPOspheric Monitoring Instrument
cloud optical thickness
unmanned aerial vehicle
coordinated universal time
upper troposphere and lower stratosphere.
ultra violet radiation
ultra violet aerosol index
ultraviolet visible near-infrared spectral range
Vertical Column Density
volatile organic compounds
cloud base updraft
World Climate Research Program
multiviewing, multichannel, multipolarization imaging mission
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