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Charge to the APS-2 Science Team and Review Panel
On 4 March 2011, the Aerosol Polarimetry Sensor (APS) was lost as a consequence of
the failed launch of the Glory Mission. On 6 March 2011, Dr. Michael Freilich, Director
of the Earth Science Division, Science Mission Directorate, NASA Headquarters, directed the Glory APS Science Team to perform a comprehensive study intended to develop and evaluate the science rationale for an APS reflight. This study was to be performed with the help of a panel of outside experts, and its results were to be summarized
in the form of a white paper focusing on the following topics:
● What is the current state of the art and the uncertainties associated with estimates of
●
●
●

●
●

●
●

aerosol radiative forcings based on existing satellite data and models?
What are or will be the critical science questions concerning aerosol effects on the
Earth system currently and extending to ~2020?
What are the limitations of our current and confirmed space-borne aerosol observational capabilities to address these questions?
Can an APS-2 sensor (a near-carbon copy of the Glory APS) add significantly to the
aerosol retrieval capability of current satellite instruments and those expected to be
launched before 2015?
What are the gaps in our knowledge of aerosols that APS-2 would fill?
What is the key aerosol and cloud information expected to be provided by APS-2 observations that can be used by process models and climate models to improve projections of changes in the Earth system?
Can formation-flying enhance the ability of APS-2 to address these questions?
What is the likely impact of postponement of an advanced aerosol polarimetry mission for ~10 years?

This document describes “The real problems to be solved, and how the APS-2 mission
will advance the solution, making unique and essential contributions.”
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Executive summary
Although the effect of tropospheric aerosols on the Earth system is believed to be
nearly comparable to that of the greenhouse gases, it remains poorly quantified and
represents one of the largest uncertainties regarding Earth-system change and its
anthropogenic component. Addressing this problem requires an advanced spaceborne polarimeter providing accurate global measurements of detailed aerosol properties.

Natural and man-made aerosols are essential constituents of the atmosphere affecting
many physical and chemical processes as well as global climate and temperature. The
Intergovernmental Panel on Climate Change’s Fourth Assessment Report (IPCC-4) characterizes the current level of understanding of the direct and indirect aerosol radiative
forcings as “medium–low” and “low”, respectively. However, more recent studies indicate that the total direct forcing uncertainty can be a factor of 2 – 4 greater than the value
cited in IPCC-4. They also imply a substantial aerosol indirect forcing via cloud changes.
The current uncertainties in the aerosol radiative effects are so large that they preclude
definitive climate model evaluation by comparison with observed global temperature
change. They also introduce large uncertainties in attributions of causes to observed
Earth-system changes, and are in part responsible for differences in Earth-system forecasts. Continued failure to quantify the specific origins of the large aerosol forcings is
untenable, as global knowledge of changing aerosol properties is needed to understand
the mechanisms of changes in the Earth system.
Providing this critical knowledge was the main objective of the Aerosol Polarimetry
Sensor (APS) on-board the Glory Mission authorized by NASA in 2005. The APS team
devised a number of unique innovations to realize the requisite aerosol and cloud measurements. While there have been advances in space-based aerosol observation capabilities
during the past decade, no other existing or confirmed satellite sensor can provide the
measurements needed to significantly improve estimates of the aerosol radiative effects
and their anthropogenic components. Pre-flight tests of the Glory APS, extensive sensitivity studies, and analyses of photopolarimetric data collected with an airborne prototype
have led to an improved understanding of the expected retrieval capabilities of APS.
They strongly indicate that, in conjunction with other ground-, air-, and space-based assets and advanced process and climate models, APS would have met its main objective. If
launched successfully, it would have also demonstrated a methodology ideal for future
long-term monitoring of atmospheric aerosols and their Earth-system effects.
Recent advances in the Earth-system science have intensified the need for accurate
global observations of detailed aerosol properties from space. The unfortunate loss of the
Glory APS delays delivery of these critical data. This instrument was conceived to address fundamental aerosol science questions with policy relevance. The science questions
remain unanswered, while APS measurements are now viewed as essential in providing
the scientific basis for climate policies currently under consideration.
Meeting the science and policy imperatives on the needed time scale can only be accomplished by launching an APS rebuild on a fast-track schedule that capitalizes on
the project’s assets and innovations and adds value to other space missions.
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The critical needs that APS-2 would address include the following:
● global and regional monitoring of essential aerosol properties, including absorption,

in clear-sky conditions as well as above and between clouds;
● detailed aerosol information needed for improvement and validation of process and
climate models;
● global and regional monitoring of essential cloud properties, with particular sensitivity to cirrus clouds and cloud phase;
● aerosol and cloud data assimilation for operational use and model development;
● essential data for case/analysis type process studies;
● global and regional monitoring of stratospheric aerosols caused by major volcanic
eruptions;
● refined aerosol and cloud representations for use by other operational satellite instruments.
The APS-2 Project has developed a rebuild schedule starting in August 2011 that
would lead to launch as early as July 2015 and delivery of exploratory aerosol and cloud
data products as soon as in the fall of 2015.
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1. Introduction: tropospheric aerosols and their Earth-system effects
The state of the Earth system depends upon the delicate balance between incident solar
radiation and the response of the atmosphere and surface via absorption, reflection, and
re-radiation. Long-term variations in the composition of the atmosphere can disturb this
balance and cause global Earth-system changes, thereby affecting local weather patterns
that impact the quality of human life.
The composition of the atmosphere is influenced by both natural and anthropogenic
factors, such as the byproducts of modern industrial societies. Over the past century the
average temperature at the Earth’s surface has increased by ~0.8°C (Hansen et al. 2010).
Accurately attributing this increase and the concomitant Earth-system change to either
natural events or anthropogenic sources is of primary importance to the establishment of
scientifically and economically effective policies (Ramaswamy et al. 2001; Hansen et al.
2005; IPCC 2007; Chin et al. 2009a).
Natural and anthropogenic aerosols are important constituents of the atmosphere affecting local and global temperature, biogeochemical processes, and air quality (Ramanathan et al. 2001; Kaufman et al. 2002; Seinfeld and Pandis 2006). Although the radiative
effects of tropospheric aerosols are believed to be nearly comparable to those of the
greenhouse gases (GHGs) (such as carbon dioxide and methane), they remain poorly
quantified and represent the largest uncertainty regarding climate change.
The GHG and aerosol radiative effects are exemplified by Fig. 1 taken from IPCC
(2007). The radiative forcing due to the GHGs is well understood and accurately quantified. Its positive sign means that it contributes to global warming. Both at the surface and
in the atmosphere, the forcing due to black carbon aerosols, via absorption of solar energy followed by re-radiation of the absorbed energy at infrared (IR) wavelengths, is also
Figure 1. Global average radiative forcing estimates in
2005 together with the assessed level of scientific understanding. The bars show
the respective ranges of
model results included in the
study. The net anthropogenic
radiative forcing and its range
are also shown (after IPCC
2007).
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positive. Nonabsorbing aerosols, such as sulfates, reflect the Sun’s radiation back to
space and typically cause cooling. In addition to these direct interactions of aerosols with
radiation, aerosols also affect radiation indirectly, which is believed to lead to net cooling, by modifying cloud radiative properties and lifetime as well as by modulating precipitation. The estimated magnitude of the total aerosol forcing from Fig. 1 is comparable
(but opposite in sign) to that due to the GHGs. However, the spread of the aerosol-forcing
model results is large and causes most of the spread in the sum of all climate forcings.
Although IPCC (2007) characterizes the current level of understanding of the direct
and indirect aerosol effects as “medium–low” and “low”, respectively, recent studies indicate that this assessment may be overly optimistic. For example, Loeb and Su (2010)
conclude that the total direct aerosol radiative forcing (DARF) uncertainty from all aerosol parameters combined is 0.5 – 1.0 Wm – 2, a factor of 2 – 4 greater than the value cited
in IPCC-4 (Forster et al. 2007a; Solomon et al. 2007). According to Loeb and Su, DARF
uncertainty in clear and cloudy sky (i.e., all-sky) conditions is greater than in clear-sky
conditions, even though the global mean clear-sky DARF is more than twice as large as
the all-sky DARF. Hansen et al. (2011) claim that most climate models mix heat too efficiently into the deep ocean and as a consequence underestimate the negative forcing by
human-made aerosols. Hansen et al. infer the total aerosol radiative forcing to be
–1.6 ± 0.3 Wm – 2, implying substantial aerosol indirect forcing via cloud changes. One
should also recognize that fewer than one-third of the model studies included in IPCC-4
incorporated an aerosol indirect effect, and most considered only sulfates. Furthermore,
the semi-direct effect (in which the heating by aerosol particles due to absorption of solar
radiation results in a decrease of cloud amount; Hansen et al. 1997; Ackerman et al.
2000) is conspicuously absent in Fig. 1.
Hansen et al. (2011) conclude that
continued failure to quantify the specific origins of the large aerosol forcings is untenable, as knowledge of changing aerosol effects is needed to understand future Earthsystem change.

The analyses by Kiehl (2007), Loeb and Su (2010), Lohmann and Ferrachat (2010), and
Penner et al. (2011) imply that the current uncertainties in the aerosol radiative forcings
are so large that they preclude conclusive climate model evaluation by comparison with
observed global temperature change. This also leads to large uncertainties in results that
attribute cause to observed Earth-system change, and are in part responsible for differences in projections of future climate change.
The persistent uncertainties in our knowledge of aerosols and their effects must be reduced significantly for uncertainty in climate sensitivity to be adequately constrained
(Schwartz 2004). Helping to address this challenging objective was the principal purpose
of the APS instrument on-board the NASA Glory Mission (Mishchenko et al. 2007a).
The Glory APS was intended to revolutionize our understanding of tropospheric aerosols by achieving the following key science objectives:
● Determine the global distribution of the optical thickness and microphysical properties of natural and anthropogenic aerosols with substantially improved specificity and accuracy.
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● Facilitate more accurate quantification of the aerosol direct and indirect radiative
effects by providing key aerosol and cloud information required for the improvement and validation of process models and climate models.
● Provide better aerosol and cloud representations for use in various remotesensing retrievals, thereby allowing improvements in aerosol and cloud assessments by other operational satellite instruments.

The Glory APS was designed to collect accurate multi-angle photopolarimetric measurements of the Earth along the satellite ground track over a broad visible and near-infrared
spectral range, thereby providing aerosol property retrievals to levels of precision and
accuracy heretofore unachievable. Furthermore, even though APS is not an imager, its
global sampling would be sufficient in order to create the requisite climatology of aerosol
and cloud microphysical properties as well as to facilitate process studies and operational
data assimilation.
The failure of the Glory launch has prompted a reevaluation of the needs for advanced space-based measurements of aerosol and cloud microphysics. Our knowledge of
tropospheric aerosols and our ability to model their properties as well as to measure them
from space and in situ have evolved since the Glory Mission was authorized in 2005. We
will make the case below that these new measurements and modeling studies reinforce
the urgent need for the detailed and accurate measurements of aerosol and cloud properties from space that the Glory APS was designed to provide.

2. Aerosol properties required by chemical transport and climate
models
During the past decade, significant advances have occurred in modeling atmospheric
aerosols and climate. The models that participated in the IPCC’s Third Assessment Report (IPCC-3) were developed in the late 1990s and typically included only sulfate aerosols and a fairly coarse resolution. Only the aerosol direct effect was accounted for, with
the exceptions of few simplistic indirect effect calculations. The next generation of models that participated in IPCC-4 had finer resolution and included most major aerosol
components; in some cases, they also featured more detailed treatments of aerosol indirect effects. However, most models calculated the aerosol indirect effect as a diagnostic
only, without allowing aerosols to really affect clouds during the model simulations. This
treatment excluded the calculation of the climate feedback of aerosols via the indirect effect. In addition, those models still involved significant simplifications: aerosols were
considered externally mixed (i.e., each aerosol component was always pure and did not
interact with the others), secondary organic aerosols were not included or were accounted
for in a rather crude way, and aerosol size was fixed.
Since IPCC-4, the need for major advances in modeling aerosols and their interactions with radiation, clouds, and climate in general has been identified based on the recognition that aerosols are mixed, dynamically evolving populations and should be treated
as such in models. To this end, global model parameterizations have been developed to
take into account a number of processes (cf. Fig. 2):
● the complex behavior of semi-volatile secondary (i.e., created from emitted gases)
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Figure 2. The aerosol microphysical model MATRIX (Bauer et al. 2008).

●
●

●
●

●
●

●

●

organic aerosols (e.g., Pankow 1994; Odum et al. 1996; Kanakidou et al. 2000;
Chung and Seinfeld 2002; Tsigaridis and Kanakidou 2003);
the semi-volatile nature of primary (i.e., emitted at the source) organic aerosols
(Robinson et al. 2006; Pye and Seinfeld 2010; Jathar et al. 2011);
the presence of organic compounds in sea-spray (O’Dowd et al. 2004, 2008; Keene
et al. 2007; Spracklen et al. 2008; Vignati et al. 2010; Myriokefalitakis et al. 2010;
Gantt et al. 2011);
inorganic aerosol thermodynamics, which includes nitrate aerosol formation (e.g.,
Metzger et al., 2002; Fountoukis and Nenes 2007);
the improvement of interactive dust emission schemes by introducing a size resolved
parameterization of the dust emission flux physics (Shao et al. 2011) or a subgrid
scale variability of surface winds that drive dust emissions (e.g., Cakmur et al. 2004;
Miller et al. 2006);
the aging of dust particles, which are altered by heterogeneous reactions on particles’ surfaces through coating with sulfate or nitrate (e.g., Bauer et al. 2007);
the explicit treatment of aerosol microphysics, which allows for the prognostic calculation of aerosol number, size, mass, and mixing state, as well as their evolution in
time and space (e.g., Vignati et al. 2004; Ghan and Zaveri 2007; Bauer et al. 2008;
Mann et al. 2010);
the change of aerosol properties with time, including but not limited to the absorption enhancement due to mixing of black carbon with non-absorbing material (e.g.,
Bond and Bergstrom 2006; Bauer et al. 2010); the change of aerosol solubility and
hygroscopicity, affecting their lifetime and aerosol-cloud interactions (e.g., Petters
and Kreidenweis 2007); the aerosol formation in clouds (e.g., Ervens and Volkamer
2010; Myriokefalitakis et al. 2011); and the absorbing fraction of organic aerosols,
also called brown carbon (e.g., Ramanathan et al. 2007);
aerosol effects on formation of ice crystals by homogeneous and heterogeneous nucleation (Liu and Penner 2005; Liu et al. 2007c, 2009; Hoose and Lohmann 2008;
DeMott et al. 2010).

The degree to which the above-mentioned processes are included in specific models that
9
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will be used in the IPCC-5 study varies. Still very few global models contain detailed
aerosol microphysics, but a significant number of them now include detailed secondary
organic aerosol and inorganic thermodynamics parameterizations. It is anticipated that
the models that will participate in IPCC-6 will include several of these parameterizations.
This will be the time when APS-2 can be expected to be operational.
In order for the models to quantify the present-day aerosol radiative forcing, they
should be able to accurately calculate both the aerosol distributions for the pre-industrial
and present-day atmospheres, as well as the interactions of aerosols with radiation. To
achieve that, a number of key outstanding issues must be addressed, as follows:
● Accurate knowledge of sources of different aerosol species: for both primary and

secondary aerosols, their sources are expected to play a major role in defining their
global distribution. Emission inventories are important, since they affect aerosol
populations either directly, in the case of primary aerosols like sea-salt, dust, black
carbon, and organic carbon, or indirectly, in the case of secondary aerosols such as
sulfate, nitrate, ammonium, and organic carbon;
● Correct representation of aerosol transport and removal processes: the longer the
lifetime of an aerosol population, the longer their effect on radiation and climate.
The transport of aerosols and aerosol precursors both horizontally (e.g., dust plumes
from the Sahara over the Atlantic Ocean to America; Prospero 1999) and vertically
(e.g., in-cloud organic aerosol formation from ground-originated precursors; Sorooshian et al. 2007) influences the way radiation is distributed in the atmosphere. It
can alter the top-of-the-atmosphere forcing and vertical distribution of heat as well
as affect regional and global climate;
● Detailed and accurate knowledge of aerosol physical properties: wet deposition, the
single most important removal process of aerosols from the atmosphere, primarily
depends on aerosol hygroscopicity and size. Furthermore, hygroscopicity, in conjunction with aerosol size, affects cloud condensation nuclei, altering cloud formation. Aerosol size also defines the availability of aerosol surface susceptible for heterogeneous reactions, which alters the aerosols’ hygroscopicity. Aerosol composition and size affect coagulation and condensation rates, which also lead to changes

Figure 3. Contribution of different aerosol components to the total aerosol optical thickness, as
calculated by different models (Kinne et al. 2006).
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in aerosol population and properties, affecting aerosol lifetime and interaction with
climate.
● After determining the aerosol spatiotemporal distribution, having sufficient knowledge of their optical properties allows the models to accurately quantify the interaction of aerosols with radiation and, thus, aerosol radiative forcing. The optical properties required for this calculation are functions of aerosol size, composition, shape,
mixing state, and radiation wavelength.
Process and climate models do not yet tackle aerosol shape, an important factor determining their optical properties. The vast majority of models assume that aerosols are
spherical, a fair assumption under most circumstances, except for two important cases: (i)
freshly emitted black carbon particles, which tend to exist in the form of long fractals before eventually collapsing into compact particles that can be approximated by spheres
(e.g., Abel et al. 2003; Lewis et al. 2009), and (ii) dust particles exhibiting expressly nonspherical shapes (Reid et al. 2003).
Although substantial knowledge has now been accumulated and included in process and climate models, important uncertainties still hinder our understanding of the
effects of aerosols on the Earth system. In most cases, this is due to lack of sufficient
data to evaluate, validate, and/or constrain the models.

Globally averaged measurements of column-integrated aerosol optical thickness (AOT)
have almost universally been used as an overall gauge of model performance. However,
the same global average of the cumulative AOT can be generated by different models for
quite different mixtures of aerosol species (Fig. 3). This obviously indicates the urgent
need to use detailed microphysical parameters of aerosols for testing, constraining, and
improving the models (Schulz et al. 2006). It is especially important to measure aerosol
characteristics that can be used to test model parameterizations of various stages of aeroTable 1. Essential processes and aerosol properties versus current validation/constraint
data sources for models
Process/property

Validation/constraint

Process/property

Validation/constraint

Sources (mass/size),
load

In situ data

Particle shape

Lab, in situ data,
satellites 2

Surface concentration,
vertical profile

CALIOP,1,2
in situ data

Effective radius,
effective variance

AERONET,
satellites 2

Transport, processing

In situ data, Lab

Aerosol optical
thickness

AERONET,
satellites

Dry/wet removal

In situ data

Single-scattering
albedo

AERONET,
satellites 2

Number concentration,
size distribution

AERONET,
in situ data

Asymmetry parameter

AERONET

Mixing state

In situ data, Lab

Refractive index

In situ data, Lab

1 Cloud−Aerosol
2

Lidar with Orthogonal Polarisation
Limited (sometimes qualitative or semi-quantitative) information
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Figure 4. An example
of modeling the prevailing aerosol composition
on the global scale
(Stier 2005). Areas
around the borders of
different colors have a
very mixed aerosol distribution, while no color
means very low aerosol
load.

sol emission, processing, and transport rather than just the final derivative output in the
form of the total AOT (Table 1).
Some of this information is available from ground-based AErosol RObotic NETwork
(AERONET) observations (Holben et al. 1998; Dubovik et al. 2002) and has already
been used by transport and climate modelers (e.g., Chin et al. 2009b; Colarco et al. 2010).
However, the distribution of AERONET stations is highly non-uniform, with virtually no
data over the oceans, while the number of AERONET stations is quite inadequate. These
factors limit the usefulness of AERONET observations in studies of highly non-uniform
and heterogeneous aerosol distributions (cf. Fig. 4). Furthermore, AERONET can provide
microphysical aerosol retrievals only in clear-sky conditions. It is, therefore, imperative
to have an alternative, space-based means of measuring accurate and detailed aerosol
characteristics with uniform, global, and sufficiently dense sampling that extend and improve on the existing characterization of aerosols from space.

3. Summary of aerosol and cloud retrieval requirements
The formulation of a minimum set of retrieval requirements for a space mission is a mandatory and often difficult procedure. Given the great complexity and the multifaceted nature of the aerosol problem considered here, the list of desirable aerosol and cloud properties can be quite long. At the same time, the retrieval capability of any space instrument
is inherently limited by the physical nature of the specific measurement methodology and
by the varying complexity of actual terrestrial scenes viewed by the instrument. It is,
therefore, necessary to seek a balanced approach by ensuring that the final list of retrieval
requirements will lead to a significant and necessary improvement in our knowledge of
the Earth system while calling for a reasonably affordable and feasible instrument.
There are two general classes of satellite instruments for aerosol and cloud remote
sensing. Passive instruments measure the reflected solar or terrestrially emitted thermal
radiation. Active instruments rely on an artificial source of illumination, such as a laser or
a transmitting antenna. Since passive and active instruments have complementary capabilities, a future comprehensive aerosol–cloud space mission should include instruments
of both types. This is planned indeed for the Aerosol–Cloud–Ecosystems (ACE) Decadal
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Survey Mission (Earth Science 2007) currently considered for launch after 2020. The following discussion will be limited to passive techniques and will focus on the retrieval
strategy and instrument design that help maximize the information content of a passive
remote-sensing observation.
The minimum set of retrieval requirements for the Glory APS was formulated and
discussed by Mishchenko et al. (2004, 2007a). It is based on the overall objective of creating an advanced global climatology of detailed aerosol and cloud properties that would
serve the urgent needs of the modeling and climate communities as discussed in the preceding sections. This set of requirements was largely adopted by the ACE formulation
team and is outlined below.
The left-hand panel of Fig. 5 summarizes the overall scientific objectives of a coordinated and systematic approach for dramatically improving our understanding of aerosol
Earth-system impacts and environmental interactions (Seinfeld et al. 1996, 2004). To
achieve these objectives, advanced models coupled with a comprehensive set of accurate
constraints in the form of in situ measured and remotely retrieved aerosol and cloud distributions and properties are needed. Accordingly, the right-hand panel of Fig. 5 lists the
minimum set of aerosol and cloud parameters required of a passive satellite instrument to
facilitate the global quantification of the direct and indirect aerosol effects.
Specifically, aerosol properties essential for constraining the direct forcing include
the total column AOT and average column values of the effective radius and effective
variance, the real part of the refractive index, and the single-scattering albedo (SSA). The
effective radius has the dimension of length and provides a measure of the average particle size, whereas the dimensionless effective variance characterizes the width of the size
distribution (Hansen and Travis 1974). Since, apart from the undetectable Aitken mode,
the aerosol population is typically bimodal (e.g., Dubovik et al. 2002; Maring et al.
2003), all of these parameters must be determined for each mode. The refractive index
must be determined at multiple wavelengths in a wide spectral range, e.g., 400–2200 nm,
since this is the only means of constraining aerosol chemical composition from space
(Mishchenko et al. 2007a). An integral part of the retrieval procedure must be the detecFigure 5. Flowdown
of science objectives
into specific retrieval
requirements for a
passive aerosol/cloud
satellite instrument.
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tion of nonspherical aerosols such as dust-like and soot particles because, if ignored, nonsphericity can significantly affect the results of AOT, refractive index, and size retrievals
(e.g., Dubovik et al. 2006).
The aerosol effect on liquid-cloud albedo can be better constrained in models by
means of long-term global measurements of the number concentration of aerosol particles, which act as cloud condensation nuclei (CCN), and cloud albedo. Other measurable
cloud properties impacted by atmospheric aerosols include cloud droplet size and number
concentration and liquid water path (Lohmann and Feichter 2005). Since the droplet generation efficiency of aerosols depends on their size and hygroscopicity, the measurement
of aerosol number concentration must be accompanied by the determination of aerosol
effective radius and chemical composition.
The respective minimum retrieval requirements (see the right-hand panel of Fig. 5)
include the column cloud optical thickness and the average column cloud droplet size distribution as well as the column AOT and the average column values of the effective radius and effective variance of the aerosol size distribution and the real part of the aerosol
refractive index for each mode of a bimodal aerosol population. Note that the cloud and
aerosol particle number concentrations are derivative rather than retrieved quantities, i.e.,
are deduced from the column optical thickness and the particle extinction cross section (a
function of particle size distribution, refractive index, and shape). The accuracy with
which the number concentrations must be determined is very difficult to achieve and necessitates the retrieval of the cloud droplet and aerosol size distributions and the aerosol
refractive index with high precision. Assuming rather than retrieving the effective variance of the cloud droplet and aerosol size distributions and the aerosol refractive index
can lead to even larger errors in the retrieved number concentrations (Boers et al 2006).
To improve our understanding of aerosol effects on ice clouds and the associated radiative forcing, accurate retrievals of ice cloud optical thickness as well as ice crystal
sizes and shapes are needed (Stackhouse and Stephens 1991; Fu 2007; Baran 2009; Baum
et al. 2011). Current satellite retrievals of ice cloud optical thickness and particle size encounter difficulties in determining cloud top thermodynamic phase at temperatures between – 40°C and 0°C (Nasiri and Kahn 2008) and uncertainties in ice crystal morphology (Zhang et al. 2009a; Baum et al. 2011). Aerosols are known to be a factor controlling
ice crystal sizes and ice water paths, although the predominant physical processes remain
poorly characterized (e.g., Fridlind et al. 2004; Lohmann and Feichter 2005; Fan et al.
2008; deMott et al. 2010). Estimates of the global distribution of aerosols that are capable
of acting as heterogeneous ice nuclei would greatly improve our understanding of aerosol
effects on ice-containing clouds. Since ice nuclei are found to be preferentially larger
than 0.5 μm in diameter and non-spherical (e.g., Rogers et al. 2001; deMott et al. 2010),
accurate retrieval of aerosol size and shape, as well as chemical composition, would provide key constraints on model representation of aerosol effects on cold clouds.
The criteria for specifying the corresponding measurement accuracy requirements detailed in Appendix A are based on the requisite ability to detect plausible changes of the
aerosol radiative forcing estimated to be possible during the next 20 years and to determine quantitatively the contribution of this forcing to the planetary energy balance. A
significant global mean flux change can be defined as 0.25 Wm – 2 or greater based on the
consideration that anticipated increases of GHGs during the next 20 years will cause a
forcing of about 1 Wm – 2 (Hansen et al. 1995).
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The estimated plausible 20-year change of the global mean AOT is 0.04 (based on
projections of SO2 and black carbon emissions; e.g., Nakićenović and Swart 2000; Pham
et al. 2005), whereas the global mean AOT change required to yield the 0.25 Wm – 2 flux
change is 0.01 (Hansen et al. 1995). These numbers justify the proposed threshold accuracy and precision for the AOT measurement.
The accuracy and precision indicated for the aerosol size distribution measurement
are dictated in large part by the requirement to determine the aerosol number concentration with a high accuracy facilitating the detection of the effect of increasing CCN concentration on cloud properties (Schwartz and Slingo 1996; Fridlind and Ackerman 2011).
The strong dependence of the extinction cross section on the effective radius and effective variance makes the determination of aerosol number concentration very difficult and
necessitates high-accuracy retrievals of the size distribution (Mishchenko et al. 1997a;
Feingold 2003). Accurate retrievals of the aerosol particle size are also needed to determine the cloud condensation efficiency of aerosols (Rosenfeld 2006).
The SSA accuracy and precision criteria follow from the modeling analysis of the
aerosol radiative forcing by Hansen et al. (1997). The measurement accuracy and precision indicated for the real part of the aerosol refractive index are determined by the need
to infer aerosol chemical composition based on expected differences between refractive
indices typical of relevant chemical species. Chemical speciation is required to identify
hygroscopic aerosols, discriminate between natural and anthropogenic aerosol components, and estimate the imaginary part of the refractive index to provide an independent
check on the retrieved SSA.
The measurement accuracy and precision for the cloud particle size distribution are
dictated by the need to detect a flux change of 0.25 Wm – 2 or greater (Hansen et al. 1995)
as well as detect a change of cloud particle size and number concentration caused by increasing CCN concentrations.

4. Capabilities and limitations of current space-borne aerosol
retrievals
Table 2 taken from Yu et al. (2009) summarizes the existing satellite instruments used for
aerosol retrievals and the respective data products. The majority of these sensors rely on
sunlight as the source of illumination and, thus, belong to the category of passive instruments. As such, they have limited (or no) sensitivity to the vertical distribution of aerosols. Vertically resolved measurements are provided by active instruments such as the
Geoscience Laser Altimeter System (GLAS; Spinhirne et al. 2005) and CALIOP (Winker
et al. 2010).
Over the past decade, passive satellite retrievals of tropospheric aerosols have become
increasingly sophisticated (Kokhanovsky and de Leeuw 2009; Tanré 2010). Until ~2000,
the only aerosol climatologies available were those derived from relatively limited Advanced Very High Resolution Radiometer (AVHRR) and Total Ozone Mapping Spectrometer (TOMS) observations (Higurashi and Nakajima 1999; Torres et al. 2002a;
Mishchenko et al. 2007b; Zhao et al. 2008). Now there are satellite instruments that
measure the angular dependence of reflected radiance and even polarization at multiple
wavelengths from ultraviolet (UV) through IR with finer spatial resolution. From these
observations, the retrieved aerosol products include not only the AOT at one wavelength,
but also spectral AOT values and some information about particle size over both ocean
15
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Table 2. Summary of major satellite measurements currently available for tropospheric
aerosol characterization and radiative forcing research

and land. In addition, cloud screening has become more robust, and onboard calibration is
often available.
The prime examples of such enhanced sensors include the MODerate resolution Imaging Spectroradiometer (MODIS; Kaufman et al. 1997; King et al. 2003; Remer et al.
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2008; Levy 2009), the Multi-angle Imaging SpectroRadiometer (MISR; Diner et al. 1998;
Martonchik et al. 2002, 2009), POLarization and Directionality of the Earth’s Reflectance
instrument (POLDER; Tanré et al. 2011), and Ozone Monitoring Instrument (OMI; Torres et al. 2002b). The accuracy of the column AOTs retrieved with MODIS and MISR
has been thoroughly assessed (e.g., Ichoku et al. 2005; Remer et al. 2005; Kahn et al.
2005, 2009; Chýlek et al. 2005; Xiao et al. 2009; Mishchenko et al. 2009, 2010; Levy et
al. 2010; Shi et al. 2011). According to Yu et al. (2009), it is about 0.05 or 20% of AOT
for one standard deviation of all retrievals and is somewhat better over dark water. The
retrieved aerosol microphysical properties are often semi-quantitative or even qualitative.
Although they may be useful for identification of generically defined aerosol air mass
types, their quantitative accuracy generally does not fulfill the requirements summarized
in Appendix A (Li et al. 2009).
The most recent studies by Dubovik et al. (2011), Hasekamp et al. (2011), and Tanré
et al. (2011) have advanced POLDER to the forefront of passive aerosol retrievals from
space. They have demonstrated the benefits of combining multi-spectral and multi-angle
measurements of polarization as well as intensity for robust retrievals of complete aerosol
properties, including information about aerosol particle sizes, shape, absorption, and
composition (via refractive index). Still, some key measurement characteristics of
POLDER turn out to be limited (Appendix B), thereby making many retrieval accuracies
listed in Appendix A unattainable (see Section 6).
Among the passive satellite instruments scheduled for launch within the next 5 years,
the one most suitable for aerosol retrievals is the Visible Infrared Imaging Radiometer
Suite (VIIRS) on-board the NPOESS Preparatory Project (NPP) platform. The set and
accuracy of VIIRS aerosol products are expected not to exceed those derived from
MODIS data.
The above discussion leads to the following conclusion:
Despite significant recent advances in space-borne remote sensing, the existing and
near-term expected passive aerosol retrieval capabilities remain inadequate to address the needs of current and anticipated model development.

5. APS-2 measurement strategy and design
The preceding discussion of the state of the art of passive aerosol remote sensing implies
that the retrieval of accurate microphysical characteristics of aerosol particles from space
remains a very difficult task. The main cause of the problem is the extreme complexity
and variability of the atmosphere–surface system and the need to characterize this system
by a large number of model parameters, all of which must be retrieved simultaneously.
More often than not, the requisite number of unknown model parameters exceeds the
number of independent (i.e., complementary in terms of their information content) units
of data provided by a satellite instrument for a given scene location, thereby making the
inverse problem underdetermined (or ill-posed). The retrieval procedure then yields a
range of model solutions which are all equally acceptable in that they all reproduce the
measurement data equally well within the measurement errors (Mishchenko and Travis
1997; Hasekamp and Landgraf 2005a, 2007). The only way to ameliorate the ill-posed
nature of the inverse problem is to increase the number of independent units of data per
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scene location until it significantly exceeds the number of unknown model parameters.
Then the retrieval procedure based on a minimization technique is likely to become stable
and yield a unique solution.
The well-known ways to increase the information content of data provided by a passive instrument measuring the reflected sunlight are the following:
● to measure not only the intensity, I, but also the other Stokes parameters describing
the polarization state of the reflected radiation (i.e., Q, U, and V; Hansen and Travis
1974);
● to increase the number of spectral channels and the total spectral range covered;
● to increase the number and range of viewing directions from which a scene location
is observed; and
● to improve the measurement accuracy, especially for polarization
(e.g., Mishchenko and Travis 1997). In what follows, we will demonstrate that by combining the above measurement capabilities, APS-2 affords the development of substantially more capable retrieval algorithms. The latter take full advantage of the extreme sensitivity of high-accuracy polarization data to aerosol and cloud particle microphysics and
thereby ensure the retrieval of all the quantities listed in the right-hand panel of Fig. 5.
By performing high-accuracy and high-precision measurements of both intensity
and polarization over a wide spectral range and at multiple view angles sampling a
wide angular range, APS-2 represents a quantum leap in passive detailed aerosol
retrievals from space.

APS-2 is designed to offer accurate and stable along-track (Fig. 6) climate measurements
over the nominal mission life. As discussed above, the key measurement requirements for
the retrieval of aerosol and cloud properties from photopolarimetric data are high accuracy, a broad spectral range, and observations from multiple angles, including a method
for reliable and stable calibration of the measurements. APS-2 meets all these measurement requirements. The APS-2 design is based on that of the Research Scanning Polarimeter (RSP; Cairns et al. 2003), which has proven the fundamental APS concept with

Figure 6. Along-track multi-angle APS-2 measurements via 360° scanning from a sunsynchronous polar-orbiting spacecraft.
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Figure 7. RSP optical approach
for polarization measurement
adopted for APS-2. Red markings show the orientations of the
optical axes of the birefringent
crystals forming the Wollaston
prism. Orange lines show ray
paths undergoing the split into
orthogonal polarizations as indicated by the green and blue
lines.

better than 0.2% accuracy photopolarimetric data for a range of atmospheric conditions
with a diverse range of underlying backgrounds.
The measurement approach required to ensure high accuracy in polarimetric observations employs Wollaston prisms to make simultaneous measurements of orthogonal intensity components from the same scene (Travis 1992), as illustrated in Fig. 7. The field
stop constrains the APS-2 instantaneous field of view (IFOV) to 8 ± 0.4 mrad which, at
the nominal A-Train altitude (705 km), would yield a geometric IFOV of 5.6 km at nadir.
The spatial field is defined by the relay telescope and is collimated prior to the polarization separation provided by the Wollaston prism. This method guarantees that the measured orthogonal polarization states come from the same scene at the same time and allows the required polarimetric accuracy of better than 0.2% be attained. To measure the
Stokes parameters that define the state of linear polarization (I, Q, and U ), APS-2 employs a pair of telescopes with one telescope measuring I and Q and the other telescope
measuring I and U. This provides a redundant measurement set that increases the reliability of APS-2. APS-2 does not measure the Stokes parameter V since the circular polarization of the reflected sunlight is usually very small and carries virtually no useful information (e.g., Kawata 1978; de Haan et al. 1987).
The broad spectral range of APS-2 is provided by dichroic beam splitters and interference filters that define nine spectral channels centered at the wavelengths λ = 413, 444,
555, 674, 866, 911, 1376, 1603, and 2260 nm, as shown in Fig. 8. Blue enhanced silicon
detectors are used in the visible and near-infrared (VNIR) channels, while HgCdTe detecFigure 8. APS-2 spectral
bands.
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tors, passively cooled to 160 K, are used in the short-wave infrared (SWIR) channels and
offer the very high signal-to-noise ratio required to yield a polarimetric accuracy better
than ~0.2% for typical clear-sky scenes over dark oceans.
All spectral channels but 1376 nm are free of strong gaseous absorption (Fig. 8). The
1376-nm exception is centered at a major water vapor absorption band and is specifically
intended for characterization of thin cirrus clouds and stratospheric aerosols. The locations of the other APS-2 spectral channels are consistent with an optimized aerosol retrieval strategy because they take advantage of several natural circumstances such as the
darkness of the ocean at longer wavelengths in the visible and near-infrared, the lower
land albedo at shorter visible wavelengths, and the potential for using the 2260-nm band
to characterize the land surface contribution at visible wavelengths. The 911-nm band
provides a self-contained capability to determine column water vapor amount.
The critical ability to view a scene from multiple angles is provided by scanning the
APS-2 IFOV along the spacecraft ground track (Fig. 6) with a rotation rate of 40.7 revolutions per minute with angular samples acquired every 8 ± 0.4 mrad, thereby yielding
~ 250 scattering angles per scene. The polarization-compensated scanner assembly includes a pair of matched mirrors operating in an orthogonal configuration and has been
demonstrated to yield instrumental polarization less than 0.05%. From the nominal ATrain altitude, the APS-2 viewing angle range at the earth is +60°/–80° with respect to
nadir.
The scanner assembly also allows a set of calibrators to be viewed on the side of the
scan rotation opposite to the Earth. The APS-2 on-board references provide comprehensive tracking of polarimetric calibration throughout each orbit, while radiometric stability
is tracked monthly by observing the Moon to ensure that the aerosol and cloud retrieval
products are stable over the period of the mission.
Appendix C summarizes the flowdown of requisite retrieval requirements into APS-2
measurement characteristics. Appendix B compares the measurement characteristics of
several relevant satellite instruments and demonstrates that APS-2 is indeed a close prototype of an ultimate passive instrument intended for comprehensive aerosol retrievals.
The relatively large APS-2 IFOV might be viewed as a limitation causing a reduced
number of cloud-free pixels suitable for aerosol retrievals. However, there are two important factors supporting this choice of IFOV. First, it provides enough light to ensure the
very high polarimetric accuracy of APS-2 while affording a small diameter of lightgathering telescope lenses. Second,
there has been growing realization that
the dense angular sampling of APS-2
measurements may enable simultaneous retrievals of aerosol and cloud
properties in partially cloudy pixels
(see Section 7). Then the relatively
large APS-2 IFOV becomes an advantage since it provides statistically invariant sampling of cloud fields like
the one in Fig. 9. Indeed, although individual small clouds can be expected
to change during a 6-min interval necFigure 9. Altocumulus clouds.
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essary to scan the full range of viewing geometries, the cloud fraction and thus the radiometric and polarized reflectances of the aerosol–cloud mix captured by the APS-2
IFOV are likely to remain largely the same (Veefkind and Sneep 2007). It is expected
that the APS-2 mission will include two cloud cameras (~400 m resolution) which will
provide sub-pixel evaluation of the scene complexity and facilitate combined retrievals of
aerosol and cloud properties in partially cloudy pixels.
Although the measurement requirements listed above may look quite challenging, extensive pre-flight tests of the actual instrument built by Raytheon for the Glory Mission
have demonstrated a remarkable robustness of the APS design (Persh et al. 2010). The
technical performance of the Glory APS was found to be fully consistent with original
specifications and in many cases exceeded them considerably.

6. Comparative sensitivity analysis of APS-2 and current space-borne
aerosol retrieval capabilities
The philosophy behind the APS-2 design described in the preceding section is to avoid
the chronically underdetermined nature of many remote sensing instruments. Often this
problem is managed by limiting the retrieved aerosol types to those within a previously
selected set of models. While this does mean a unique solution is found, it makes it difficult to determine the uncertainty of the retrieved parameters and ultimately introduces a
qualitative aspect to the results (e.g., Kokhanovsky et al. 2010).
The amount of information contained within an observation is largely defined by four
main characteristics: the number and range of measurement view angles; the number and
range of spectral observation bands; sensitivity to polarization state; and measurement
accuracy. Current and past missions have individually exploited some of these aspects
(Appendix B), but only APS accurately measures polarization state for a large number of
view angles at a wide spectral range. The vast amount of information collected by APS-2
for each scene yields aerosol optical and microphysical properties without the need for
arbitrary restrictions of aerosol properties based upon previously determined models. Furthermore, quantitative uncertainties can be computed for all retrieved parameters.
The amount of information contained within an observation is determined not just by
the number of individual measurements, but also by how variations in aerosol microphysical properties manifest themselves optically. The APS observation strategy utilizes
a wide variety of measurement types to capture the diversity of these effects. However, it
is difficult to intuitively determine the impact of changing observation characteristics.
Fortunately, statistical techniques exist that link the observation design, measurement accuracy, and the sensitivity of aerosol optical effects to the expected retrieval accuracy
(Rodgers 2000; Hasekamp and Landgraf 2007). These techniques can be used to efficiently compare the likely retrieval capabilities of different instrument types and the dependence of these capabilities on specific instrument characteristics.
For this study, we performed a comparison of expected retrieval accuracy for APS-2
to two other types of instruments currently in orbit. While more details can be found in
Appendix D, Fig. 10 provides a representative example. Specifically, we predicted the
retrieval uncertainty for various instruments for about fifty types of aerosols over an
ocean, whereby ten aerosol parameters, as well as surface characteristics, are retrieved
simultaneously. These results were compared to the accuracy requirements in Appendix
A, which should be met if an observation is to improve significantly the treatment of
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Figure 10. Relative assessment of expected instrument retrieval accuracies for aerosol simulations
over an ocean. The ranges of simulated accuracies, normalized by the retrieval requirements described in Mishchenko et al. (2004), are shown for each retrieval parameter and instrument type.
Values to the left of the dashed vertical line meet the retrieval requirements, while those to the right
exceed them. Note that these results are for retrievals where there is no prior knowledge of the
aerosol properties. In practice many algorithms utilize aerosol models and therefore assume a
lower uncertainty. Very large ratio values indicate a lack of sensitivity to that parameter without
prior information.

aerosols in process and climate models. APS-2 is, indeed, capable of meeting these requirements for aerosol properties for two different aerosol size modes. Currently existing
instruments, on the other hand, are only capable of meeting the criteria for the parameters
that describe the size of the sub-micron aerosol mode. This is the case even though the
MISR, and Polarization and Anisotropy of Reflectances for Atmospheric Sciences coupled with Observations from a Lidar (PARASOL) instruments both have different technical characteristics (Appendix B). For example, MISR observes a scene at nine different
viewing angles, but is not sensitive to polarization and has only four spectral channels
covering a rather narrow wavelength range. PARASOL observes each scene at up to 16
viewing angles, has a slightly wider spectral range than MISR, and is sensitive to polarization. This generally improves the information content available in a retrieval, especially
for sub-micron aerosols. However, the accuracy criteria are still not met.
An instrument like APS-2, which combines all of these technical characteristics to
have a wide spectral range, many more view angle measurements, and sensitivity to
polarization an order of magnitude more accurate than PARASOL, successfully
meets the majority of requisite retrieval accuracy criteria.
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Appendix D provides a description of the methodology used and a detailed discussion
of the results obtained for aerosol retrievals over ocean and land surfaces. While this
analysis cannot be used to predict specific retrieval accuracies for a given instrument in
all cases, it can be used to compare quantitatively the relative performance of different
instrument types. This analysis shows the far greater information content of APS-2 observations compared to its predecessors. Because of this, the APS-2 retrieval algorithm
would not need to assume aerosol microphysical properties like MISR or MODIS retrieval algorithms. It would therefore not be subject to the unquantifiable uncertainties
that are the consequence of that approach, such as described in Ichoku et al. (2003) for
MODIS and Kahn et al. (2007) for MISR. Indeed, this analysis transcends retrieval methodology and purely represents the accuracy potential of a specific instrument design. The
results of Appendix D demonstrate that APS-2 would have far more potential to meet
aerosol accuracy retrieval criteria than any instrument currently in orbit.

7. Summary of APS-2 aerosol retrieval algorithms
The APS-2 aerosol retrieval algorithms build on the existing work on ground-based and
satellite-based remote sensing using multi-angular, multi-spectral and polarimetric observations (Dubovik and King 2000; Stamnes et al. 2003; Hasekamp and Landgraf 2005a,
2007; Spurr et al. 2007; Dubovik et al. 2011; Hasekamp et al. 2011). Algorithms use a
statistical optimization to find a maximum likelihood match between modeled radiation
fields and the observations, considering uncertainties in both (Edie et al. 1971; Priestley
1981; Rodgers 2000). Effective use of this type of retrieval approach requires significant
data redundancy which is provided by APS-2 observations at 200 view angles (if the observations are limited to ± 50° from nadir to limit pixel growth) and 8 spectral bands
(413, 444, 555, 674, 866, 1376, 1602, and 2260 nm for aerosols) of the Stokes parameters
I, Q and U. Although not all the observations are independent, and the 1376-nm spectral
band only serves as a means to estimate the contribution of thin cirrus (Meyer and Platnick 2010; Ottaviani et al. 2011) or stratospheric aerosols to the observations, having
4800 measurements for a scene makes APS-2 observations more akin to AERONET observations than to other satellite instruments. This is why the APS-2 observations can be
used to determine the optical thickness, size, complex refractive index, and SSA of a bimodal aerosol size distribution over ocean (Chowdhary et al. 2002, 2005, 2011) and land
(Waquet et al. 2009a; Cairns et al. 2009b; Knobelspiesse 2011a) surfaces as well as
above clouds (Waquet et al. 2009b; Knobelspiesse et al. 2011b).
One of the issues in applying an optimal estimation scheme to satellite observations,
particularly for observations in the solar spectrum where scattering is significant, is the
significant complexity of performing a multi-variable inversion (Dubovik et al. 2011).
This places a substantial burden on efficiently calculating the state of the radiation field
for a given distribution of aerosols and clouds, and also how the radiation field varies as a
function of changes in the aerosol and cloud field (i.e., the functional derivative of the
radiation field with respect to the atmospheric state, or Jacobian) since this is essential for
optimal estimation (Ortega 1988; Dubovik and King 2000; Rodgers 2000).
There are a number of factors that now make use of optimal estimation schemes feasible for satellite data sets. Recent increases in the size of computer memory allow the
use of tables in a modified form where the reflected radiance is simulated for many hundreds (~1200) of fine and coarse mode aerosol models together with the Jacobians for
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every microphysical model table entry and for variations in optical thickness and surface
parameters. The fine and coarse mode aerosols are then combined using a simple mixing
approximation (Wang and Gordon 1994). Tables in this form provide a simulation of the
radiation field and its Jacobians and as such can be used in an optimal estimation scheme
(e.g., Dubovik et al. 2011; Hasekamp et al. 2011) in just the same way as the usual forward model calculations. Errors caused by the mixing approximation and interpolation
between the table entries are corrected by taking the results from applying the optimal
estimation technique to a search of the tables as the starting point in a second optimal estimation using a complete radiation model. The advantage of this technique is that the
tables can be used to find a rough approximation of the aerosol parameters quickly, while
the more computationally expensive complete radiative transfer model is only used to
refine the solution. The radiative transfer model that is used, which provides an analytical
calculation of all Jacobians in a single calculation (Hasekamp and Landgraf 2005b; Spurr
et al. 2007; Cairns et al. 2009b), limits the computational burden of forward model calculations.
In order to apply optimal estimation schemes, a complete model of the surfaceatmosphere system is needed and the surface, or cloud (for aerosols above cloud), or broken cloud is an important aspect of that system. We therefore summarize here the approaches taken for modeling ocean, land, and overcast cloud surfaces for aerosol retrievals. We also describe the methodology for aerosol retrievals in broken cloud scenes that
is used for RSP observations. The same methods will be used in the analysis of APS-2
observations. We also briefly discuss the spatial and temporal sampling differences between ground track only, but comprehensive, APS-2 retrievals and less comprehensive
imaging sensors.
Ocean models. Over the ocean, the contribution of upwelling radiation at wavelengths
shorter than 865 nm must be either known or simultaneously retrieved with the aerosol
properties for radiance only measurements (Stamnes et al. 2003; Spurr et al. 2007). Theoretical analyses show that polarized radiances are much less sensitive to ocean color than
radiances, but the ocean body contribution cannot be neglected (Chowdhary et al. 2011).
The contribution to polarized and unpolarized upwelling radiation from the ocean body
can be parameterized on Chlorophyll-a concentration for Case I, open ocean, waters. This
theoretical analysis has been verified by low altitude airborne observations during the
Chesapeake Lighthouse Airborne Measurements for Satellites (CLAMS) and the
Megacity Initiative: Local and Global Research Observations (MILAGRO) field experiments (Chowdhary et al. 2006, 2011; see also Appendix E). The APS-2 aerosol retrieval
algorithms over ocean provide the Chlorophyll-a concentration and the wind speed that
are used to estimate the ocean surface reflectance.
Land models. For retrievals over land the surface bidirectional reflectance distribution
function (BRDF) is modeled using the AMBRALS kernel model (Wanner et al. 1997).
This model has been used for the MODIS land surface product (Schaaf et al. 2002) and
for the modeling of RSP observations (Knobelspiesse et al. 2008). The polarized reflectance of the surface has been found to have very weak spectral variations (Bréon et al.
1995; Waquet et al. 2009c; Litvinov et al. 2010), except for view angles close to backscatter. Away from backscatter the angular dependence of the polarized reflectance is
similar to Fresnel reflectance from an isotropic distribution of facets (Vanderbilt and
Grant 1985; Rondeaux and Herman 1991; Bréon et al. 1995) and is therefore primarily
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dependant on the real component of the surface material refractive index, but insensitive
to the imaginary component. The real component of the refractive index for most surface
materials shows weak variations across the spectral range of the APS-2 bands, which explains the observations of Bréon et al. (1995), Waquet et al. (2009c), and Litvinov et al.
(2010). Various alternative parameterizations have been suggested where the polarized
Fresnel reflectance is modified by some factor that is introduced based on observations
(Nadal and Bréon 1999; Maignan et al. 2009). Although there are limitations to all such
models (Litvinov et al. 2010), the APS-2 algorithms use simple soil and vegetation models (Bréon et al. 1995) that are modified by shadowing (Saunders 1967; Waquet et al.
2009c). This model eliminates unphysical values of the albedo that are unacceptable in
exact radiative transfer calculations and reduces the polarized reflectance at high view
angles in a manner similar to that observed (Waquet et al. 2009c). The APS-2 aerosol retrieval algorithms over land therefore provide the parameters of the AMBRALS kernel
model and the polarized reflectance model that are used to estimate the land surface reflectance.
Cloud models. It has recently been noted that multi-angle polarimetric observations provide substantial sensitivity to aerosols above clouds (Waquet et al. 2009b) particularly to
fine, or accumulation mode aerosols (Knobelspiesse et al. 2011a). The reason for this is
that such aerosols generate substantial polarization at side scattering angles (~70°–130°)
whereas light reflected by clouds is only significantly polarized over the angular range
from 135°–180° which includes all of the rainbow and glory features. Furthermore, polarized cloud reflectance is insensitive to cloud optical thicknesses greater than two,
which means that this parameter does not need to be determined (Goloub et al. 1994).
In order to use polarized reflectances in aerosol retrievals, it is sufficient to retrieve
the cloud droplet size distribution for any clouds with optical thicknesses greater than 2–
3 (saturated regime) since this completely determines the polarized reflectance of the
cloud for overcast cloud scenes. It is important to note that optical thickness variations
within an overcast scene do not affect the polarized reflectance as long as the cloud is in
the saturated regime. Since it is the structure of the rainbow that is used to determine the
droplet size distribution, this retrieval does not require solving the vector radiative transfer calculations, is robust against three-dimensional (3D) radiative transfer effects (see
examples in Appendix E), and is not affected by the underlying surface properties.
Once the droplet size distribution is determined, a table of calculations based on cloud
droplet effective radius and effective variance is used to provide a lower boundary condition for an optimal estimate of aerosol properties. This means that on-line cloud calculations are not required as part of the optimal estimation scheme. In order to use the unpolarized reflectance, which can provide additional constraints on aerosol absorption (see
Appendix E), it is necessary to also determine the scaled cloud optical thickness (King
1987). All visible–near IR spectral bands are used as part of the determination of cloud
optical thickness in the iterative retrieval with the retrieved droplet size distribution
model. However over land observations at 413 and 444 nm dominate the cloud optical
thickness estimate because uncertainties in surface albedo are lower (Hsu et al. 2004).
Over both land and ocean the cloud as a lower boundary condition is provided from a table and only the cloud optical thickness is allowed to vary in the optimal estimate of the
aerosol products. The SWIR bands at 1603 and 2260 nm are not used in this aerosol
above cloud retrieval scheme since the radiances observed in these bands are determined
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Figure 11. This figure shows RSP measurements over the Gulf of Mexico during CRYSTAL-FACE
at 412, 865, and 2250 nm, where solid curves are for a cloud contaminated scene and dashed
curves are for a nearby clear-sky scene. In the left-hand panel reflectance observations are shown,
while the right-hand panel shows polarized reflectance observations. The variation in reflectance
with scattering angle is caused by attitude variations of the Proteus aircraft during data acquisition,
which means that different parts of the cloud field are seen at different scattering angles. The lack
of sensitivity of the polarized reflectance to the presence of clouds over the scattering angle range
from 80° – 120° is apparent in the right-hand panel.

by cloud droplet sizes at a different depth within cloud (Platnick 2000) and are far more
sensitive to within pixel optical thickness variations and 3D effects (Zuidema and Evans
1998; Marshak et al. 2006; Kato and Marshak 2009).
Broken clouds. The APS-2 instrument will fly with cloud cameras (~ 400-m resolution)
that provide a sub-pixel evaluation of the scene used to constrain the retrieval algorithm
approach. Recent analyses suggest that it is possible to retrieve aerosols in the presence
of sub-pixel cloud contamination if multi-spectral, multi-angular observations are available (Hasekamp 2010). Additional examples are provided in Appendix E. It is certainly
the case that limited cloud contamination (< 10%) of an APS-2 scene does not have the
same consequences as for a radiometric measurement that cannot differentiate between
the small particle (aerosol) and large particle (cloud) sources of the observed radiance as
can be seen in Fig. 11 where the presence of clouds only has a weak effect on the polarized reflectance. However, the combined retrieval of aerosol and cloud properties in
scenes that have substantial cloud contamination is a recent addition to the capabilities
that have been identified as possible with APS-2 (Hasekamp 2010). The cloud camera
observations are therefore used to estimate a cloud optical thickness for each 400-m pixel
(particle size is estimated from the APS-2 polarized reflectance size retrieval). The radiance contributions from the clouds are then incorporated into the standard optimal estimation scheme with appropriate adjustment of measurement uncertainties for the known
effects of clouds on nearby clear-sky radiances and, to a lesser extent, polarized radiances. This approach to handling partial cloud cover has substantial advantages over the
approach currently used by operational imagers. Indeed, the retrieval of accumulation
mode size and absorption from radiance measurements in the shorter wavelength bands
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becomes impossible within a large-scale fair weather cumulus field because cloud illumination of the clear sky areas dominates the unpolarized observations and has a pronounced blue spectral signature (Marshak et al. 2008).
Examples of RSP aerosol retrievals over ocean, land, and overcast clouds are given in
Appendix E.
Sampling. As noted above, the APS-2 observations provide thousands of measurements
for every ground pixel allowing greater retrieval capabilities than is possible with the
comparatively limited set of measurements per pixel available from other satellite sensors
(Dubovik et al. 2011). The APS-2 observations are therefore akin to the AERONET
ground observations and complementary to them. AERONET provides a complete sampling of the diurnal cycle with limited spatial sampling whereas the APS-2 observations
provide limited diurnal sampling with complete and uniform global sampling. Cloud contamination biases are comparable since both have similar effective sampling domains
with a ~10 km diameter. In both cases the value of the observations is the capability to
provide a comprehensive and accurate aerosol retrieval. The AERONET capability to
provide accurate AOTs even with limited sampling has been used in the evaluation of
assimilation models (Zhang et al. 2008; Zhang and Reid 2009; Benedetti et al. 2009). The
retrievals of microphysical variables (complex refractive index) from AERONET have
also been used to reassess existing climatological information about the optical properties
of aerosol components (Sinyuk et al. 2003; Kinne et al. 2006; Schulz et al. 2006) and the
appropriate refractive indices for black carbon in global models (Stier et al. 2007). Retrievals of aerosol spectral complex refractive indices are also invaluable in evaluating
the mixing state of aerosols (Schuster et al. 2005; Russell et al. 2010), which is required
in the evaluation of current and future global aerosol models (e.g., Ghan and Schwarz
2007; Bauer et al. 2008). The APS-2 observations are therefore expected to provide a
revolutionary increase in the global coverage of detailed aerosol and cloud retrievals that
substantially improves our existing understanding of the spatial distribution and composition of aerosols.
A detailed assessment of the APS-2 sampling of the most variable aerosol characteristic, AOT, is given in Appendix F.

8. Key aerosol information provided by APS-2
Forecasting the Earth system and its climate requires correct boundary value (forcings)
and an accurate model (feedbacks). The largest uncertainty in the boundary value is the
aerosol radiative forcing (Hansen et al. 1998; Solomon et al. 2007). Moreover, the sensitivity of mid and high Northern latitude climate to local forcings is much stronger than
the use of a global mean radiative forcing would suggest (Shindell and Faluvegi 2009).
Since the aerosol radiative forcing is indeed regionally concentrated, the effects of aerosols, compared with those of well-mixed GHGs, are significantly underestimated by using a global mean forcing. This is an issue when trying to separate aerosol and wellmixed GHG effects through patterns of temperature change (Hegerl et al. 2007). Current
economic development in South and East Asia means that changes in the aerosol radiative forcing in mid and high latitudes are likely to be substantial both short-term and
long-term. Numerous recent studies indicate that the current uncertainties in the aerosol
forcing limit our ability to evaluate climate models by comparison with observed global
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temperature change (Knutti et al. 2002; Smith et al. 2002; Schwartz et al. 2007; Forster et
al. 2007b).
APS-2 generates key data for both the direct evaluation of the DARF and the
evaluation of process and climate models that are essential tools for the prediction of
Earth-system change and the evaluation of approaches to the mitigation of climate
change.

It provides not only a detailed quantitative gauge of model performance, but also can offer essential information about the reasons why models agree or disagree with measurements. A major advantage of APS-2 over existing capabilities is that it yields sizeresolved aerosol properties by retrieving the effective radii and variances and the fraction
of non-spherical particles in each of two particle size modes. This information, along
with the spectrally resolved complex refractive index, is sufficient for the calculation of
the optical properties of aerosols that are required for the determination of the surface and
top-of-the-atmosphere radiative effects of aerosols. The value of such retrievals for model
evaluation is that simulations of aerosol size distributions can be tested and it is possible
to identify where chemical composition predictions (Fig. 2) are compatible, or incompatible, with observations. Available satellite products (cumulative AOT) test whether the
model conversions of the total mass of all the different aerosol components to a scattering
cross-section are acceptable, and current models have considerable skill in matching such
observations (Schulz et al. 2006). The APS-2 capability moves the validation of model
performance to a more relevant (Roesler and Penner 2010) and challenging evaluation of
the mixing state of the aerosols for which there is currently little agreement among global
models (Schulz et al. 2006). Table 1 summarizes the key processes and aerosol properties
included in models, as well as the means of validation that exist today. With the exception of aerosol sources, APS-2 can provide information for all processes and properties in
climate models. Furthermore it can do so not only for a single size bin or a generic
fine/coarse mode characterization, but rather for the actual bimodal size distribution.
Examples of how this information can be used by modelers include the following:
Verification of which regions exhibit significant enhancement of aerosol absorption
due to black carbon coating and the identification and quantification globally of the
presence of brown carbon.
● A recently emerged area of research is dust mineralogy. It is well known that different dust sources in various regions around the world have different mineralogical
composition (Koven and Fung 2006), with each mineral having different optical
properties. Future developments are expected to include this information in standard
model simulations. For example, it has already been included in the development
version of the GISS modelE climate model (Perlwitz et al., in preparation). Having
satellite information for the spectral effective refractive index in dust-dominated regions will provide important constraints on how the dust mineralogy changes.
● Although particle shapes other than spheres have not been taken into account in
global climate models yet, having information on the aerosol shape on the global
scale is a useful tool for identifying regions in which this assumption may be incorrect. This analysis can include areas where dust is an important contributor to AOT
and areas where fresh emissions of black carbon occur, which are highly nonspherical. Persistent biomass burning occurs in various regions, but mainly in the
●
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tropics and the temperate and boreal forests; by studying the plumes that can extend
several hundreds or even thousands of kilometers downwind, the aging of black
carbon can be evaluated, as well as the amount of time that it takes for the fractalshaped particles to collapse into more spherical structures.
● One of the most challenging tasks for the modeler is to identify ground-based stations that are representative of large regions (of the order of 100 km or larger) in
order to be able to validate a model with grid cells as large as a few hundred kilometers at the equator. Although APS-2 observations cannot fill completely a whole
model grid, they can prove very useful in understanding how homogeneous a
model’s grid is. Size distribution information over large areas is only available from
very limited aircraft measurements, and not all measurement stations are unaffected
by local sources. Having a satellite that provides aerosol information along gridbox
slices provides an understanding of the degree of homogeneity (or inhomogeneity)
of a given gridbox, as well as whether the ground-based measurements (when colocated with the satellite overpasses) are indeed representative of a large region, or
are dominated by local sources.
While AERONET already provides some of the aforementioned information for a
limited and spatially inhomogeneous sample, APS-2 will be a key addition by providing
global space-borne retrievals with the sensitivity to aerosol refractive index, shape, and
absorption that is essential to improving our knowledge of the effects of aerosols. Each
APS-2 ground pixel can be treated by models as a sampling “station” generating a vast
amount of data to test the validity of the simulated number/mass relations and composition. These “stations” (Fig. 12) will provide a dense sampling of the entire globe except
for the poles and will offer very robust results since all measurements will be made with
the same instrument and processed with the same retrieval algorithms. The APS-2 “stations network” will be equivalent to more than 1,000 AERONET networks and will offer
a sampling density that has a maximal spacing of ~1.5° in longitude at the equator for a
typical sun-synchronous orbit, with substantially denser sampling at higher latitudes. The
revisit time is roughly sixteen days and is dependent on the details of the orbit that would
be selected for an APS-2 re-flight (see Section 12). Finally, APS-2 will provide information on aerosol properties above clouds with particular sensitivity to absorbing aerosols,
which AERONET cannot do. This information will be key in obtaining more accurate
global assessments of the all-sky DARF and the semi-direct effect.
Note that, apart from affecting climate, the modification of radiation by aerosols also
has major implications for atmospheric chemistry (Bian et al. 2003; Martin et al. 2003;
Tie et al. 2005). Absorption and scattering affect the amount of light available in various
parts of the atmosphere for the breakdown of gas molecules (photolysis). The information
provided by APS-2 (SSA, refractive index, effective radius and effective variance for two
aerosol modes) will help improve the representation of aerosol optical properties that are
needed for photolysis calculations in models (e.g., Wild et al. 2000; Tie et al. 2005). The
more accurate representation of photolysis can significantly improve the models’ ability
to capture the variability of important gases (e.g., Voulgarakis et al. 2009), something
that can subsequently be evaluated by comparisons of model results with measurements
from other satellite instruments. Apart from contributing to more accurate atmospheric
chemistry simulations, a better-constrained representation of photolysis will also improve
the ability of models to simulate important climate forcing agents, such as ozone, meth29
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Figure 12. Comparison of the spatial scales of a typical 2° × 2.5° climate model grid
(dashed lines), AERONET measurements from currently active stations (red dots), and
APS-2 ground tracks corresponding to adjacent A-train orbits (green dotted lines).

ane, and sulfate aerosols, which are all strongly affected by tropospheric oxidation processes, which depend on photolysis.

9. Summary of APS-2 cloud retrieval algorithms and data products
Cloud feedbacks are among the principal sources of uncertainty in assessing the climate
sensitivity of the Earth (Stephens 2005; Bony and Dufresne 2006; Soden and Held 2006;
Solomon et al. 2007). The sign of the net cloud radiative forcing (i.e., whether clouds act
to warm or cool the planet in a global sense) depends on cloud optical thickness and
height, as well as on the thermodynamic phase and size/shape distributions of the cloud
particles (Baker 1997; Liou 2002). Aerosols can alter cloud macro- and micro-physical
properties, and thereby the global net cloud radiative forcing, through indirect effects
(Chen and Penner 2005; Lohmann and Feichter 2005), although there are physical reasons to believe that existing global model results can overestimate some of such effects
(Stevens and Feingold 2009). For instance recent simulations that embed a cloudresolving model (CRM) in each vertical column of a global model found much smaller
aerosol indirect effects than were simulated in the host model without a CRM (Wang et
al. 2011). This can in part be explained by the fact that a CRM implicitly includes some
of the buffering effects (Stevens and Feingold 2009) that reduce the strength of aerosol–
cloud interactions. However there are still substantial uncertainties in the modeling of the
global indirect effect of aerosols on climate.
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Absorbing aerosols can also exert semi-direct effects on clouds by heating the atmosphere or reducing surface insolation and may decrease cloud cover (Ackerman et al.
2000; Koren et al. 2004, 2008; Penner et al. 2003; Fan et al. 2008) or increase cloud
cover (Johnson 2005; Feingold et al. 2005; McFarquhar and Wang 2006; Brioude et al.
2009) depending on the cloud type, the vertical location of the aerosol layer with respect
to the cloud layer, and the surface conditions (Koch and Del Genio 2010).
While the primary objective of the APS-2 instrument is the retrieval of accurate aerosol parameters, this sensor is also uniquely capable of providing information about cloud
thermodynamic phase (ice, water, or a combination of the two), the shape and size distributions of the cloud particles, and cloud optical thickness.
Although the daily sampling of APS-2 is limited, it is expected to provide unique and
important observational targets for studies of cloud processes and indirect aerosol
effects since virtually all cloud types will be sampled sufficiently.

The anticipated APS-2 cloud retrieval procedures are based on those applied to the
POLDER and MODIS satellite instruments and the airborne RSP instrument. Owing to
the collection of multi-spectral, multi-angle polarization observations APS-2 would allow
for the following advances:
● improved ability, compared to POLDER and MISR, to infer the morphology (surface
●

●

●

●
●

texture and overall shape) of ice particles in optically thick ice clouds globally;
a specialized, polarization sensitive channel at 1376-nm that will have an unprecedented sensitivity to the morphology (surface texture and overall shape) of ice particles in optically thin cirrus (including sub-visible, optical thickness < 0.1; Ottaviani
et al. 2011) which are a ubiquitous and important component of the tropical upper
troposphere (Lee et al. 2009);
unambiguous sensitivity to the presence of liquid water at temperatures below 0°C
using the difference in the polarization features of ice and water clouds in the rainbow region;
retrievals of the effective radius and variance of the drop size distribution near cloud
top using the structure of rainbow polarization features that are not significantly affected by 3D radiative transfer effects or uncertainties in surface reflection;
retrievals of cloud-top pressure using the Rayleigh scattering contribution to polarized reflectance at multiple wavelengths;
retrievals of cloud-base pressure for stratiform clouds over the ocean using the differential increase in absorption between unpolarized and polarized light leading to
estimates of droplet number concentration (derived from droplet size, optical thickness and cloud pressure thickness) and liquid water path (derived from cloud pressure thickness, droplet number concentration, and effective variance).

Unlike liquid cloud droplets, ice particles are non-spherical and can have a roughened
surface. The size of the particles is the primary determinant of the SSA (Hansen and
Travis 1974; Mitchell 2002; Platnick et al. 2003) while the shape, particularly aspect ratio, and microscopic surface roughness control the asymmetry parameter (Liou 2002; Fu
2007; Yang and Fu 2009; Baran 2009; Baum et al. 2010). A fundamental question that
remains to be addressed is what ice particle properties should be assumed in the operational retrievals of ice size (Zhang et al. 2009a; Baum et al. 2011) and also how accurate
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are the ice properties either assumed or predicted in climate and cloud-resolving models
that remain poorly constrained by observations. Images of ice crystals obtained from in
situ probes generally indicate the presence of myriad complex particles, often highly aggregated, or with irregular shapes (Baran 2009). The infrequent occurrence of halos and
sundogs in cirrus together with measurements from nephelometers (Garrett et al. 2003;
Gayet et al. 2011) and other in situ probes (e.g., Small Ice Detector-3; Ulanowski et al.
2006; Kaye et al. 2008) suggest that ice particles generally do not have smooth crystalline
surfaces. A concern with the historical record from in situ probes is the effects of crystal
shattering (Field et al. 2006; Korolev et al. 2011), although improved in situ probe design
and analysis techniques are now allowing such effects to be mitigated at least in particle
size measurements (Jensen et al. 2009; Lawson et al. 2010; Lawson 2011). Additional
concerns with existing in situ measurements are their necessarily limited spatial availability, ambiguity in the classification of habit, and inability to resolve microscopic surface
roughness. The use of multi-angle polarized reflectance measurements is therefore complementary to in situ measurements and invaluable in building a global picture of the
shape and roughening of cloud ice particles (Chepfer et al. 2001; Knap et al. 2005; Baran
and Labonnote 2006).
APS-2 will improve our understanding of ice clouds by establishing the relationships
between ice crystal morphology and cloud type, particle size, and cloud top temperature.
Its increased spectral sampling and angular resolution, compared with POLDER, will allow the inference of ice crystal size, shape, and roughness for virtually every APS fieldof-view that contains ice clouds. Another improvement in the APS-2 observations over
those available from POLDER is the inclusion of a 1376 nm band (Gao et al. 1993), similar to that on MODIS (Meyer and Platnick 2010), which is relatively insensitive to surface reflectance and low altitude water clouds and permits the detection of thin and subvisible cirrus with optical thicknesses down to a few hundredths, as well as the retrieval
of ice crystal morphology for such clouds (Ottaviani et al. 2011). Although sub-visible
cirrus necessarily have little impact at solar wavelengths, they do affect outgoing longwave radiation (McFarquhar et al. 2000; Hartman et al. 2001) and appear to play a significant role in the heat balance of the tropical tropopause and dehydration of the stratosphere (Jensen et al. 1996a,b; Holton and Gettelman 2001; Dinh et al. 2010).
The dependence of the thermodynamic phase of clouds on temperature for different
climate regimes is a valuable observational target for the evaluation of both climate and
cloud-resolving models because the temperature level at which glaciation occurs influences every aspect of the radiative and dynamical behavior of cold clouds (Fowler et al.
1996; Baker 1997). On a more fundamental level, accurate determination of the cloud
thermodynamic phase partitioning, that is, whether clouds are composed of liquid or ice
particles or a combination of both, is essential for the retrieval of other cloud properties
such as particle size and shape.
APS-2 will be capable of inferring the presence of liquid water at temperatures below
0°C by exploiting the difference in the polarization features of ice and water clouds in the
rainbow region, as demonstrated using POLDER (Goloub et al. 2000; Riedi et al. 2010).
The signal of the rainbow in polarized reflectance is determined by the relative amount of
scattering on ice and liquid particles. In the case of an ice layer above liquid cloud, polarization measurements contain information that can be used to determine the ice optical
thickness above the liquid layer (Riedi et al. 2010). APS-2 measurements will improve
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our understanding of cloud glaciation processes and their dependence on climate regime
and aerosol loading, among other factors. The phase determination from APS-2 is expected to be better than that from POLDER owing to the finer angular resolution within
the rainbow region and the higher accuracy of APS-2 measurements.
Existing passive instruments such as MODIS, AVHRR, or VIIRS provide cloud
thermodynamic phase based on IR measurements or a combination of solar and IR measurements (Platnick et al. 2003; Pavolonis et al. 2005). However, the MODIS Collection 5
IR thermodynamic phase retrievals have significant limitations (Nasiri and Kahn 2008;
Cho et al. 2009) primarily in the ability to discriminate between ice and water clouds at
temperatures between – 40°C and 0°C. Polarized lidar measurements such as those from
CALIOP generally use thresholds of lidar depolarization and backscatter to determine
cloud phase. However, results from this technique are significantly affected by uncertainties in, e.g., ice crystal back-scattering and depolarization properties, ice crystal orientation, and the possible presence of aerosol (Hu et al. 2007; Sassen and Zhu 2009; van
Diedenhoven et al. 2011). The APS-2 cloud phase retrievals will therefore improve the
climatological data on the transition of clouds from water to ice as temperature decreases
and, if flown in formation with the Aqua, Cloud–Aerosol and Infrared Pathfinder Satellite
Observation (CALIPSO), NPP, or EarthCARE satellites, can be used to improve operational IR, solar/IR, and polarized lidar methods for phase discrimination.
The shortwave albedo of liquid water clouds is determined by their liquid water path
and the size distribution of cloud drops, which can both be significantly affected by aerosols (Lohmann and Feichter 2005; Levin and Cotton 2008). Perhaps the most obvious
effect of aerosols on clouds is the change in cloud droplet sizes in ship tracks (Coakley et
al. 1987). Such observations provide a valuable test of our ability to use remote sensing
(Coakley and Walsh 2002; Segrin et al. 2007) and large-eddy simulation models (Ackerman et al. 2003) to better understand the behavior of boundary-layer clouds. The global
co-variation of AOT, cloud droplet size, and cloud fraction retrieved from satellite observations has been used as an observational target to test aerosol effects in general circulation models (Lohmann and Lesins 2002; Quaas and Boucher 2005; Menon et al. 2008),
although the significance of aerosol effects on clouds in such analyses is uncertain
(Quaas et al. 2010). The width of the cloud droplet size distribution may also be affected
by aerosols and its impact on global indirect radiative forcing has been shown in highly
idealized estimates to be significant (Rotstayn and Liu 2003, 2009; Peng and Lohmann
2003). Moreover, the evidence for aerosol effects on the width of the droplet size distribution is ambiguous (Liu and Daum 2002; Pawlowska et al. 2006; Zhao et al. 2006);
modeling studies indicate a broad range of such effects (Lu and Seinfeld 2006) as well as
effects of the droplet size distribution width on clouds (Xie and Liu 2011). Accurate determination of cloud top droplet size distributions by satellites would therefore provide a
valuable observational target for testing simulations by large-scale models that include
droplet size distribution effects.
Multispectral measurements in absorbing and non-absorbing bands are generally used
to simultaneously retrieve the cloud droplet effective radius and optical thickness (King
1987; Nakajima and King 1990; Nakajima et al. 1991; Platnick et al. 2003). These parameters can then be mapped to a droplet number concentration and cloud layer thickness
if an adiabatic cloud profile can be assumed (Bennartz 2007). However, the apparently
different sensitivity of adiabatic and non-adiabatic clouds to aerosol effects (Kim et al.
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2008) makes the use of such an assumption in analyses of aerosol indirect effects problematic. The main issue for droplet size retrievals of this type is that for partially cloudy
scenes, leakage of light out of the sides of the clouds tends to cause a high bias in the size
retrievals (Marshak et al. 2006; Zinner and Mayer 2006; Zinner et al. 2010; Zhang et al.
2011). Polarimetric observations made by POLDER can also be used to determine the
droplet size distribution at cloud top (Bréon and Goloub 1998) but only for homogeneous
clouds decks of ~100 km in size because of the poor angular sampling at smaller spatial
scales.
The high angular resolution of APS-2 observations of the polarization of reflected
light in the rainbow region (at scattering angles between 135° and 165°) allows unique
retrievals of the droplet size distribution, including its width, for every ground pixel (see
Appendix E) and will therefore provide a valuable complement to existing observations.
Polarimetric retrievals of droplet size depend on the rich angular structure of single scattering by spherical droplets which is not affected by the leakage of light out of cloud
sides, other 3D cloud effects, or aerosols above clouds (Waquet et al. 2009b; Knobelspiesse et al. 2011a; Hasekamp 2010). Furthermore, such retrievals are just as accurate over
land or ocean surfaces and over a much wider range of cloud optical thicknesses than is
the case for existing measurements. The APS-2 instrument will also provide continuity
with existing and future measurements through its spectral bands at 1603 and 2260 nm to
which the usual absorbing/non-absorbing droplet size retrievals can be applied. Retrievals
using the radiances for these bands are sensitive to droplet sizes deeper in the cloud than
the polarimetric size retrievals (Platnick 2000; Zhang et al. 2011), which provides some
limited sensitivity to vertical variations in cloud particle size.
To use the cloud retrievals in evaluating the radiative effects of clouds, it is essential
to know the altitude at which the cloud is located. For APS-2 this is accomplished by using polarized reflectance observations in short wave (λ < 500 nm) spectral bands that provide a direct measure of cloud top height by using Rayleigh scattering as a barometer
(Goloub et al. 1994). In addition, observations in the spectral band at 911 nm permit water vapor above cloud to be estimated using attenuation of the polarized reflectance in the
rainbow at 911 nm compared to that at 866 nm because the rainbow features are generated at cloud top. The water vapor amount within the cloud can then be estimated separately by using the unpolarized reflectance observations that are sensitive to the full depth
of the cloud. The within-cloud water vapor amount is proportional to the product of the
cloud pressure thickness and the water vapor mixing ratio. The cloud pressure thickness
can therefore be derived by assuming that the cloud layer has a saturated water vapor
mixing ratio. The saturated mixing ratio could possibly be calculated from the cloud top
temperature observed by an operational imager (e.g., MODIS or VIIRS) or can be estimated from a forecast model.
Once the cloud pressure thickness is determined, it can be combined with the droplet
size and optical thickness retrievals to determine the cloud droplet number concentration
that does not depend on adiabaticity assumptions, which may be substantially in error
(Painemal and Zuidema 2011). The droplet number concentration is a particularly valuable observational product for testing models because it provides a more direct indication
of aerosol effects on clouds than changes in cloud droplet size (Brenguier et al. 2003).
Estimates from APS-2, which will be independent of adiabatic assumptions, will therefore provide a valuable complement to other approaches (Boers et al. 2006; Bennartz
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2007; Hu et al. 2007) for the remote estimation of droplet number concentration. Additionally, combining estimates of cloud thickness, cloud droplet concentration, and effective variance will allow for an estimate of cloud liquid water path that does not require
assuming a vertically uniform cloud (Stephens et al. 1978) or an adiabatic liquid water
profile (Wood and Hartmann 2006).

10. Use of APS-2 products in assimilation models
AOT fields with global coverage generated by MODIS have been found to provide substantial benefits in aerosol assimilation and forecasting (Zhang et al. 2008; Benedetti et
al. 2009; Morcrette et al. 2009). Data with limited horizontal coverage such as the data
from CALIPSO can still be valuable for assimilation systems and can improve global
aerosol transport modeling and prediction because of their unique resolution of vertical
variability (Sekiyama et al. 2010; Zhang et al. 2011). The spatial sampling provided by
APS-2 will be similar to that of CALIPSO, and so its unique products that constrain mixing state through the retrieval of real and imaginary refractive indices (e.g., Schuster et al.
2005) and its accurate AOT and size retrievals are expected to be of value for assimilation purposes and forecast models if the retrievals are provided in near real time. It is
through constraining the mixing state of aerosols in global prediction models (Liu et al.
2007a,b) that APS-2 data would have its largest impact on air quality forecasts that currently use AOT as a constraint on surface concentrations of particulates (Engel-Cox et al.
2004; Al-Saadi et al. 2005; Hoff et al. 2009; Zhang et al. 2009b).
One of the primary issues for the effective assimilation of aerosol data is the correction of biases and the provision of a reliable assessment of retrieval uncertainties (Shi et
al. 2011). It is therefore essential for the assimilation of APS-2 level 2 products that a
pixel level assessment of errors in the retrievals is provided. The inclusion of error estimates is planned for the APS-2 products that will be generated using an optimal estimation scheme (Cairns et al. 2009a; Dubovik et al. 2011; Hasekamp et al. 2011). This scheme includes an assessment of retrieval errors and model validity (retrieval quality) as part
of the retrieval process (Rodgers 2000) for each retrieval. Although APS-2 data with significant latency (~days) may be of interest for the assessment of model performance and
reanalysis applications, the data need to be processed and made available in near real
time in order to be used in aerosol forecast models. The APS-2 satellite options all have
resources (power, bandwidth, processing power) that can provide a direct broadcast capability that would facilitate the provision of APS-2 products within 24 h of data acquisition. The APS-2 pixel size of 5.6 km from a 705 km altitude means that there will be
cloud contamination, particularly in broken cloud fields. However, the polarized signal
generated by fine-mode aerosols is very distinct from the signal caused by clouds, which
makes the fine-mode aerosol retrieval valid even in the presence of clouds (Hasekamp
2010; see also Appendix E). This is an important aspect of APS-2 retrievals, if they are to
be used for assimilation, and will minimize scene dependent biases (Zhang and Reid
2009).

11. Validation strategy
In this section we discuss validation of APS-2 results, by which we mean the acquisition
of independent observations, or measurements, that provide a clearly quantifiable meas-
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ure of the accuracy and/or precision of the APS-2 products. There are two levels of validation of the products from APS-2: the radiance (level 1) products and geophysical (level
2) retrieval products. It is clear that level 1 products must be validated first to have a clear
understanding of the radiometric and polarimetric accuracy and precision of the APS-2
observations that are the inputs to the level 2 retrievals (Cairns and Geogdzhayev 2010).
However, validation of level 1 products must be an ongoing activity throughout the period of the mission to provide a continuous and independent guarantee of the quality of
the observations that are being made. Validation of level 2 products is more complex than
for level 1 products, given the wide range of geophysical retrievals that will be provided
by APS-2, and must explore a significant sample of climate regimes to evaluate the validity of the APS-2 algorithms and their associated error estimates.
Level 1 validation. The primary method for validating the APS-2 level 1 products will be
a direct radiance based cross-calibration (Slater et al. 1996) with an airborne simulator
mounted on one of the NASA ER-2 aircraft. The RSP instruments that have been used to
test APS-2 retrieval algorithms and develop robust models of the surface polarized BRDF
also serve as airborne simulators of the APS-2 observations with close matches to the
spectral bands at 413, 555, 674, 866, 1603, and 2260 nm. The RSP instruments have National Institute of Standards and Technology (NIST) traceable radiometric calibration that
will be repeated before each deployment, and they can be polarimetrically recalibrated
before and after each validation flight. Stability of the RSP instruments is better than 1%
per year for radiometric observations and 0.1% per year for polarimetric observations.
One RSP instrument is currently being integrated onto the NASA ER-2 with test flights
scheduled at the end of August 2011. The RSP instrument has previously been flown in a
similar environment (–100°C at over 17 km altitude) on the Scaled Composites Inc. Proteus aircraft during the CRYSTAL-FACE field experiment. The IFOV of the RSP instrument is 14 mrad and has a ground pixel size of 250 m at a 19 km altitude, which is
smaller than the 5.6 km ground pixel size of APS-2 from a 705 km orbit. Large targets
are therefore required for radiance based cross calibrations. The ideal targets are clear
skies over the ocean to validate the low end of the radiometric scale and cirrus anvils, or
stratocumulus cloud decks to validate the high end of the radiometric scale. The expected
accuracy of the transfer of radiometric calibration for sensors with different IFOVs is 2%
(Slater et al. 1996). Validation of the other bands will rely on spectral interpolation using
the physical models provided by the aerosol and cloud retrievals with a focus on clear sky
ocean scenes, water cloud scenes, and ice cloud scenes for validation of the 444, 911, and
1376 nm bands, respectively.
Level 2 validation. The APS-2 aerosol retrieval products requiring validation are the
AOT, size distribution parameters (effective radius and effective variance for a fine and a
coarse mode), and complex refractive index together with the optical parameters (spectrally varying SSA, scattering cross section, backscatter fraction, etc.) that depend on the
microphysical retrievals. The primary issue for validation of the ground track only retrievals obtained by an APS-2 sensor is collecting an adequate sample of validation measurements that are obtained close enough in space and time. The only effective way to accomplish this is through the use of airborne measurements obtained by flying along the
satellite ground track ±30 min from overpass time.
An RSP instrument has been integrated onto the NASA LaRC UC12 and flown in
conjunction with the High Spectral Resolution Lidar (HSRL). The HSRL provides a di36
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rect measure of extinction and therefore AOT at 532 nm (Hair et al. 2008). Flying both
instruments at an altitude (8.5 km) for which most of the aerosol and molecular scattering
is below the aircraft allows for the direct validation of the APS-2 AOT product at 532 nm
along the APS-2 ground track, under most conditions. In addition, the lidar intensive observables (backscatter Ångström exponent, lidar ratio, depolarization at 532 and 1064
nm) provide a test of the retrieved aerosol microphysical model. Measurements from a
platform of this type can also provide ongoing validation of the level 1 APS-2 products
although with increased transfer uncertainty (~1% – 2%) compared with ER-2 observations. The increased transfer uncertainty is caused by having a lower altitude and potential contamination by thin cirrus, which would be limited to optical thicknesses of less
than 0.01 when using screening with the APS-2 1376 nm band. Measurements with RSP
and HSRL on the same platform also allow for algorithmic validation throughout the
course of a day, not just at overpass time, because the APS-2 algorithms can be applied to
the RSP observations.
Validation of the spectral AOT, across the solar spectrum, can be performed by airborne upward looking sun (AATS-14; Redemann et al. 2009) or sun/sky (4STAR; Dunagan et al. 2011) photometers. In the case of the 4STAR instrument, AERONET type sky
radiance retrievals that can be used to estimate the column size distribution and complex
refractive index are feasible. These upward looking photometers typically fly on a platform that also makes aerosol in situ observations (CIRPAS Twin Otter, DoE G-1, NASA
P-3) which can provide the most direct and accurate measurements of aerosol size distribution (scanning mobility and aerosol particle sizers) and absorption (Moosmüller et al.
2009) that can be used to validate these APS-2 products. The only in situ measurement
that has sufficient sensitivity to real refractive index to act as a direct validation of the
APS-2 product is a polar nephelometer, which measures the polarized phase function of
the aerosols to infer the refractive index. An instrument of this type is scheduled to fly on
the NASA LaRC B200 platform, which is being outfitted as an aerosol in situ observation
platform, in the summer of 2011. In addition to the polar nephelometer, the B200 will fly
a suite of instruments to measure aerosol number concentration, size, scattering (integrating nephelometer), absorption (Particle Soot/Absorption Photometer), effects of humidity
on the aerosol scattering coefficient, and cloud properties. It is worth noting that requiring consistency between in situ size measurements and measurements of scattering and
absorption cross sections can also provide constraints on complex refractive indices if the
polar nephelometer were not to be available, or as a check on its measurements (Virkkula
et al. 2006; Petzold et al. 2009).
The APS-2 cloud retrieval products requiring validation are the optical thickness, size
distribution parameters, cloud boundaries, and number concentration of droplets. These
products can all be validated in liquid water clouds using an in situ probe such as the
Cloud, Aerosol and Precipitation Spectrometer (CAPS; Baumgardner et al. 2001) that is
part of the NASA LaRC B200 in situ payload. Measurements of this kind were made on
the CIRPAS Twin Otter during the CSTRIPE and RACORO field experiments (Vogelmann et al. 2011) and were used to validate the cloud retrieval products from the RSP
(see Appendix E).
Ideally, for validation, the in situ measurement platform would fly at the same time as
the high altitude UC12 deploying RSP and HSRL so that the in situ measurements can be
obtained at the altitude, or altitudes, where the bulk of the aerosol burden is located,
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thereby maximizing the efficiency of data collection. Although there are other more
comprehensive aerosol and cloud in situ measurement capabilities (NASA P3, DoE G-1,
NASA DC-8, CIRPAS Twin Otter) the NASA LaRC UC12 and B200 offer a combination of remote sensing and in situ measurements that can be flown from NASA LaRC
sufficiently frequently to obtain statistics for both clear and cloudy scenes that will be
adequate to validate the APS-2 products. We therefore regard measurements of this kind
as the primary form of validation with larger field campaigns providing a smaller statistical sample with much more complete measurements (e.g., visible/UV absorption, aerosol
speciation/composition, CCN).
Validation of ice cloud optical thickness, particle size, shape and roughness, and
cloud top pressure will be primarily through participation in large-scale field experiments
since specialized aircraft are usually required to reach the altitude of cirrus clouds. Ice
cloud particle sizes can be validated using observations from in situ sensors, which mitigate ice crystal shattering artifacts, such as the 2D-S instrument (Lawson et al. 2010).
Aspect ratios are also measured in situ by the cloud particle imager (CPI; Korolev and
Isaac 2003). However, these measurements are uncertain due to ice shattering and sampling problems. Also the aspect ratios estimated from CPI images are of the complete
crystal, whereas radiative properties and microphysical parameters are mainly determined
by the aspect ratios of individual components of complex ice crystals (e.g., the individual
bullets of a rosette). Ice crystal roughness is not measured directly by any in situ probe,
and only a measurement of the ice crystal asymmetry parameter (Gerber 2000) or measurements of scattered light (Ulanowski et al. 2006; Gayet et al. 2011) would provide a
validation of this retrieval product.

12. Scientific assessment of orbit options
The technical assessment for the flight of an APS-2 has identified five mission options.
We note that if options 4 or 5 were to be selected then it would, in principle, be possible
to fly in formation with the European Space Agency (ESA) EarthCARE mission. Therefore, a discussion of the benefits of formation flying with that mission is included in this
section.
The options are:
1. Launch into a nominal sun-synchronous (97.4° inclination) orbit at 500 km altitude
with no propulsion system to provide control of local crossing time.
2. Launch into a nominal sun-synchronous (97.6° inclination) orbit at 550 km altitude

with no propulsion system to provide control of local crossing time.
3. Launch into a nominal sun-synchronous (97.6° inclination) orbit at 550 km altitude

with a cold-gas propulsion system to correct for launch injection dispersions and
provide control of local crossing time.
4. Launch directly into a sun-synchronous (98.7° inclination) 824 km altitude orbit

with a propulsion subsystem to allow for formation flying with NPP.
5. Launch into a 640 km orbit and raise the orbital altitude to 705 km using a propul-

sion subsystem to allow for formation flying with the A-Train platforms. Include
sufficient propellant to allow for a subsequent orbit raise to the NPP orbit.
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The first three options that are nominally sun-synchronous, preclude formation flying
and have similar scientific value. Launch vehicle dispersions mean that the injection orbits of the first two options are not guaranteed to be circular and may precess in terms of
the local time of the equator crossing. The magnitude of these effects based on a worst
case (3σ orbital injection dispersions) analysis is ~ 45 min/year, which means that for an
initial injection local crossing time of 13:30 the spatial extent of the available data would
be decreasing from launch on with an increasing bias to the summer hemisphere and extremely limited coverage after three years. These mission options allow the primary scientific requirements of an APS-2 mission to be met since the accurate retrieval of aerosol
and cloud radiative properties is met by an APS instrument on its own and the value of
the retrievals lies in their accuracy. However option 3 to maintain the local crossing time
has the substantial advantage that data coverage is uniform throughout the mission and
the length of the mission is not compromised.
The fourth option, to formation fly with NPP, has as its focus coordinated measurements with VIIRS and Cross-track Infrared Sounder (CrIS) with the APS-2 satellite flying within 2–3 min of NPP. The VIIRS instrument is expected to have a similar, although somewhat more limited, capability to MODIS. The co-ordination of APS-2 measurements with an imager of this kind allows the use of APS-2 retrievals to improve on the
assumptions used in the VIIRS aerosol and cloud algorithms and can also be used to
cross-validate VIIRS ocean color retrievals given the close match between the APS-2 and
VIIRS ocean color spectral bands. The VIIRS cloud masking capability can also be used
to supplement the cloud masking of APS-2 measurements with onboard cloud cameras.
CrIS measurements are of interest because of their strong sensitivity to the opacity of dust
layers and their height with little sensitivity to biomass burning, or pollution, aerosols
that often coexist with dust. The TROPOspheric Monitoring Instrument (TROPOMI; De
Vries et al. 2007)) spacecraft is also expected to be flying in formation around 5 minutes
behind NPP, and this updated version of the OMI instrument will have the capability to
detect UV absorbing aerosols and to retrieve substances such as sulfur dioxide, formaldehyde, nitrogen dioxide, and carbon monoxide that serve as tracers of pollution. For example, formaldehyde–aerosol correlations can provide information on secondary aerosol
formation, while SO2 –aerosol correlations can be indicative of anthropogenic influences
on aerosols (e.g., Veefkind et al. 2011). However, the primary value of collocating TROPOMI measurements of aerosols with those from APS-2 would be their sensitivity to UV
absorption and the oxygen A-band observations that are available on this version of OMI
and are sensitive to the vertical distribution of aerosols. These capabilities compliment
the APS-2 estimates of absorption that run from the visible to the deep blue. Contrasts
between retrievals from both instruments will allow significant issues regarding the relative magnitudes of absorption by organic, or brown, and black carbon to be addressed.
The fifth option, to formation fly within 2–3 min of the Aqua satellite in the A-Train,
allows coordinated observations with CALIOP on the CALIPSO satellite, the MODIS
and Atmospheric Infrared Sounder (AIRS) instruments on the Aqua satellite, and the
OMI and Tropospheric Emission Spectrometer (TES) instruments on the Aura satellite.
The additional capability to orbit raise to formation fly with NPP eliminates the risks associated with A-Train instruments failing shortly before, or early in, an APS-2 mission
but allows the unique capabilities provided by a lidar to be exploited if they are available.
The CALIOP lidar provides, at the most basic level, profiles of attenuated backscatter
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and depolarization. These measurements can be used to distribute aerosol opacity in the
vertical, thereby reducing uncertainties in the APS-2 retrievals of aerosol absorption. Although APS-2 can provide the height of the top of the aerosol layer, it would also be
valuable to have information on whether aerosols exist in single or multiple layers, such
as the mixed biomass burning and dust plumes that are present over Africa and the tropical Atlantic each summer. This would allow the aerosol retrieval algorithms to correct for
biases (Kalashnikova et al. 2011) caused by the assumption of a single aerosol layer. In
addition, the combination of lidar depolarization at cloud top with APS-2 cloud top size
distribution retrievals provides a direct, and independent measure of cloud droplet number concentration that is of particular value for the identification of aerosol indirect effects (Hu et al. 2007). The value of coordinated measurements with MODIS is similar to
that provided by VIIRS, but with a better ocean color capability, while the aerosol retrievals from OMI and the retrievals of pollutants such as formaldehyde from OMI and
CO from TES serve the same purpose as outlined for option 4.
The last two options could also permit flying APS-2 in formation with ESA’s EarthCARE mission, which is planned for launch in 2015 into a polar sun-synchronous orbit at
a 410-km altitude, with a local crossing time around 2 pm. This mission includes an atmospheric lidar, which would provide similar benefits as CALIOP. It also carries a multispectral imager, somewhat similar to MODIS and VIIRS albeit lacking the shortwavelength bands needed for aerosol and ocean color retrievals, and a cloud profiling radar.
Summary. Formation-flying with a lidar-carrying satellite can provide extremely useful
information on where aerosols exist in the atmospheric column that has substantial value
in understanding their effects on clouds and allows the profile of radiative heating caused
by aerosols to be estimated. The only concern with formation flying in the A-Train is that
the CALIPSO mission may no longer be in the A-Train by the time an APS-2 is launched
because of lack of propellant to maintain station keeping beyond the 2016 A-Train inclination maneuver (Ferrier et al. 2010). It is highly probable that MODIS Aqua will be capable of providing cloud detection/masking and properties beyond 2018 but ocean color
and aerosol retrieval quality beyond 2016 is likely to degrade (Platnick and Xiong 2011).
The issue with formation flying with EarthCARE is that the mission may not have
launched by the time an APS-2 mission is launched and will only have a short lifetime
because of its low altitude orbit.
Formation flying an APS-2 mission with NPP has significant benefits, and it is expected that the instrument suite would still be performing well by the time an APS-2 was
launched. An APS-2 flying on its own with cloud cameras to provide cloud clearing can
provide the primary aerosol products that are required for a better estimate of the radiative effects of aerosols and, with the availability of a propulsion system, could provide
data for an extended period (5–10 years). An APS-2 mission without a propulsion system
has a 99% probability of lasting 3 years if successfully launched but is not likely to have
an extended life because of launch dispersions causing a precession of the orbit.

13. APS-2 delivers critical information for policy makers
Among NASA’s major objectives is the study of the Earth system from space to advance
scientific understanding and meet societal needs. To address this charge and to respond to
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the Decadal Survey vision of an integrated Earth science program that emphasizes both
scientific advance and societal benefits, one must consider the role of atmospheric aerosol observations in the development and implementation of national policies to address
the challenges of regional and global Earth-system changes.
When originally approved, the Glory APS was an aerosol-science priority with clear
relevance to future national policy. Today, APS-2 measurements remain a high-priority
aerosol and climate science need and have risen in both relevancy and urgency to national
policy. It is now widely acknowledged that lack of understanding of the role of aerosols
in the Earth system limits the degree to which climate sensitivity (i.e., warming at the surface from a doubling of CO2) can be inferred observationally. Aerosol emissions from
fossil fuel use in China, India, and other rapidly developing countries have grown dramatically in the past decade, and there are increasingly large uncertainties in their contributions to the buildup of atmospheric aerosol and its climate and ecological effects.
By providing unprecedented capability to discriminate between natural and manmade aerosols globally, APS-2 is uniquely positioned to yield essential information on
the anthropogenic component of Earth-system changes.

For instance, APS-2 observations could contribute to fossil fuel use verification and
quantification efforts by providing specific regional information on aerosol emissions derived from fossil fuel inventories and, especially, on their short- and long-term trends. As
the US government considers mechanisms to address climate change through limiting
fossil fuel use, reliable and independent global measurements of man-made atmospheric
aerosol will fulfill critical policy needs.

14. Conclusions
Advances in Earth-system science have intensified the need for accurate global observations of detailed aerosol properties from space. The unfortunate loss of the Glory APS
delays delivery of much of these critical data. This instrument was conceived to address
fundamental aerosol science questions with policy relevance. The science questions remain unanswered and have since grown in complexity, as APS measurements are now
viewed as essential in providing the scientific basis for evolving national climate policies.
There have been substantial advances in space-based aerosol observation capabilities
during the past decade. However, no other existing or confirmed satellite sensor can provide the measurements needed to significantly improve estimates of the aerosol effects on
the Earth system and their anthropogenic components.
Recent sensitivity studies and analyses of RSP and POLDER data have yielded a
much improved understanding of the expected retrieval capabilities of APS. They reinforced the criticality of many design features of APS and demonstrated its potential ability to yield important aerosol information in partially and even completely cloudy pixels.
Furthermore, it has become clear that APS can provide key information about liquidwater, cirrus, and mixed-phase clouds as well as about stratospheric aerosols in the case
of a major volcanic eruption during the life-time of the instrument. The accumulated
body of evidence confirms that, in conjunction with other ground-, air-, and space-based
assets and advanced process and climate models, the Glory APS would have met its main
objectives. If launched successfully, it would have also demonstrated a methodology
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ideal for future long-term monitoring of atmospheric aerosols and their effects on the
Earth system and climate.
Meeting the outstanding and near-future science and policy imperatives on the needed
time scale can only be accomplished by launching an APS rebuild on a fast-track schedule that capitalizes on the project’s assets and innovations and adds value to other missions. Importantly, extensive pre-flight tests of the Glory APS have demonstrated a remarkable robustness of its design. The actual performance of the Glory APS was found to
be fully consistent with original technical specifications and in many cases exceeded
them considerably. This provides a strong argument in favor of rebuilding and reflying a
near-carbon copy of the Glory APS.
APS-2 is uniquely designed to achieve the following critical science objectives
with policy relevance:
● provide long-term global and regional monitoring of essential aerosol properties in
clear-sky conditions as well as above and between clouds;
● provide detailed aerosol information needed for improvement and validation of
process and climate models;
● provide long-term global and regional monitoring of essential cloud properties;
● provide long-term global and regional monitoring of stratospheric aerosols caused
by major volcanic eruptions;
● provide refined aerosol and cloud representations for use in various remotesensing retrievals, thereby allowing improvements in aerosol and cloud assessments by other operational satellite instruments.

At the direction from NASA HQ, the Glory APS team performed a quick assessment
to determine what it would take to replace the APS capabilities. They found that the fastest approach would be to produce and launch a build-to-print copy of the instrument.
With a start date in August 2011, a carbon copy of APS could be ready for launch in
about 30 months. With a July 2015 launch date, the APS-2 science team could begin delivering an aerosol–cloud data product in the fall of 2015.
APS-2 has the requisite characteristics to be the vanguard aerosol–cloud satellite
instrument for the period 2015–2020. It would add critically important information and
make a bridge to advanced aerosol–cloud missions of the future.
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Appendix A
Specific APS-2 aerosol and cloud retrieval requirements
Table A1. Aerosol optical thickness requirements

________________________________________________________________________
Parameter
Science requirement
________________________________________________________________________
Horizontal cell size (nadir)
Vertical cell size
Measurement range
Measurement accuracy

~5 km
Total atmospheric column
0 to 5
0.02 or 7% over ocean
0.04 or 10% over land
Measurement precision
0.01 or 5% over ocean
0.03 or 7% over land
________________________________________________________________________
Table A2. Aerosol particle size distribution requirements

________________________________________________________________________
Parameter
Science requirement
________________________________________________________________________
Horizontal cell size (nadir)
Vertical cell size
Measurement range

~5 km
Total atmospheric column
0.1 μm to 5 μm for re1
0 to 3 for ve2
Measurement accuracy
Greater of 0.1 μm or 10% for re
Greater of 0.3 or 50% for ve
Measurement precision
Greater of 0.05 μm or 10% for re
Greater of 0.2 or 40% for ve
________________________________________________________________________
1

Effective radius

2

Effective variance

Table A3. Aerosol refractive index and single-scattering albedo requirements

________________________________________________________________________
Parameter
Science requirement
________________________________________________________________________
Horizontal cell size (nadir)
Vertical cell size
Measurement range

~5 km
Total atmospheric column
1.3 to 1.8 for Re(m)1
0 to 1 for SSA
Measurement accuracy
0.02 for Re(m)
0.03 for SSA
Measurement precision
0.01 for Re(m)
0.02 for SSA
________________________________________________________________________

1

Real part of the refractive index
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Table A4. Liquid cloud optical thickness requirements

________________________________________________________________________
Parameter
Science requirement
________________________________________________________________________
Horizontal cell size (nadir)
~5 km
Vertical cell size
Total atmospheric column
Measurement range
0 to 300
Measurement accuracy
Greater of 0.1 or 8%
Measurement precision
Greater of 0.1 or 8%
________________________________________________________________________
Table A5. Liquid cloud particle size distribution requirements

________________________________________________________________________
Parameter
Science requirement
________________________________________________________________________
Horizontal cell size (nadir)
Vertical cell size
Measurement range

~5 km
Total atmospheric column
0.1 to 50 μm for re
0 to 2 for ve
Measurement accuracy
Greater of 1 μm or 10% for re
Greater of 0.05 or 50% for ve
Measurement precision
Greater of 0.5 μm or 5% for re
Greater of 0.04 or 40% for ve
________________________________________________________________________
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64

13 / 410 –900

4 / 440–860

4 / 550–1600

8 / 670–1020

7 / 410–2250

8 / 413–2260

MERIS

MISR

AATSR

PARASOL

VIIRS

APS

8 / 413– 2260

–

3 / 490, 670, 860

–

–

3% (0.1% – 0.2%)

~250 /
+60°/–80° along track 4

3% (1% – 2%)

16 / every 9°
±57° along track 4

3%

5%

2 / near nadir and 55° from
nadir ahead of satellite

1 / nadir

3% – 4%

9 / ±70.5° along track 4

2

Remer et al. (2005)
Xiong et al. (2009, 2010)

5% 3

Mishchenko et al. (2007a)
Persh et al. (2010)

NPOESS (2010)

Tanré et al. (2011)
Dubovik et al. (2011)
Hasekamp (2011)

Sayer et al. (2010)

Bruegge et al. (2002, 2007)
Kahn et al. (2005)

Rohen et al. (2011)
von Hoyningen-Huene et al.
(2011)

Higurashi and Nakajima (1999)
Ignatov and Stowe (2002)
Mishchenko et al. (2007b)

5%

3%

Reference

Radiometric (polarimetric)
accuracy

1 / nadir

1 / nadir

1 / nadir

Viewing angles (# / range)

Number of bands and spectral range used for aerosol retrievals.
9 / 410–2130 with Deep Blue algorithm.
3
Radiance-based accuracy; reflectance-based accuracy = 2%.
4
At the earth.

1

–

7 / 469–2130 2

MODIS

–

–

2 / 630, 865

AVHRR

Polarization
capability (# bands
/ range, nm)

Spectral range
(# bands /
range, nm)1

Sensor

Appendix B. Measurement characteristics of existing and confirmed passive aerosol sensors

21 July 2011
AEROSOL AND CLOUD MEASUREMENTS FROM SPACE

AEROSOL AND CLOUD MEASUREMENTS FROM SPACE

21 July 2011

Appendix C
Flowdown of requisite retrieval requirements into APS-2
measurement characteristics
Requisite retrieval capability

APS-2 measurement characteristic

Particle refractive index

Precise and accurate polarimetry
(~0.1%)

Particle size distribution, refractive index, shape

Wide scattering angle range for
both intensity and polarization

(i) Particle size distribution, refractive index,
shape
(ii) Ocean surface roughness

Multiple ( >
~ 30) viewing angles
for both intensity and
polarization

Cloud particle size via rainbow angle

Multiple ( >
~ 60) viewing angles
for polarization

Aerosol retrievals in cloud-contaminated pixels
and above clouds

Multiple ( >
~ 30) viewing angles
and accurate polarimetry

(i) Separation of submicron and supermicron
particles
⇒ chemical
(ii) Spectral refractive index
composition

Wide spectral range (413–
2260 nm) for both intensity and
polarization

Detection and characterization of thin cirrus
clouds and stratospheric aerosols

1376 nm channel for both
intensity and polarization;
precise and accurate polarimetry
(~0.1%)

Accounting for the water-leaving radiance
contribution over open oceans

413, 444, 555 nm channels for
intensity

Characterization of the land surface
contribution at visible wavelengths

2260 nm polarization channel

Column water vapor amount

911 nm channel
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Appendix D
Sensitivity analysis
The sensitivity study presented in this work is based upon the Bayesian approach using
Gaussian distributions as described in Rodgers (2000). This method estimates retrieval
uncertainty given observational configuration and uncertainty with the equation
Cx = (J T Co−1J ) −1 ,

(D1)

where Cx is the retrieval error covariance matrix, Co is the observation error covariance
matrix, J is the Jacobian matrix, “T ” denotes the matrix transpose, and “–1” denotes the
matrix inverse. The observation error covariance matrix represents measurement uncertainty, where the square roots of the standard errors associated with each individual measurement (corresponding to a single view angle, wavelength, and polarization state) are on
the main diagonal, while off-diagonal elements represent error correlations. For the sake
of simplicity, correlated errors are neglected in this study. Co is square with the dimension of the number of measurements made with each observation. The retrieval error covariance matrix, Cx, is similarly structured, but represents the error of the parameters to
be retrieved from the data. The Jacobian matrix expresses the sensitivity of the observed
scene to changes in the parameters to be retrieved. Radiative transfer simulations, indicated by the function F(x) (where x is a vector of aerosol optical parameters), can be used
to estimate the Jacobian matrix

J ij =

∂Fi (x)
,
∂x j x

(D2)

where the partial derivative of the radiative transfer model, F(x), for the simulated set of
parameters, x, is computed for each observation, i, and each parameter, j. Since F(x) is
nonlinear, it must be assessed for each possible combination of parameters representing a
scene. The partial derivative was estimated numerically by perturbing the jth element of x
and recalculating the forward model.
The nonlinearity of the radiative transfer model means that the Jacobian matrix is
only appropriate for use for the parameter values at which the partial derivatives were
assessed. A large number of Jacobians, representing parameters that span the range of
what is expected to be observed, must be computed if the sensitivity study is to be
broadly applicable. For this study, we used nine aerosol models derived from observations with AERONET sun photometers (Dubovik et al. 2002). Each of these nine was
simulated at five AOTs (0.05, 0.1, 0.2, 0.4 and 0.8 at 560 nm), for a total of 45 scenes.
Table D1 lists the characteristics of these aerosol classes.
This sensitivity study assesses the simulated retrieval uncertainties that are the square
roots of the diagonal terms in the retrieval error covariance matrix. While this method is
relatively simple and has been established in the literature as a suitable sensitivity study
technique (e.g., Hasekamp and Landgraf 2007; Waquet et al. 2009a; Hasekamp 2010;
Knobelspiesse et al. 2011a), it does have limitations. First, the uncertainties express observational sensitivity to parameter change, but they do not show parameter retrievability.
This is because it is possible that the system response to change in one parameter is very
similar to that for a different parameter, so distinguishing between the two during retrieval would be problematic. The relationships between pairs of parameters are ex66
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Table D1. Aerosol classes from AERONET and Dubovik et al. (2002)
_________________________________________________________________________
Class*
Refractive index
re,fine (μm)
ve,fine
re,coarse (μm) ve,coarse
_________________________________________________________________________
Amazon Forest
1.47 – i0.001
0.176
0.174
6.91
0.867
African Savanna
1.51 – i0.021
0.152
0.174
5.95
0.704
Boreal Forest
1.50 – i0.009
0.188
0.203
6.34
0.927
Brazil Cerrado
1.52 – i0.015
0.185
0.247
6.87
0.867
Paris, France
1.40 – i0.009
0.173
0.203
5.39
0.867
Greenbelt, MD, USA
1.40 – i0.003
0.170
0.155
5.52
0.755
Lanai, HI, USA
1.36 – i0.002
0.201
0.259
4.29
0.588
Mexico City, Mexico
1.47 – i0.014
0.165
0.203
4.43
0.487
Maldives
1.44 – i0.011
0.222
0.236
4.96
0.782
_________________________________________________________________________
*All classes are assumed to be composed of spherical, homogenous particles with a spectrally invariant
refractive index. Size is specified bimodally with lognormal distributions.

Table D2. Simulated instrument configurations
_____________________________________________________________________________
Name*

Accuracy
Spectral bands
# viewing
Radiometric Polarimetric
Radiometric
Polarimetric
angles
_____________________________________________________________________________
MISR (36)
3%
n/a
4: 440– 870 nm
none
9: ± 70°
PARASOL (144)
3%
2%
6: 440 –1020 nm 3: 490– 870 nm
16: ± 55°
APS-2 (1568)
3%
0.15%
7: 410 –2250 nm 7: 410– 2250 nm
32: ± 60°
_____________________________________________________________________________
* A value in parentheses is the total number of measurements for each scene location.

pressed by the off-diagonal elements of the retrieval error covariance matrix, and can also
be assessed using metrics that describe the information content in an observation (see
Rodgers 2000 for more details). For the sake of simplicity, these tests have been omitted
from this work. Another important aspect of this sensitivity study is that it does not address modeling approximations or the retrieval algorithm. Essentially, it is assumed that
the radiative transfer model used during retrieval is a perfect representation of reality, and
that the retrieval algorithm successfully extracts all the information from the data. Uncertainty estimate values should therefore be understood as the best possible uncertainty for
a scene, which may degrade if various parameters are difficult to distinguish, if the model
is incorrect, or if the retrieval algorithm is unable to successfully exploit the information
available in an observation. Nevertheless, this analysis approach can prove very powerful
when attempting to compare instrument designs, since it yields a pure expression of the
information available with a particular design unaffected by choice of radiative transfer
model or retrieval algorithm.
Three types of instruments were compared for this study. Each type is an analog for
either a currently operating instrument or the APS-2, with some simplifications to ease
comparison. Table D2 lists the simulated instrument types, along with observation accuracies, spectral channels, and numbers of viewing angles (cf. Appendix B). For example,
MISR, on the NASA Terra satellite, has a radiometric accuracy of 3%, uses four chan-
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nels, has nine viewing angles, and provides no polarization measurements. This simulation treats each spectral band as monochromatic, represented by the effective wavelength.
The PARASOL sensor of the French Centre National d’Etudes Spaciales (CNES) is also
included in the study, and the reference, of course, is the design of the APS-2. One difference between the actual APS-2 design and this simulation is that far fewer viewing angles
(viz., 32) were used, compared to 255 in the design.
Simulations were performed for spherical, bimodal aerosols with a homogeneous vertical distribution in the atmosphere between the surface and an altitude of 1 km. 90% of
the total AOT in the simulations is due to the aerosol fine size mode, with the remaining
10% due to the coarse size mode. A solar zenith angle of 45° and relative solar–viewing
azimuth angle of 45° were chosen for these simulations, representing the observation geometry of the mid latitudes during spring or fall.
As shown in Table D2, different instrument configurations yield different numbers of
measurements. An observation from each instrument is comprised of measurements at
various spectral bands, viewing angles, and polarimetric states for a scene location. The
uncertainties in these measurements, which are used to form the observation error covariance matrix, are determined as shown in Table D2. Radiometric accuracy is the percent
error for observations of the I component of the Stokes polarization vector, expressed in
units of reflectance. Polarimetric accuracy is in terms of the degree of linear polarization
DoLP = (Q 2 + U 2 )1/2 / I. For simulations of scenes over a body of water, the DoLP is
used for the polarimetric channels, as it is compatible with assumptions about ocean reflectance that would be made during operational retrieval of aerosol properties over water. Simulations of aerosol observations over land require a different set of surface reflectance assumptions, which are instead only compatible with the polarized reflectance Rp =
(Q 2 + U 2 )1/2 . This situation is slightly less desirable, since the uncertainty in these channels must now be
2
σ Rp
= ( Iσ p ) 2 + (Qσ I ) 2 ,

(D3)

where the p and I subscripts indicate the polarimetric and radiometric uncertainties, respectively, while I and Q are components of the Sokes polarization vector in reflectance
units. U is minimal and can usually be omitted if the polarization components are defined
with respect to the scattering plane.
For each simulation and instrument type, an observation error covariance matrix is
created and an appropriate Jacobian matrix is selected, which are used to compute the
retrieval error covariance matrix. Because of the large amount of data involved, analysis
and visualization may be difficult. In total, ten aerosol parameters and several additional
parameters related to surface reflectance are retrieved. In order to condense the presentation of the results, simulated uncertainty values are compared to the measurement accuracy requirements for monitoring of aerosols summarized in Appendix A. For a given
instrument and parameter, the percentage of simulated uncertainties meeting that accuracy criterion form the basis of diagrams such as Figs. 10, D2, and D4. One caveat, however, is with the expression of aerosol absorption. Mishchenko et al. (2004) set an accuracy criterion of 0.03 for the SSA. This quantity, however, is not a directly retrieved
physical parameter in the radiative transfer model used in this sensitivity study. Aerosol
absorption is instead specified by the imaginary part of the refractive index. We therefore
chose a somewhat arbitrary accuracy criterion of 0.0025 for the imaginary refractive in68
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dex in this study.
Results from this analysis are presented in the following subsections. Because of the
differences in observing aerosols over oceans and over land, we performed two separate
sets of simulations. APS-2 retrieval capability in the presence of clouds is also discussed,
based upon recent simulations for aerosols above clouds (Knobelspiesse et al. 2011a) and
mixed cloud and aerosol scenes (Hasekamp 2010). Finally, we address the capability of
APS-2 to detect stratospheric aerosols using the channel centered at 1376 nm within a
water vapor absorption band.
Aerosol retrievals over the ocean. To test the capability of retrieving aerosol properties
over the ocean, nearly fifty simulations were performed for a variety of aerosol classes
and AOTs. The ocean reflectance was created for a water body with 0.1 mg m–3 of Chlorophyll-a (Chowdhary et al. 2006) and surface roughened by a 5 ms –1 wind according to
the Cox and Munk (1954) model. In addition to the aerosol parameters, the amount of
Chlorophyll-a and the wind speed are also retrieved in this analysis, but since they are
considered byproducts of the retrieval algorithm, they are not shown here.
Figure D1 presents the simulated uncertainties as a function of total AOT. Vertical error bars indicate the standard deviation of the set of simulations at that AOT. Dotted lines
and shaded yellow areas indicate uncertainties that do not meet the accuracy criteria
listed in Appendix A. All of the APS-2 simulated uncertainties, indicated in black, are
within the accuracy criteria. Uncertainties from other simulated instruments, such as
PARASOL (in red) or MISR (in blue) do not meet the accuracy criteria for many parameters. This figure also shows the relationship between AOT and simulated retrieval accuracy. As AOT increases, simulated uncertainty decreases. This is reasonable considering
that the signal from aerosols increases with the total aerosol load. There are upper limits,
however, to how much improvement can occur. As the layer of aerosols becomes very
thick, simulated uncertainties no longer improve. Since polarization is only sensitive to

Figure D1. Simulated retrieval uncertainty over the ocean.
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Figure D2. Relative assessment of expected instrument
retrieval accuracies for aerosol
simulations over an ocean.
The ranges of simulated accuracies, normalized by the
retrieval requirements described in Mishchenko et al.
(2004), are shown for each
retrieval parameter and instrument type. Values to the
left of the dashed vertical line
meet the retrieval requirements, while those to the right
exceed them. Very large ratio
values indicate a lack of sensitivity to that parameter without
prior information.
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the top optical depth of one or two in a layer, the polarization signal saturates with large
AOT and contains no additional information about aerosol optical properties. The only
exceptions to the relationship between AOT and simulated uncertainty are for the simulated uncertainties of AOT. In this representation, the retrieved parameter is changing as
a function of AOT, so it is difficult to draw the same sort of conclusions. When the simulated errors are presented as a percentage, this value does decrease as AOT increases.
Figure D2 presents the same information as Fig. D1 but in terms of the ranges of
simulated uncertainties for a particular configuration versus the corresponding accuracy
criteria in Appendix A. Simulations of APS-2 retrievals meet or exceed the accuracy criteria for all parameters. Other sensors do not perform as well. Essentially, MISR, and
PARASOL are only capable of retrieving size parameters for the fine mode within accuracy criteria. PARASOL is somewhat capable of retrieving the coarse-mode AOT within
accuracy criteria. This figure makes a strong argument for the use of instruments that can
accumulate a large amount of information for a scene, such as the APS-2.
Aerosol retrievals over land. Aerosol retrievals over land were tested for the same aerosol types presented previously using a simulated bright, bare soil surface similar to what
was observed in Knobelspiesse et al. (2008) for freshly plowed fields in central Oklahoma. This simulation exploits the kernel-based BRDF models described in Lucht et al.
(2000) and used as the basis for surface reflectance observations by MODIS. The polarized surface reflectance was modeled by scaling the Fresnel reflectance coefficient in a
similar fashion as Waquet et al. (2009a). Polarized observations are slightly different
from the previous study, which used the DoLP as the unit of measure for polarization observations. This study used the polarized reflectance, which is required if the surface is to
be characterized with the Fresnel reflectance coefficient. This implies a lower accuracy in
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Figure D3. Simulated retrieval uncertainty over land.

these measurements, as described in Eq. (D3). Retrieval of surface parameters is a part of
this analysis as well. In total, there are three spectrally invariant parameters retrieved (the
Fresnel reflectance coefficient scaling parameter and two kernel parameters describing
the shape of the BRDF). An isotropic BRDF kernel must also be retrieved independently
for each wavelength. Other than these changes, the aerosol type and vertical distribution,
observation geometry, and other factors are all identical to the study of aerosols over water.
Figure D3 presents the uncertainties as a function of simulation total AOT. Most of
the APS-2 simulated uncertainties, indicated in black, are within the accuracy criteria.
Exceptions are for the imaginary refractive index for the fine mode at low AOTs (although recall that the criterion for imaginary refractive index is arbitrarily chosen) and
some of the coarse mode microphysical properties, again for low AOTs. Uncertainties
from other simulated instruments, such as PARASOL (in red) or MISR (in blue) are even
worse.
Figure D4 presents the same information as Fig. D3 but in terms of the ranges of
simulated uncertainties for a particular configuration versus the accuracy criteria in Appendix A. Like in the previous figure, this one shows a reduced capability over land compared to over ocean, which is probably linked to the lower accuracy of observations of
the polarized reflectance compared to the DoLP. The differences between the APS-2 and
other instruments also confirm the argument for the use of sensors such as the APS-2.
Aerosol retrievals over clouds. The ability of an instrument such as APS-2 to retrieve optical properties of aerosols lofted above clouds was tested by Knobelspiesse et al.
(2011a). In that work, observations of pollution and smoke aerosols over a marine stratocumulus cloud were made by the RSP. Prior to performing a retrieval with these observational data, a sensitivity study was completed. This study simulated the retrieval uncer71
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Figure D4. As in Fig. D2, but for
simulated retrievals over land.
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tainty of various quantities of Mexico City aerosols (see Table D1) lofted above a marine
stratocumulus cloud. The results of this study are reproduced here as Fig. D5.
Figure D5 shows that fine and coarse mode AOT, fine mode size distribution, and
cloud size distribution can all be retrieved within the accuracy criteria from Appendix A,
even though those criteria were intended for aerosols or clouds alone. Refractive index
values do not meet the accuracy criteria unless the AOT is very large. Even if the accuracy criteria are not met, retrieval of aerosols optical properties above clouds are quite
rare, and any information about this potentially important climate forcing (Schultz et al.
2006) would be very useful. Simultaneous retrieval of aerosol and cloud properties with
passive instruments is only possible if the observation includes many measurements with
a dense angular sampling. For example, Waquet et al. (2009b) retrieved the AOT and effective radius using PARASOL, but could only do so when aggregating data over a very
large area (hundreds of kilometers wide) in order to constrain the cloud droplet size.
Retrieval of aerosol and cloud properties in partially cloudy scenes. A unique feature of
the APS-2 design is that it enables the simultaneous retrieval of aerosols and clouds in
pixels that contain both. This is a distinct advantage over other passive instrument types,
since somewhere between 20% and 30% of global observations at APS-2 spatial resolution will contain both cloud and cloud-free portions (Menzel et al. 2008). Furthermore,
the edges of cloud and aerosol-only regions are of particular scientific interest, because of
the potential for aerosol impacts on clouds and vice versa (Koren et al. 2007; Redemann
et al. 2009). Like the retrieval of aerosols lofted above clouds, retrieval is possible because of the high angular resolution of APS-2 observations. Samples at many viewing
angles of the cloud bow provide information about the cloud droplet size distribution,
while side scattering angle observations provide information about the aerosols present in
the scene.
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Figure D5. Simulated uncertainties for an urban pollution / biomass burning aerosol lofted above a marine stratocumulus cloud. Shaded yellow areas show where the accuracy criteria from Appendix A are
not met.

A sensitivity study for these type of retrievals was performed by Hasekamp (2010).
Figure D6, which is reformatted from that paper, shows the simulated uncertainty for a
scene where the aerosol portion is composed of biomass burning aerosols with an optical
thickness of 0.5 at 550 nm situated between 0 – 2 km, and resides below a cloud located
at 2 – 3 km. Uncertainties were similar to those set for APS-2, with a polarimetric accuracy of 0.002 and radiometric accuracy of 2%. Nine wavelength bands were used: 350,
440, 530, 620, 710, 800, 890, 1600, and 2200 nm. Polarimetric measurements were in
relative units similar to DoLP. While these characteristics are not identical to those of the
APS-2, they are quite similar. The most notable difference is that this study uses a channel further into the UV than the APS-2, and has a coarser angular resolution. Observation
geometry is somewhat different than the other tests shown here, since the relative solar–
viewing azimuth angle is 0°. These simulations show that retrieval of the aerosol size distribution is obtained within accuracy criteria even for scenes mostly covered with clouds.
Other parameters are more difficult to retrieve. For 64 viewing angles, at least half of the
scene must be cloud free for AOT and SSA to be retrieved within accuracy criteria, while
the scene must be 80% cloud free to retrieve the real refractive index. However, like the
aerosol retrievals over clouds, retrievals of this nature cannot be performed with the current or planned set of aerosol observation platforms in orbit. So any information, even if
it does not comply fully with the accuracy criteria designed for cloud free scenes, is useful to the scientific community.
Retrieval of stratospheric aerosols with the 1376-nm channel. The APS-2 design includes a dedicated channel centered at 1376 nm. Water vapor has a strong absorption feature at this wavelength (Fig. 8), which means that the resulting measurements will only
be sensitive to radiative interactions above the altitudes at which the bulk of water vapor
absorption occurs. This implies that the 1376-nm channel is sensitive to aerosols and
clouds in the (dry) stratosphere and upper troposphere, but not to aerosols and clouds in
73
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Figure D6. Retrieval capability for partially cloudy scenes. This figure is reformatted from Hasekamp et
al. (2010). Red lines indicate simulations using 16 viewing angles, while black lines indicate the use of
64 viewing angles. Shaded yellow areas show where the accuracy criteria from Appendix A are not
met.

the lower troposphere. It is therefore ideal for the detection of either high altitude cirrus
clouds or stratospheric aerosols. The latter are rare and generally are caused by the injection of volcanic gases into the stratosphere. Once in the stratosphere, these aerosols are
less affected by the removal mechanisms affecting tropospheric aerosols, and therefore
persist for several years, while exerting a significant cooling radiative forcing (Hansen et
al. 1992; Minnis et al. 1993; Russell et al. 1993). While aerosols are infrequently present
in the stratosphere (the last major stratospheric injection occurred during the eruption of
Mt. Pinatubo in the Philippines in 1991), a means to independently detect and characterize them is essential, both because of their significant climate impact and the interference
they could cause in the retrieval of tropospheric aerosol properties.
To test the ability of the 1376-nm channel to detect stratospheric aerosols, various
quantities were simulated at an altitude of 18 km. These aerosols were composed of sulfuric acid droplets (refractive index = 1.423 – i0.0000259) with a gamma size distribution
having an effective radius of 0.025 µm and effective variance of 0.35. The observation
geometry was identical to the previous studies (solar zenith angle = 45° and relative view
azimuth angle of 45°), and due to water vapor absorption, was only sensitive down to an
altitude of 6 km. The results of this test are shown in Fig. D7, where stratospheric AOT in
the range of 0.06 to 0.20 at 555 nm are shown. Simulations were performed using both
the total reflectance (I ) and either the DoLP or Rp. Clearly, retrievals using the DoLP are
more accurate than those that use polarized reflectance. This is especially the case for re74
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Figure D7. Simulated uncertainty for stratospheric aerosol retrievals.

fractive index. All of the DoLP simulated errors fall within the Appendix A criteria, although the relative error for the AOT is somewhat high. Presumably, errors could be reduced further by constraining the retrieval of refractive index properties, since the chemical composition of stratospheric aerosols would already be known.
Conclusions. This appendix presented a brief sensitivity study for the retrieval of aerosol
properties from APS-2 observations in comparison with the capabilities of other passive
sensors. The primary philosophy of the APS-2 design is that observations gather a large
amount of information for each scene, which can be used to retrieve all the climatically
relevant optical properties of atmospheric aerosols. This is in contrast to all of the passive
instruments currently in orbit, for which aerosol retrieval is ill-posed. To show this quantitatively, we used a Bayesian statistical approach to link observational characteristics and
uncertainties to retrieval uncertainties, when ten aerosol parameters in addition to surface
characteristics are simultaneously retrieved. The results of this analysis show that APS-2
is uniquely capable of retrieving these aerosol optical properties to within the accuracy
requirements for climate modeling described in Appendix A over oceans, and to a
slightly lesser extent, over land. Current instruments, such as MISR and PARASOL, are
only capable of meeting the accuracy requirements for the fine size mode aerosol parameters over oceans, and this capability degrades over land. Note that these results also
imply that when only AOT is retrieved from measurements of the existing instruments,
the results will be significantly influenced by the assumptions made about the other aerosol and surface parameters.
It is important to recognize that our results are a best-case uncertainty scenario, where
it is assumed that the radiative transfer model used in a retrieval is a perfect representation of reality, and that the retrieval algorithm is unhindered in its search for the optimal
fit between model parameters and observations. Observation errors are highly simplified
(accounting for calibration only) and are assumed to be uncorrelated. Calibration errors
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are potentially correlated, which is likely to increase certain retrieval uncertainties.
Simulated uncertainties do, however, represent retrievals where all model parameters
are determined simultaneously. This would explain why simulations show higher uncertainties for MISR than those reported in the literature (e.g., Kahn et al. 2007, 2010). Because of the underdetermined nature of those observations, retrieval algorithms must utilize predefined models of aerosol properties, which can potentially have a large impact on
accuracy. This accuracy degradation is difficult to characterize and quantify. In Kahn et
al. (2007), this problem is described as one of the possible explanations for biases between the MODIS and MISR results that are nearly as large as the expected uncertainties
based upon AERONET validation. In any case, our results do generally agree with uncertainty assessments for PARASOL (Hasekamp et al. 2010; Dubovik et al. 2011) for algorithms that retrieve all parameters simultaneously. Indeed, similar results have also been
found in the simulations by Hasekamp and Landgraf (2007), whose methodology was a
template for this study.
We also show the aerosol retrieval capability of an APS type of instrument in scenarios that to date are inaccessible to passive instruments. Specifically, we show that APS-2
observations can be used to retrieve properties of aerosols lofted above clouds, of aerosols in partially cloudy pixels, and of stratospheric aerosols with a specially designed
channel at 1376 nm. Not surprisingly, the accuracy of the APS-2 retrievals above clouds
and in partially cloudy pixels can be expected to be generally lower than in cloud-free
regions, especially for the refractive index. That said, simultaneous cloud–aerosol retrievals of this nature do not exist for current passive instruments, and so we expect them
to be of great value to the scientific community.

Appendix E
Examples of Research Scanning Polarimeter retrievals
Research Scanning Polarimeter. Measurements made by RSP are similar to those of APS2 except for viewing the Earth from 152 angles instead of 255, and for doing this at 410,
469, 550, 670, 865, 962, 1589, 1884, and 2250 nm rather than 413, 444, 555, 674, 866,
911, 1376, 1603, and 2260 nm (Cairns et al. 2003). Note that both the 1884 and 1376 nm
bands are extremely effective for screening thin cirrus clouds, but the 1376 nm band
APS-2 allows for better detection and characterization of stratospheric aerosols in case of
a major volcanic eruption (see Appendix D). The 444 nm band on APS-2 coincides with
an absorption peak of Chlorophyll-a, which is a photosynthetic pigment found in phytoplankton and can therefore be used as a proxy for the amount of phytoplankton mass.
Aerosol retrievals over the ocean. In this sub-section we describe some case studies of
aerosol retrievals over the ocean. These retrievals require a model of scattering by the
ocean body that provides consistent simulations of the total and polarized water-leaving
radiance. The model uses typical underwater light polarization signatures (e.g., Voss and
Fry 1984) to constrain the size and refractive index of marine particulates. We then mix
these particulates with clear seawater and determine the scattering and absorption coefficients and the scattering phase matrix of the mixture (e.g., Morel and Maritorena 2001;
Chowdhary et al. 2005). This microphysical model for scattering and absorption by the
ocean body is then used in a radiative transfer code to calculate the reflection matrix of
the ocean body. This approach (Chowdhary et al. 2006; 2011) reproduces the observed
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Figure E1. Scattering function (left) and degree of linear polarization (right) for spherical particles and for spheroids with Feldspar-like and equi-probable aspect-ratio distributions. Results are shown for particles with an effective radius of 2 μm, an effective variance of 1, and a
refractive index of 1.5. The wavelength of the incident and scattered light is 2250 nm.

variations of the underwater light color with Chlorophyll concentrations [Chl] and provides the total and polarized water-leaving radiance for any viewing geometry.
In early analyses of RSP observations over the ocean in areas that are not noted for
having large amounts of dust or soil particles, we found evidence that non-spherical particles were present (Chowdhary et al. 2005). This conclusion was based on the excessively large residual misfit between aerosol retrievals using spherical particles at scattering angles near backscatter and particularly for the longest wavelength bands where the
contribution of coarse mode particles dominates. In order to construct a microphysical
model for the scattering properties of such randomly oriented non-spherical aerosol particles, we use shape mixtures of randomly oriented spheroids. The shape for a single spheroid can be described by the aspect ratio ε′, and a distribution of shapes for an ensemble
of such particles by a distribution of aspect ratios ε′. Mishchenko et al. (1997b) show that
the flattening of the scattering function at side-scattering angles observed in laboratory
measurements for scattering by soil dust (Jaggard et al. 1981) can be reproduced by an
ensemble of spheroids. Scattering matrices measured by Volten et al. (2001) show the
same featureless behavior in phase functions for a variety of mineral particles including
Feldspar, which is a significant component of desert dust. In addition, Volten et al. (2001)
found the linear polarization of light scattered by these particles to be similar, with a
broad positive maximum at side-scattering angles and a weak negative minimum near the
backscattering direction. Dubovik et al. (2006) demonstrated that both features can be
reproduced by ensembles of randomly oriented spheroids if ε′ ≥ 1.44 (Fig. E1), and we
will refer to the shape distribution introduced by Dubovik et al. as the Feldspar shape distribution. However, the polarized reflectance observed by RSP often exhibits variations
in the polarization minimum near the backscattering direction that can only be reproduced by spheroid ensembles that include ε′ < 1.44 and that have salt-like refractive indices. Presumably, such ensembles represent partially hydrated non-spherical salt mixtures
with shapes (see e.g. Fig. E2, adapted from Wise et al. 2007) that differ significantly from
those of mineral dust. In the following analyses we use the look-up tables computed by
Dubovik et al. (2006) for scattering by randomly oriented non-spherical aerosols that in77
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Figure E2. Images of a ~3.6 μm NaCl salt
particle with an attached NaNO3 salt crystal
collected from polluted maritime air at
Scripps Pier in San Diego, CA. The sequence of panels shows change in particle
shape as the relative humidity (RH) is increased from 0% to 82% (Wise et al.
2007).

clude wide ranges of refractive index and size and adopt for the aspect ratio the Feldspar
and the equi-probable shape distribution for nonspherical-particle mixtures.
Having introduced the microphysical models that are used in the retrieval of aerosol
properties, we will now discuss coarse mode aerosol retrievals from RSP measurements
obtained during the CLAMS campaign. CLAMS was a shortwave radiative closure experiment that took place during the period from 10 July to 2 August 2001 and involved

large salt S1 + fine F1
large salt S2 + fine F1
large salt S3 + fine F1
no ocean body

sun glint
sun glint

λ = 550 nm
λ = 865 nm
λ = 1590 nm
λ = 2250 nm

Figure E3. Error bars show total reflectance (left panel) and polarized reflectance (right panel) measured during the CLAMS campaign by the RSP as a function of viewing angle and wavelength λ. The
colored curves show fits for the total reflectance measurements assuming spherical shapes for the fine
and coarse mode aerosols. The microphysical properties of these aerosols are given in Table E1.
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measurements obtained from six research aircraft, several land sites, and the Chesapeake
Lighthouse research ocean platform. Here, we focus on data obtained on 17 July 2001
when all the aircraft participating in the CLAMS experiment flew coordinated patterns
over the ocean platform site to perform measurements of the upwelling radiation field
and aerosol properties (Chowdhary et al. 2005). Figures E3 and E4 show the reflectance
and polarized reflectance observations for four wavelengths from 555 to 2264 nm, with
the uncertainty in each reflectance measurement indicated by an error bar. The solar zenith and relative azimuth angles for these observations were 22° and 1°, respectively, and
the altitude of the aircraft was 3.6 km. The red, green, and blue curves in Fig. E3 show
fits to the RSP total reflectance assuming that the coarse mode particles are spherical, in
this case, the wet sea salt particles used for MODIS retrievals of aerosols over ocean
(Remer et al. 2005 and Table E1). For these fits we omitted the water-leaving radiance,
which explains the underestimate for the RSP total reflectance measurements at 555 nm.
Note that while the fit for the remaining RSP total reflectance measurements is very
good, none of the spherical coarse mode aerosol models (S1, S2, and S3 from Table E1)
used for these fits are able to reproduce the corresponding RSP polarized reflectance
measurements. In contrast, Fig. E4 shows that using spheroids with an equi-probable aspect ratio distribution for the coarse mode aerosol leads to a fit of both the total and polarized reflectance measured by RSP. The sizes and refractive indices of these spheroids
are summarized in Table E1. We note that there is a significant range in the retrieved particle size because the polarized reflectance signal is very small at 2264 nm. Nevertheless,
the sizes for the non-spherical coarse mode particles are much larger than for the spherical coarse mode particles in Table E1. Figure E5 shows a comparison of the diffraction
peaks calculated for the coarse mode particle size distributions in Table E1 with that

large salt C1 + fine F2
large salt C2 + fine F2
large salt C3 + fine F2
no ocean body

sun glint
sun glint

λ = 550 nm
λ = 865 nm
λ = 1590 nm
λ = 2250 nm

Figure E4. The error bars show the same RSP reflectances as in Fig. E6. The colored curves show
fits for the total reflectance measurements assuming randomly oriented spheroids with an equiprobable aspect ratio distribution (cf. Fig. E3b) for the coarse mode aerosols. The microphysical properties of these aerosols are given in Table E2.
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Table E1. Aerosol models for analyses of RSP reflectance from the CLAMS field campaign
re 3

ve 4

5
m (λ <
− 865nm)

m (λ=1590nm) 5

m (λ=
= 2250nm) 5

Spherical salt (S1)1

0.98

0.43

1.45 – i 0.0035

1.43 – i 0.0035

1.43 – i 0.0035

Spherical salt (S2)

1

1.48

0.43

1.45 – i 0.0035

1.43 – i 0.0035

1.43 – i 0.0035

Spherical salt (S3)

1

1.98

0.43

1.45 – i 0.0035

1.43 – i 0.0035

1.43 – i 0.0035

Aerosol model

Spherical soluble (F1)

1

0.15

0.43

1.45 – i 0.0035

1.43 – i 0.01

1.4 – i 0.005

Salt-like large (C1)

2

2

0.5

1.43 – i 0.0005

1.41 – i 0.0005

1.39 – i 0.0005

Salt-like large (C2)

2

3

0.5

1.47 – i 0.0005

1.43 – i 0.0005

1.41 – i 0.0005

Salt-like large (C3)

2

4

0.5

1.49 – i 0.0005

1.43 – i 0.0005

1.41 – i 0.0005

0.15

0.2

<
− 1.42 – i 0.01

1.41 – i 0.01

1.4 – i 0.01

Fine mode (F2)
1
2

Source: Remer et al. (2005)
Spheroids with equi-probable aspect-ratio distribution for large salt-like aerosol

3

Particle size distribution effective radius, in μ m

4

Particle size distribution effective variance

5

Refractive index

Table E2. Aerosol retrievals using RSP reflectance from the MILAGRO field campaign
Aerosol model 1
Salt-like large
Fine mode

re 2

ve 3

4
m (λ <
− 865nm)

m (λ=1590nm) 4

m (λ=
= 2250nm) 4

2

1

<
− 1.43 – i 0.0005

1.4 – i 0.0005

1.4 – i 0.0005

0.15

0.2

1.46 – i 0.01

1.44 – i 0.01

1.4 – i 0.01

1

Spheroids with equi-probable aspect ratio distribution for salt-like large aerosol

2

Particle size distribution effective radius, in μ m

3

Particle size distribution effective variance

4

Refractive index

measured by an AERONET sun photometer on the Chesapeake Lighthouse platform.
Note that such peaks are highly sensitive to particle size but not to particle shape as can
be inferred from the solid cyan curve (for spheroids with re = 2 μm) which overlaps the
dashed red curve (for spheres with re ≈ 2 μm). This comparison between the measured
diffraction peak and the diffraction peak calculated for the retrieved particle size distribution clearly favors the large particle sizes retrieved with the spheroid coarse mode aerosol
models.
Although the aerosol retrievals for CLAMS represent a best fit over the entire spectral
range of the RSP observations, the visible part of the spectrum is particularly sensitive to
the fine mode aerosol properties. For this part of the spectrum the contribution of waterleaving radiance is always significant at some wavelength, but the wavelength for which
the ocean body contribution is largest varies with the type (i.e., coastal versus open) and
biological state (i.e., low [Chl] versus high [Chl]) of the ocean. For analyses of total reflectance measurements, this requires that the properties of fine mode aerosols be retrieved simultaneously with those of the ocean. However, the polarization of waterleaving radiance for observations in the principal plane (i.e., the plane containing the vertical axis and the direction of the sun) is always small around the backscattering direction, and relatively small in the sunglint region, such that it can be ignored. For observa80
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Figure E5. Diffraction peaks for the spherical
coarse mode particles in Fig. E3 and Table E1,
for the spheroid coarse mode particles in Fig.
E4 and Table E1, and for AERONET measurements, at λ = 865 nm.
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tions outside the principal plane it exhibits strong angular behavior that is different from
the atmospheric scattering contribution. Although the magnitude of the polarization of the
water leaving radiance varies with the biological state of the ocean, its relative angular
variation is almost independent of [Chl], at least for the open ocean.
Figures E6 and E7 show examples of RSP polarized reflectance observations close to
the principal plane and are from the same flight segment used to generate Figs. E3 and
E4. The black dashed curves in Fig. E6 show the fit to the RSP polarized reflectance
when ignoring the water-leaving radiance contribution, while the cyan solid curves include this contribution, which we computed from in situ measurements of underwater
light scattering properties. Note that the dashed and solid curves overlap regardless of the
wavelength, which implies that the RSP polarized reflectance in Fig. E6 is insensitive to
contributions from the ocean body. In contrast, Fig. E7 shows that the polarized reflectance is very sensitive to variations in the fine mode aerosol microphysical model and
vertical distribution. The best-fit model is the fine-mode F2 model from Table E1.
The green and blue solid curves in the left-hand panel of Fig. E7 show the sensitivity
of the polarized reflectance fit to variations in the real and imaginary refractive index of
the fine mode aerosol, respectively. The green and blue solid curves in the right-hand
panel show the sensitivity of the polarized reflectance fit to variations in the vertical distribution and in the effective variance of the fine mode aerosol, respectively. The AOT
and SSA retrievals generated by fitting a microphysical aerosol model to the total and
polarized reflectance are compared with observations made by the Chesapeake Lighthouse AERONET sun photometer in Fig. E8. The range in the fine-mode aerosol imaginary refractive index retrieved from RSP data is caused by the uncertainty in the vertical
distribution of the aerosols (Chowdhary et al. 2005). The AOT exhibited substantial temporal and spatial variability on this day, which accounts for the offset in AOT between
the RSP and AERONET retrievals (see left-hand panel). Nevertheless, the spectrum of
the AOT, which for visible wavelengths is a measure of the fine mode aerosol particle
size distribution, is the same for the RSP and AERONET retrievals. In addition, the range
in SSA retrieved using the RSP observations is consistent with the SSA range from AERONET (see right-hand panel).
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exclude water-leaving radiance
include water-leaving radiance

sun glint

sun glint

λ = 410 nm

λ = 550 nm

Figure E6. Error bars show polarized reflectance at λ = 410 nm (left-hand panel) and 550 nm (righthand panel) measured by RSP during the CLAMS campaign as a function of viewing angle. The black
dashed curves show fits assuming the F2 fine-mode aerosol from Table E1 and excluding the waterleaving radiance contribution. The cyan solid curves show the same fits except for including the waterleaving radiance contribution (Chowdhary et al. 2005).
ΔRe(m) = − 0.5

zbot = 2.5 km

non-absorbing

ve = 0.3

RSP retrieval

RSP retrieval

sun glint

sun glint

λ = 410 nm

λ = 410 nm

Figure E7. Error bars show polarized reflectance at λ = 410 nm measured by RSP during the CLAMS
campaign as a function of viewing angle. The grey dashed curves show fits assuming the aerosol
models in Table E2. The green and blue solid curves in the right-hand panel show the sensitivity of the
polarized reflectance fit to variations in the vertical distribution (increasing the bottom of the aerosol
layer from 0 to 2.5 km) and in the effective variance (increasing veff by 0.1) of the fine mode aerosol,
respectively. The same curves in the left-hand panel show the sensitivity of the polarized reflectance fit
to variations in the real refractive index (decreasing m by 0.5) and imaginary refractive index (ignoring
absorption) of the fine mode aerosol, respectively.

The only other field experiment, beside CLAMS, for which good quality high and
low altitude RSP data were obtained for clear skies over an ocean was phase B of the
NASA sponsored Intercontinental Chemical Transport Experiment (INTEX). The INTEX
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Figure E8. The left-hand panel compares the AOT measured by AERONET (cyan circles) with those
retrieved from RSP data with fine mode imaginary refractive index Im(m) = 0.01 (plus symbols) and
0.02 (open circles). The offset between the RSP and AERONET retrievals can be attributed to the spatial and temporal variation of aerosol burden. The yellow circles and red symbols show the spectrum of
RSP retrievals when normalizing their AOT to the AERONET AOT at λ = 410 nm. The right-hand panel
compares the spectrum of the aerosol SSA retrieved from AERONET (cyan and yellow circles) with
those retrieved from RSP data with fine mode imaginary refractive index Im(m) = 0.01 and 0.02.

objectives were to study the transport and evolution of gasses and aerosols at trans- and
inter-continental scales, and to assess their impact on air quality and climate. The INTEX-B field study was coordinated with other agencies as part of the MILAGRO campaign, which focused on the flow of pollution out of Mexico City during the March 2006
(Molina et al. 2010). Here, we focus on RSP data obtained on 10 March 2006.
On this day RSP flew over a patch of the Gulf of Mexico identified from SeaWiFS
and MODIS/Aqua satellite imagery as case 1 ocean waters, i.e., oceanic waters whose
optical properties can be prescribed as a function of [Chl] by the bio-optical model of
Morel and Maritorena (2001). The error bars in Fig. E9 show the total reflectance (lefthand panel) and the polarized reflectance at 410 nm (right-hand panel) observed by RSP.
The altitude for these observations was very low (68 m), which makes them particularly
sensitive to the brightness of the water-leaving radiance. Furthermore, the observations
were obtained at a large relative azimuth angle (38°), which makes them sensitive to the
polarization properties of the water-leaving radiance.
The black dashed curves in Fig. E9 show the results from multiple-scattering computations in which the water-leaving radiance contributions are ignored. The aerosol properties used for these computations were taken from analyses of RSP data obtained at a high
altitude (Table E2, from analyses of Fig. E10). The purple, grey, green, and red colored
dashed curves show the results from multiple-scattering computations that include the
radiance of light emerging from an open ocean with [Chl] = 0.03, 0.1, 0.3, and 1 mg m–3,
respectively. Note that the total and polarized reflectance for these results vary significantly in brightness and bidirectionality, as expected. A good match to the RSP reflectance is found (see cyan solid curve) for underwater light computations with [Chl] = 0.1
mg m–3 and slightly elevated amounts of colored dissolved organic matter (CDOM).
These retrievals of [Chl] and CDOM are consistent with the MODIS/Aqua retrievals for
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Figure E9. Error bars show total reflectance (left-hand panel) and polarized reflectance (right-hand
panel) measured by RSP during the MILAGRO campaign as a function of viewing angle at λ = 410 nm.
The altitude for these measurements was 68 m, and the azimuth angle 38°. The black dashed curves
show the fits for the total and polarized reflectance measurements when ignoring the water-leaving
radiance contribution. The aerosol properties for these fits are given in Table E2. The colored curves
show the corresponding fits when including the radiance emerging from an ocean with various [Chl].

410 nm
410 nm

865 nm
550
550 nm

2250 nm

Figure E10. Error bars show total reflectance at λ = 410 and 550 nm (left-hand panel) and polarized
reflectance at λ = 410 to 2250 nm (right-hand panel), measured by RSP during the MILAGRO campaign as a function of viewing angle. The altitude and azimuth angle of these measurements was 4.1
km and 3.8°, respectively. The black dashed curves show the reflectance fits when ignoring the waterleaving radiance contribution. The aerosol properties for these fits are given in Table E2. The colored
curves show the corresponding fits when including the radiance emerging from an ocean with various
[Chl].

this scene. Figure E10 shows RSP measurements (see error bars) obtained at high altitude
(4.1 km) and a small relative solar azimuth angle (3.8°). The left- and right-hand panels
are for the total reflectance (at λ = 410 and 550 nm) and the polarized reflectance (at λ =
410, 550, 865, and 2250 nm), respectively. The black dashed curves in both panels show
fits to the RSP reflectance in which the water-leaving radiance contributions are ignored;
whereas the purple, grey, green, and red colored dashed curves show fits that include the
radiance of light emerging from an open ocean with [Chl] = 0.03, 0.1, 0.3, and 1 mg m–3,
respectively.
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Figure E11. The AOT measured by AATS (red error bars) during low-altitude flights at 19:54 UTC
(left-hand panel) and 20:02 UTC (right-hand panel) compared with those retrieved from RSP data
(green circles) during a high altitude flight at 20:36 UTC. The offset between the RSP and AERONET
retrievals can be attributed to the spatial and temporal variation of aerosol burden. The yellow circles
show the spectrum of RSP retrievals when normalizing their AOTs to fit the AATS spectrum.

Note that the calculated total reflectance at 410 nm varies significantly with [Chl],
consistent with what is seen in Fig. E9. However, the corresponding polarized reflectance
shows no significant variation with [Chl] because the water-leaving radiance is very
weakly polarized for viewing planes with small relative solar azimuth angles. This means
that the polarized reflectance for such viewing geometries can be used to constrain the
fine and coarse mode aerosols regardless of [Chl] or even the type of ocean body. The
resulting aerosol retrievals are given in Table E2. We note that the [Chl] and CDOM retrieved from the total reflectance in Fig. E10 are again consistent with the MODIS/Aqua
retrievals for this scene.
In Fig. E11, we compare the AOT retrieved from the high-altitude RSP reflectance
observations that were shown in Fig. E10 with the AOT measured by the NASA AATS
(Redemann et al. 2009) during low-altitude RSP flights. The left- and right-hand panels
show AATS results for different flight segments (the AOT measurements in the righthand panel were obtained during the same segment as the RSP total and polarized reflectance shown in Fig. E9). The offset in each panel between the measured and retrieved
AOTs is consistent with the temporal and spatial variation of aerosol burden for this
scene (e.g., see change in AATS data between left- and right-hand panels); however, the
yellow circles show that the AOT spectra from the AATS data can be reproduced by scaling the AOT from the RSP retrievals.
Aerosol retrievals over land. One of the main beauties of the Earth when viewed in remote sensing measurements from space, or aircraft, is its bright, many hued, underlying
surface. This also presents one of the main difficulties in retrieving the AOT and aerosol
microphysical model using passive remote sensing measurements of the intensity over
land surfaces since the background is brighter than our object of interest, the aerosols in
the atmosphere. Although the polarized reflectance of the land surface at visible wavelengths is typically smaller than the signal from aerosols, it is clear that in order to use
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polarization measurements to provide an accurate determination of the type and amount
of aerosols present in the atmosphere we need a quantitative understanding of the polarization properties of the land surface. The polarizing properties of natural surfaces as understood from ground and aircraft-based measurements and observations from several
space shuttle flights have been summarized by Coulson (1988). This summary is still an
excellent reference to the historical measurements that have been made of the polarizing
properties of mineral and vegetated surfaces, although the tendency to present linear polarization measurements in terms of the degree of linear polarization (DoLP) makes some
of this information difficult to use. This is because the DoLP, which is a ratio, mixes the
effects of the polarization properties of the surface (numerator) and the reflection properties of the surface (denominator) that are to a large extent caused by the different mechanisms of surface and volume scattering, respectively. There has also been a significant
number of satellite measurements provided by POLDER flown on the ADEOS-I, -II and
PARASOL missions, and airborne measurements made by RSP since Coulson’s review
was published. We will therefore briefly summarize here the present understanding of the
polarizing properties of the surface.
It is generally believed that the polarization of surfaces is primarily generated by external reflections off the facets of soil grains, or the cuticles of leaves. The rationale for
such a model is observations of minerals and the surface cuticles of vegetation (Vanderbilt et al. 1985; Rondeaux and Herman 1991) that show the polarized reflectance to be
grey. This has also been observed in macroscopic measurements of natural scenes such as
forests, bare soils, agricultural fields and even urban landscapes over the spectral range
from the deep blue to IR (Waquet et al. 2009c). If surface polarization is generated by
external reflections then its magnitude will tend to be spectrally neutral as long as variations in the real refractive index of the surface are relatively small. This is generally true
of both the waxy cuticles of vegetation and minerals (Pollack et al. 1973). Thus, although
the surface reflectance is both colorful and spatially variable, the surface polarized reflectance is spatially variable but spectrally grey. It is this feature of the surface polarized reflectance that makes polarization measurements such a useful tool for aerosol retrievals
over land. The key remaining questions regarding the surface polarized reflectance, if we
are to use polarization for remote sensing of aerosols, are the predictability of its absolute
value, for a particular surface, and its angular distribution.
Measurements taken with RSP over agricultural land containing bare soil and a range
of different crops that are grown near Oxnard, CA (broccoli, peppers, etc.) are shown in
Fig. E12a. These measurements, which were obtained with the RSP installed in a small
survey plane flying at an altitude of 3000 m, have been atmospherically corrected using
simultaneous, collocated sun-photometer measurements These measurements show that if
a long-wavelength measurement (e.g., 2264 nm) that is only weakly affected by the aerosol and molecular scattering is available then this can be used to characterize the polarized reflectance across the entire solar spectrum. The only limiting factor in using a long
wavelength measurement to characterize the surface is whether the observational viewing
geometry is sufficient to predict the behavior of the surface polarization for other viewing
geometries. This is primarily of concern for short wavelengths, where the molecular and
aerosol scattering is sufficiently strong that diffuse surface-atmosphere interactions have
to be modeled. This is why a model of the surface is necessary for accurate forward modeling of the polarized reflectance at short wavelengths.

86

AEROSOL AND CLOUD MEASUREMENTS FROM SPACE

21 July 2011

Figure E12. (a) Polarized reflectance measurements taken with RSP mounted on a small
survey plane over agricultural land near Oxnard, CA at an altitude of 3000 m. The visible
polarized reflectances at 410, 469, 555, 670, and 865 nm are plotted against that at 2264
nm in blue, mauve, turquoise, green and red respectively. The bands are offset by 0.005
from one another to allow any spectral differences in behaviour to be identified. The solid 1:1
lines show what is expected if the surface has a grey polarized reflectance. (b) Atmospherically corrected polarized reflectance measurements at 2264 nm with the data taken in meridional planes (i) close to the principal plane and (ii) at 45° to the principal plane.

Figure E12b shows observations in the solar principal plane (the plane that contains
the local vertical and the sun) that are used to estimate the parameters in a simple Fresnel
model of the surface polarized reflectance (Cairns et al. 2009b) and predict the polarized
reflectance for a different viewing geometry. It can be seen that the model prediction of
the polarized reflectance for a different viewing geometry to that used to estimate the
model is in good agreement with the observations in this other scan plane. The conclusion we draw is that a simple Fresnel model, fitted to observations of the surface (or long
wavelength observations), is sufficient to predict the angular variation of the surface polarized reflectance at all view angles that are not close to the backscatter direction.
Once a simple model of the surface polarized reflectance is available it is relatively
straightforward to estimate the surface model, the AOT, and an aerosol microphysical
model using an optimal estimation method (Waquet et al. 2009a; Cairns et al. 2009a;
Dubovik et al. 2011; Hasekamp et al. 2011). Examples of aerosol retrievals that were
made using such a model during the Aerosol Lidar Validation Experiment (ALIVE) and
INTEX-B are presented in Fig. E13. Figures E13a and b show measurements performed
on 16 and 19 September 2005 during the ALIVE experiment, close to the AERONET
station are shown. The spikes in these scans, which are correlated across all spectral
bands most obviously in Fig. E13a, are the result of different view angles seeing different
surface types, since the data have not been re-organized to view the same point on the
ground. Nonetheless the residuals of the model fit to the data are ~10 – 3 because such surface heterogeneity can be accommodated by the retrieval algorithm. Figure E13c shows
data acquired on the 15 March 2006 around 1800 UT during the MILAGRO experiment
over a ground site in the center of Mexico City. For this analysis the data are reorganized
so that each part of the scan sees the same target at the ground, as would be the case for
observations taken from satellites. The retrieved AOT is equal to 0.3 at 670 nm and gives
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Figure E13. (a – c). Polarized reflectance measured at the aircraft level (solid curves) and simulated
polarized reflectance (dashed curves) as a function of the viewing angle. The wavelengths are 410,
470, 555, 670, 865, 1600, and 2250 nm, respectively, in red, blue, magenta, black, green, dark green,
and brown. The dashed brown curve corresponds to the direct surface contribution (measurements at
2250 nm corrected from the atmospheric effects). The error is the difference between the simulated
and measured polarized reflectances and is shown at the top of the figures. Scans (a) and (b) were
obtained on 09/16/05 and 09/19/05 during the ALIVE experiment (southern Great Plains, USA). Scan
(c) was obtained over Mexico City on 03/15/06 during the MILAGRO experiment. (d) AOT retrieved by
the RSP instrument from the measurements shown in (a – c) and coincident AERONET measurements
(or retrievals when the fine mode AOT is reported) as a function of the wavelength.

an example of the performance of the AOT retrieval for higher aerosol loads than were
present during ALIVE. Figure E13d compares the spectral AOT retrieved from the RSP
measurements and the AOT measured by AERONET and shows good agreement for both
the spectral variation and the absolute magnitude of the AOT.
A thick smoke plume that was observed during the Arctic Research of the Composition of the Troposphere from Aircraft and Satellites (ARCTAS) field campaign (Jacob et
al. 2009) has recently been used to validate the retrievals obtained using the optimal estimation method applied to RSP measurements (Knobelspiesse et al. 2011b). In Fig. E14
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Figure E14. RSP, HSRL, AATS, and HiGEAR data are plotted with respect to latitude (aircraft were
flying to the South). The top panel is the total AOT at 532nm for RSP retrievals with HSRL data (red)
compared to estimates from AATS-14 (blue) and HSRL (magenta). That color scheme is maintained
for the rest of the panels, with green indicating HiGEAR data in the second, third and fourth panels
(SSA, effective radius and effective variance, respectively).

retrievals of the total AOT are compared with estimates of the AOT from the AATS-14
(Redeman et al. 2009) and the HSRL (Hair et al. 2008). The fine mode SSA, effective
radius, and effective variance across the smoke plume are also compared with in situ
measurements from the HiGEAR suite (Clarke et al. 2007; McNaughton et al. 2009). We
note that the retrievals shown here use the HSRL to condition the retrieval by providing
the first guess number concentration of aerosols and that the error bars on the AOT retrieved from the RSP observations are much larger than the sample to sample retrieval
variations. This suggests that even though the retrieval errors are estimated using error
propagation and the retrieval covariance matrix (Hasekamp et al. 2007; Knobelspiesse et
al. 2011b) they are in fact overestimated.
Finally it is interesting to note that these airborne observations suffer from the same
issue of different view angles seeing different scenes as is a concern for APS-2 observations, because the aircraft is yawing by 20° or more and the different RSP views are
therefore looking at scenes ±3 km from the aircraft ground-track. Although this heterogeneity effect is included in the measurement uncertainties, a much larger contributor to
the measurement uncertainty for these observations was the attitude of the aircraft, which
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was caused by the very large yaw and a relatively low quality inertial navigation system
that has since been replaced with a more accurate model.
Droplet size distribution retrievals. To have a controlled test of the capability to retrieve
cloud droplet size distributions from polarized reflectance measurements over the scattering angle range of the rainbow, the radiative transfer model MYSTIC (Monte Carlo code
for the phYSically correct Tracing of photons In Cloudy atmospheres; Mayer 2009) was
used to compute 3D radiation fields that simulate RSP measurements. MYSTIC is one of
several radiative transfer solvers of the libRadtran radiative transfer package (Mayer and
Kylling 2005), and the simulations presented here used the backward ray-tracing mode
(Emde and Mayer 2007) to simulate the polarized radiation field (Emde et al. 2010) to
include polarized radiation due to scattering by randomly oriented particles, i.e., clouds,
aerosols, and molecules.
The radiative transfer model was applied to a realistic cloud field obtained from
large-eddy simulations (LES) of shallow, maritime convection. The LES model used
(Ackerman et al. 2004) treats 3D fluid dynamics of the atmosphere and incorporates a bin
microphysics model that resolves the size distributions of aerosol and cloud droplets in

Figure E15. RSP-type retrievals of cloud droplet size from radiation fields simulated for realistic
clouds using 3D Monte Carlo radiative transfer model. Left: fits (red) to simulated polarized reflectances (blue) for 2 cumulus clouds. Right: comparison between retrieved cloud droplet sizes (12.5 – 17
μm) and cloud top heights (diamonds) with those obtained from the original microphysical model by
averaging of vertical profiles with transmission-like weighting function (triangles).
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Figure E16. Comparison of the polarized
reflectance from 3D Monte Carlo calculations
(red) with the result of a plane parallel calculation scaled by the factor of 1.5 (black) for
the same vertical column profile of droplet
number and size distribution.

Polarized reflectance

each grid cell. It also includes a two-stream radiative transfer model that treats the vertical transport of radiation in each model column. The LES dataset used in this study is
based on idealizations of measurements obtained during the Rain in Cumulus over the
Ocean project (RICO; van Zanten et al. 2010). The examples shown here are generated
using the LES model bin microphysical outputs as inputs to MYSTIC for a wavelength of
555 nm with a solar zenith angle of 40° and a relative solar azimuth of 0° to simulate the
multi-angle RSP observations at an altitude of 2.4 km. Retrievals of the cloud droplet
sizes (12.5 – 17 μm) from the simulated polarized radiation field are consistent with those
calculated from the original bin microphysical model at the corresponding cloud top
heights (860 – 1270 m). Figure E15 shows the RSP fits to the polarized reflectance simulated for two cumulus clouds. The comparison in size is between RSP retrievals of effective radius and an exponentially weighted average over the corresponding profiles from
the microphysical model.
Comparison of the 3D simulations with plane parallel calculations for the same cloud
profile showed that 3D effects do exist, however they do not affect the structure of the
rainbow. An example of this is shown in Fig. E16, where the polarized reflectance from
the 3D Monte Carlo calculation (red curve) is almost identical to the black curve, which
is the result of a plane parallel calculation. However the plane parallel calculation has
been scaled by a factor of 1.5. The reason that the droplet size retrievals are not affected
is that they are using the structure of the rainbow that is present in the P12 phase matrix
element not the absolute magnitude of the polarized reflectance.
The first cloud droplet size distribution retrievals using RSP data were performed for
the Coastal STRatocumulus Imposed Perturbation Experiment (CSTRIPE; cf. Meskhidze
et al. 2005), which was designed to quantify the effect aerosol has on the microphysics,
precipitation and dynamics of marine stratocumulus. The Center for Interdisciplinary
Remotely Piloted Aircraft Studies (CIRPAS) Twin Otter aircraft was deployed in a threeweek mission off the coast of Monterey, California in July 2003. During this campaign
RSP was deployed onboard a Cessna 310 aircraft and made measurements during 5 research flights. The Forward Scattering Spectrometer Probe (FSSP; cf. Brenguier et al.

View angle (deg)

91

21 July 2011

AEROSOL AND CLOUD MEASUREMENTS FROM SPACE

Figure E17. Top: time series of cloud droplet effective radius and variance retrieved from RSP (left)
and in situ FSSP (right) measurements made on 22 June 2003 (RSP segment 19). Bottom: fit of polarized rainbow in RSP measurements (solid curves) using Mie theory (dashed curves) for specific cloud
size distributions (blue – 410 nm RSP channel, green – 865 nm, red – 2264 nm).

1998) onboard the Twin Otter aircraft is an optical particle counter, suitable for counting
and sizing particles in the size range of 0.5–47 μm diameter (20 channels), that was used
to validate the RSP size distribution retrievals.
An example of RSP and correlative FSSP droplet size retrievals for the stratocumulus
cloud field observed on 22 July 22 2003 is presented in Fig. E17. At the time of the measurements the Twin Otter aircraft was near cloud top. Minimal distance between the two
planes was 5 km at 20.64 h UTC. Despite some lack of collocation between RSP and in
situ FSSP measurements, a good agreement is observed in the cloud droplet size retrievals, especially at the RSP scan 140, when the distance between the two planes was the
smallest. Both instruments show 8–9 μm droplet effective radius, while the effective
variance is around 0.1.
The second field experiment for which RSP measurements were coordinated with in
situ observations was organized by the ARM Aerial Facility (AAF), the Routine AAF
Clouds with Low OpticalWater Depths Optical Radiative Observations field campaign
(RACORO; Vogelman et al. 2011), which conducted long-term, systematic flights in
boundary layer, liquid-water clouds over the ARM Southern Great Plains (SGP) site between 22 January and 30 June 2009. This campaign also used the CIRPAS Twin Otter
and the in situ measurements used for comparison with the RSP size retrievals were again
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Figure E18. Top left: RSP-measured total reflectances (solid blue curve) and FSSP-derived droplet
sizes (red diamonds) in the vicinity of cloud 11. Other plots: droplet size distributions obtained from
FSSP measurements (green) for 3 clouds near cloud 11 (circled in the top left plot) compared to the
gamma distribution (black) with the effective radius and variance values from RSP retrievals.

from the FSSP. The RSP was deployed in June 2009 onboard the NASA B200 aircraft
together with the HSRL and was based in Ponca City, OK. This aircraft performed 19
science flights including 15 flights coordinated with the CIRPAS Twin Otter aircraft.
Figure E18 presents an example of droplet size distribution retrievals from the data
obtained during the flight on 18 June 2009 (RSP segment 16). The scene was a popcorn
cumulus cloud field typical for the SGP in summer. During the time of measurement the
Twin Otter aircraft was flying near cloud top, it was over-passed by the B200 at 21.84 h
UTC in the vicinity of “cloud 11”. While in the case of small cumulus clouds perfect collocation of the measurements from the two planes for the same cloud is practically impossible, we see that the RSP retrievals for a cumulus cloud 11 (effective radius 6.5 µm,
effective variance 0.03) are in good agreement with in situ measurements (effective radius 6–6.8 µm, effective variance 0.05–0.07) from clouds nearby that were crossed by
the Twin Otter. The FSSP histograms confirm that the gamma distribution is an adequate
model of the cloud droplet size distribution for these non-precipitating clouds.
Aerosols above clouds. In addition to determining the droplet size distribution near cloud
top from polarimetric remote sensing measurements, it is also possible to detect and characterize aerosols above clouds (AAC). AAC are a potentially important component of the
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positive forcing of climate, since absorbing AAC can significantly reduce a high underlying cloud albedo (Haywood et al. 1997). However, reliable estimates of the global prevalence and anthropogenic component of this type of forcing are limited by a lack of appropriate observations, especially since the climate forcing is strongly dependent on the
aerosol SSA (Hansen et al. 1997). Furthermore, AAC can interfere with the ability of intensity only observations to accurately determine cloud optical thickness and droplet effective radii (Coddington et al. 2010).
Several approaches have been developed recently to observe AAC, but they are limited in their ability to distinguish aerosol types because of the significant assumptions required by their retrieval algorithms. Chand et al. (2008) used the active observations with
CALIPSO to determine AAC AOT at two wavelengths. The ratio of the AOT spectral
pair suggests the aerosol particle size. This method is therefore somewhat limited in its
ability to determine the climate forcing from AAC, although this type of analysis shows
considerable promise for combined retrievals with passive remote sensing data. Another
method uses passive spectrometer observations at ultra-violet wavelengths from instruments such as the Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY). De Graaf et al. (2007) fit simulations of biomass burning
(smoke) AAC to SCIAMACHY observations to determine the aerosol total and absorbing optical thickness.
The technique we demonstrate here is to use multi-angle, multi-spectral, passive observations of polarized reflectance to simultaneously determine cloud and AAC optical
properties. In Fig. E19 we show that for side-scattering angles the polarized reflectance is
more sensitive to aerosols, while in the rainbow scattering angle range the polarized reflectance is sensitive to cloud droplet size (structure and location of the rainbow) and also
aerosols (magnitude of the rainbow). In a similar approach Waquet et al. (2009b) used
MODIS retrievals of cloud top height and POLDER polarized observations at a variety of
scattering angles to determine the AOT of biomass burning AAC in the South Atlantic
865nm
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Figure E19. The sensitivity of the polarized reflectance to cloud and aerosol optical properties is demonstrated in this figure. Black curves are for a simulated cloud (type A) with an optical thickness of 20.0
and a vertically uniform droplet size distribution from the ground to 480 m with an effective radius of
6.25 µm and an effective variance of 0.075. The left-hand panel illustrates the polarized reflectance at
555 nm while the right-hand panel is for the polarized reflectance at 865 nm. Blue curves show the
effect of raising the cloud top by 500 m. Green curves show the polarized reflectance of a cloud containing different droplet sizes with an effective radius of 10 µm and an effective variance of 0.05. Red
and magenta curves indicate the reflectance of a cloud with aerosols above, the former for “Mexico
City” type urban aerosols with an AOT of 0.2 and the latter for “African Savann” biomass burning aerosols with an AOT of 0.4 (Dubovik et al. 2002). All scenes are simulated with a solar zenith angle of 45°
and a relative azimuth angle of 45°.
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Ocean. This required assumptions about the aerosol size and refractive index, since a single POLDER band at 865 nm and a single scattering model were used.
The RSP measurement set is much larger than that available from POLDER and has a
much greater angular density. Since the polarized reflectance generated by stratiform
clouds does not depend on the cloud optical thickness once it is larger than ~3, it is possible to perform an optimal estimate of the cloud droplet size distribution with a fixed
cloud optical thickness of 5 together with an estimate of the aerosol microphysical model
and AOT where only the polarized reflectance observations are used in the retrieval.
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Figure E20. The left-hand panel shows the spectral dependence of RSP-retrieved total AOT (black
curve) and the AATS observation (green curve) at an altitude of 480 m during the downward spiral that
occurred shortly after the RSP observations were acquired. The right-hand panel is the spectral dependence of the total SSA. The black curve is for the RSP retrieval and the red curve is the SSFR estimate as described in Bergstrom et al. (2010).
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Figure E21. (a) Total reflectance at 410, 469, 555, 670, 865, 1589, and 2264 nm shown as blue,
mauve, turquoise, green, red, fuschia, and black respectively. Solid curves represent RSP observations and dot-dashed curves are model calculations for an atmosphere with no aerosols above the
cloud. (b) As in (a) but with aerosols above cloud included and model calculations shown as dashed
curves.
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This was done for AAC over the Gulf of Mexico during the INTEX-B field experiment on 13 March 2006. The AATS-14 (Redeman et al. 2009) made observations of the
spectral AOT in a cloud free region about 125 km northwest of the cloudy scene observed by RSP, and aerosol absorption was also estimated in this area using observations
made by the Solar Spectral Flux Radiometer (SSFR) (Pilewskie et al. 2003; Bergstrom et
al. 2010). The results from the RSP optimal estimate are compared in Fig. E20 to the
AATS-14 and SSFR measurements. The AOT we retrieved agrees very well with AATS
observations from an altitude of 480 m, which was the cloud top height in our AAC
scene. At wavelengths less than 800 nm, the majority of total AOT is determined by the
fine mode, and AATS-14 measurements at these wavelengths agree with the RSP retrieved values to well within the retrieval uncertainties.
The SSA that is retrieved using only the polarized reflectance has a very large uncertainty (Knobelspiesse et al. 2011a). However, comparisons with SSFR observations show
some degree of similarity, at least for the shorter wavelengths of the spectrum, and more
recent analyses that included the total reflectance in the optimal estimate have substantially smaller uncertainties in the retrieved imaginary index because of the large effect
aerosol absorption has on the short wavelength spectral bands as shown in Fig. E21. Figure E21a depicts observations of the same AAC scene as presented by Knobelspiesse et
al. (2011a) together with calculations for a two layer cloud with no aerosols above it. The
cloud optical thickness of the top and bottom layer are 10 and 40, respectively, and the
effective radii are 7.02 µm and 5.5 µm, respectively, with the top layer having an effective variance of 0.029. This cloud model was estimated using the polarized reflectance at
410, 865 and 2264 nm and the total reflectance at 2264 nm and the discrepancy between
the model and observations at 1588 nm indicates that the two layer model for the vertical
profile of cloud droplet sizes is probably inadequate since this spectral band is sensitive
to droplet size deeper into the cloud than the 2264 nm band.
The results of a cloud and aerosol retrieval using the total and polarized reflectance
with the two-layer cloud are presented in Fig. E21b, where it can be seen that the total
AOT of 0.15 has a huge effect on the 410 and 469 nm total reflectance because of the
relatively low SSA (cf. Fig. E20b). The use of these total reflectance measurements in the
retrieval algorithm therefore reduces the estimated uncertainty in the imaginary refractive
index retrieval to ~10%, which improves substantially on the results we previously presented for the case where only the polarized reflectance was used.
Detection and characterization of thin cirrus clouds. Observations in spectral bands that
are centered on strong water vapor features allow for the detection of thin cirrus clouds
by suppressing the contribution from clouds lower in the atmosphere and the surface
(Gao et al. 1993). The RSP and APS-2 instruments provide measurements in such bands
(1884 and 1376 nm, respectively) and have the additional capability to obtain multi-angle
polarization observations of thin cirrus clouds. This allows the crystal habit and particle
roughness to be estimated and provides effective constraints on the asymmetry parameter
of the scattering phase function and therefore the radiative behavior of the clouds.
Figure E22 shows the angular behavior of the RSP total and polarized reflectance at
1884 nm averaged over 5 scans at 18.74 UTC on 11 May 2010. The flight trajectory was
oriented only 8° away from the principal plane, so that RSP viewing angles of –20° and
20° correspond to directions very close to specular reflection and backscatter, respectively, as indicated by the label on the top x-axis. The peak in total reflectance (partially
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recognizable also in the polarized reflectance) was attributed to reflection from a small
fraction of horizontally oriented ice crystals (Chepfer et al. 1999; Bréon and Dubrulle
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Figure E22. Data from the RSP channel at 1884 nm (black lines), usually very dark, reveals the presence of cirrus beneath the aircraft. Top panel: the peak in total reflectance around the direction of
specular reflection (scattering angle ~140°) is an indication of horizontally oriented ice crystals. The dip
near backscatter is the aircraft shadow. Lower panels: polarized reflectance and degree of linear polarization. The red curves are the RT simulations for a cirrus immediately below the aircraft totaling
0.08 in optical depth, and composed of small ice plates with an effective radius of 9 μm, an aspect ratio of 0.25 and roughness parameter of 0.55. This particle class was selected by minimizing the residuals between the measured DoLP and the P21/P11 elements of phase matrices computed with a raytracing method (inset in the lowest panel).
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2004; Noel and Chepfer, 2004). The small dip near backscatter is caused by the shadow
of the airplane, which is unavoidable when flying very close to a target, and that does not
carry any polarization signature.
The scattering properties of the cirrus away from the specular and backscatter directions were further investigated in order to estimate its crystal habit and optical thickness
(Ottaviani et al. 2011). We used geometric optics (Macke et al. 1996) to construct a database with optical properties of plates and columns with varying sizes, aspect ratios, and
small-scale roughness parameters (cf. definition in Macke et al. 1996). Plate aspect ratios
were varied between 0.1 and 1 with a step size of 0.05 (with corresponding reciprocal
values used for columns). Roughness parameters were varied from 0.2 to 0.8 with a step
size of 0.05. Small and large particles with effective radii of about 9 and 30 μm, respectively, were included. From this database, the particle class was first selected for which
the ratio of phase matrix elements P21/P11 best matched the degree of linear polarization
at 1884 nm (see inset in the lowest panel of Fig. E22). The DoLP is a convenient modeling choice because it is independent of the optical thickness, at least within the singlescattering approximation, which should apply for thin cirrus at this wavelength, and can
thus be directly compared to the P21/P11 elements of a modeled phase matrix.
At scattering angles larger than about 100°, typical of RSP measurements, distinctive
features that facilitate the discrimination among different ice crystal models are an inversion in the sign of polarization near backscatter, and a more or less pronounced modulation at side-scattering angles. These structures are suppressed in the presence of irregular
crystal habits, small-scale surface roughness, or by inclusion of air bubbles (Baran 2009).
A change in the sign of the polarization would manifest itself as a discontinuity at the
minimum of the DoLP, but such a feature is absent near backscatter, where the signal
smoothly declines toward zero. This fact, together with the smooth increase toward sidescattering angles, indicates that the cirrus particles are not pristine crystals.
The optimal fit was obtained for small ice plates (effective radius ∼9 μm) characterized
by an aspect ratio of 0.25 and a roughness parameter of 0.55. This roughness parameter is
close to values generally found from analysis of global POLDER data (Knap et al. 2005;
Baran and Labonnote 2006). The optical thickness required to simultaneously fit the total
reflectance was then estimated using the ice crystal model that had been determined using
the polarization measurements and was found to be 0.08. This magnitude of optical
thickness places the observed cirrus in the threshold-visible category (Sassen and Cho
1992), where actual visibility depends on illumination conditions and that in this case did
not make the cloud perceivable to the naked eye. This provides an example of the unique
capability of polarization observations in water vapor absorption bands (1884 nm for RSP
and 1376 nm for APS-2) to detect and characterize thin cirrus clouds that are suspected to
have significant effects on climate (McFarquhar et al. 2000).
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Appendix F
Assessment of APS-2 sampling
The APS-2 sensor would provide retrievals along the satellite ground track with a horizontal spatial sample similar to that provided by CALIPSO for any of the acceptable sun
synchronous orbit options. Existing uncertainties in the radiative forcing by aerosols appear to be primarily driven by uncertainties in the fractional absorption (single-scattering
co-albedo) and vertical distribution, especially the partitioning between above and below
cloud, of aerosols (Chung et al. 2005; Loeb and Su 2010). However, one of the most
variable aerosol fields is the AOT, and it is therefore important to understand what the
limitations of the sample of this field obtained by an APS-2 would be. We show here that
APS-2 sampling uncertainties for the geometric mean AOT at a 10°×10° monthly mean
scale are less than the accuracy requirements given in Table A1 between 80% and 95% of
the time. In the following we provide a description of the data sources and analysis on
which these conclusions are based. The geometric mean and log standard deviation are
the primary summary statistics used to evaluate the APS-2 sampling in this Appendix
since these appear to be the appropriate statistics for the evaluation of an AOT field that
is log normally distributed (O’Neill et al. 2000) and we show that the AOT data sources
we use are consistent with a log-normal sampling distribution.
In order to motivate some of the figures presented in the remainder of this Appendix
we briefly summarize the properties of a log normal distribution. We introduce the definition of a log-normal distribution viz.,
pl (ln τ ) d ln τ =

1
2πσ 2

⎛ ln (τ τ g ) 2 ⎞
⎟ d ln τ ,
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2
⎜
⎟
2
σ
⎝
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where τ g is the geometric mean and σ is the log standard deviation. We note that the
moments of this distribution are given by the expression
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(F2)

The first two log moments are

〈ln τ 〉 = ln τ g ,
〈(ln τ ) 2 〉 = σ 2 + (ln τ g ) 2 ,

(F3)

where σ 2 is the log variance. An additional statistic that provides a simple consistency
check as to whether a quantity is log normally distributed is the log difference, which we
define to be,

ln〈τ 〉 = 〈ln τ 〉 −

σ2
.
2

(F4)

If a sample is log normally distributed then the mean and standard deviation should be
correlated but with considerable scatter if the log standard deviation is not a constant,
which is clearly true of AOT fields. In contrast the log difference and the log variance
should be strongly correlated with a 2:1 regression line independent of the geometric
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Figure F1. Variation of AOT at 550 nm with
scattering angle.

mean optical thickness if the AOT is log normally distributed. We note in passing that a
χ2-similarity test can be used to verify the hypothesis that the observed distributions are
log-normally distributed, but for the AOT data used here the probability of rejecting that
hypothesis is extremely small (< 0.01%) and we therefore present below (in Fig. F5) scatter plots that provide a more illuminating, albeit subjective, indicator of the plausibility of
a log normal distribution for the data.
There are two sources of AOT fields that can be used in assessing the sampling properties of an APS-2 sensor. Global imagers such as MODIS provide aerosol retrievals over
both ocean and land and have been validated against AERONET (Remer et al. 2005;
Remer et al. 2008; Levy et al. 2009; Levy et al. 2010). General Circulation Models
(GCMs) have an increasing level of fidelity in their simulations of aerosols and their output fields are readily available (Schulz et al. 2006).
The advantage of using the daily pixel level aerosol retrievals from MODIS to assess
APS-2 sampling is that limitations caused by the presence of clouds are implicit in the
sample and the seasonal and regional variations of such cloud effects are captured coherently. The only problem with using an imager to assess a ground-track only sample is that
if there are any view angle biases in the aerosol product then these biases will increase
the apparent error in the ground-track only sample. In Fig. F1 we show the variation of
the MODIS AOT with scattering angle for the seven year period of the sample that we
are using. We note that some of the variations of AOT with scattering angle shown in
Fig. F1 may be real. However, scattering and view angle biases caused by using inappropriate aerosol and surface models in the retrieval algorithm are expected and are likely to
have land surface type, regional, and seasonal dependencies (Remer et al. 2001; Gatebe et
al. 2001; Herman et al. 2005) that make their diagnosis and disentanglement from sampling effects difficult.
GCMs are available that provide AOT fields with a daily temporal sampling and a
spatial sampling that is finer (1.125°) than the equator ground track spacing of the ATrain (1.6°). Re-sampling the model AOT field does not have the problem of view angle
dependencies and the quality and availability of the AOT field is the same over land and
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Figure F2. 10° × 10° monthly mean median values for 1/2001–12/2007 of the geometric average and
log standard deviation of the MODIS AOT at 550 nm.

ocean. However a model AOT field with a 1.125° resolution will not provide a realistic
test of the reduction in the sample caused by clouds.
MODIS and GCM AOT fields are therefore highly complementary in assessing the
sampling provided by APS-2. Re-sampling the MODIS AOT field to get an APS-2 like
sample will, with its potential view angle dependencies, tend to overestimate sampling
errors. Re-sampling a GCM AOT field using the CALIPSO ground-track with no cloud
effects included will tend to underestimate sampling errors. The MODIS and GCM AOT
fields can therefore be used to provide an upper and lower bound respectively on the
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Figure F3. 9° × 9° monthly mean median values for 1/2000—12/2008 of the geometric average and log
standard deviation of the SPRINTARS AOT at 550 nm.

sampling errors of an APS-2 sensor. In the following we use daily MODIS level 2 AOT
retrievals from the Terra satellite for the period 1 January 2001 to 31 December 2007 and
the daily AOT field from the SPRINTARS GCM (Takemura et al. 2005) for the period 1
January 2000 to 31 December 2008. The geometric mean and log geometric standard deviation for the complete MODIS and SPRINTARS AOT fields at 10° and 9° resolution
respectively are shown in Figs. F2 and F3. These figures show that the basic structure of
the two fields is similar: highest variability over land where the largest sources are and
largest values over central Africa as well as South and East Asia.
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Figure F4. Variation of global geometric mean
AOT at 550 nm with cross-track sample for July
2006.

The MODIS data have a native resolution of 10 km both along and cross track with
135 cross track samples and can therefore be averaged to any grid spacing coarser than
10 km. A 10° grid was chosen here to yield a regional spatial average (cf. Kinne et al.
2006) that is sufficient to provide a radiative forcing with adequate spatial resolution
(Shindell and Faluvegi 2009) and statistics are calculated using all the MODIS retrievals
over ocean and all MODIS high quality (QC = 3) retrievals over land for the monthly time
averages. Over oceans an APS-2 like sub-sample was obtained by using the 50th MODIS
cross track sample since this reduces sun glint artifacts. Over land the 67th cross track
sample was used since it is close to nadir. An example of the variation of the global geometric mean AOT as a function of the selected cross track sample is shown in Fig. F4 for
July 2006. Other months and years have similar magnitude variations, although the pattern of AOT variation with cross track sample changes.
The SPRINTARS AOT field is calculated on a 1.125° grid, and in order not to introduce any artifacts from interpolation it was averaged onto a 9° grid, rather than the 10°
grid used for the MODIS data, and statistics were again calculated for monthly time averages. The CALIPSO ground track pattern was used to sample the SPRINTARS AOT
field with a horizontal spacing of 10 km along the ground track, and this APS-2 subsample is restricted to ground pixels that have a solar zenith angle of less than 70°. The
10°×10° and 9°×9° monthly mean AOT fields that use all the data will henceforth be referred to as the complete AOT fields and the APS-2 samples as the sub-sampled AOT
fields.
In Fig. F5 we show scatter plots of the standard deviation of AOT against the arithmetic mean value and the difference between the log-difference and the log variance for
the SPRINTARS, MODIS over ocean, and MODIS over land complete AOT fields.
These figures show that the standard deviation of the AOT is indeed proportional to its
mean value, although with considerable scatter, which is expected for AOT samples.
These figures also show that the log-difference is close to half of the log variance and
shows substantially less scatter which, as noted above, is a useful subjective indicator that
a quantity is indeed log normally distributed.
As a measure against which to test the adequacy with which the APS-2 sub-samples
capture the complete AOT statistics we will use the AOT accuracy requirements given in
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Figure F5. Scatter plots of standard deviation against mean and log-difference against log variance for
the SPRINTARS complete AOT field (a) and (b), the MODIS oceans AOT field (c) and (d), and the
MODIS land AOT field (e) and (f).
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Figure F6. (a, c, e) Comparisons of complete (black curve) and sub-sampled (blue curve) geometric
mean AOT probability distributions. The green curve shows, for each AOT, the frequency for which the
sampling errors are smaller than the accuracy requirements specified in Table A1 for oceans (a, c) and
land (e). (b, d, f) Cumulative histograms of the differences between the complete and sub-sampled
geometric mean AOTs. Green lines indicate any biases in the median values while the red lines are
construction lines to indicate what the factional coverage is for a confidence interval of ±0.02 (b, d) or
±0.04 (f) and whether the confidence interval is symmetric.
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Table A1. The accuracy of retrievals for a sensor that provides a sufficient number of
measurements to make the retrieval well posed (Hasekamp et al. 2010; Dubovik et al.
2011) is determined primarily by instrumental accuracy. Averaging is not expected to
reduce accuracy errors and will be present in long-term, large-scale statistics. In order for
sampling effects not to dominate the uncertainty in the AOT retrievals they should therefore be comparable to, or smaller than, the accuracy requirements. Figure F6a shows the
frequency distribution of the monthly mean 9°×9° geometric mean AOT generated from
the complete SPRINTARS AOT sample, the APS-2 sub-sample, and for each AOT bin
(0.01 width) the frequency with which the difference between the complete sample and
the APS-2 sub-sample is less than the oceanic accuracy requirement. The cumulative distribution of the differences between the complete and sub-sampled SPRINTARS geometric mean AOT fields are shown in Fig. F6b. A total of 95% of all monthly mean subsampled AOTs match the complete sample within the requirement for accuracy over
ocean specified in Table A1. We note that if the requirement is applied to the arithmetic
mean AOT then 91% of the sub-sampled AOTs match the complete sample and in the
following the performance for the arithmetic mean is given in parentheses following each
geometric mean comparison.
Figures F6c–f show the same analysis as presented in Figs. 6a and 6b, but for
MODIS over ocean and MODIS over land. The agreement between the complete and
sub-samples is within the accuracy requirement 82% (77%) of the time over ocean and
81% (72%) over land. The median geometric mean AOT bias is in all three cases less
than 0.01 and the sampling uncertainties increase (frequency with which accuracy requirement is met decreases) with mean AOT. Figure F7 shows the same analysis as Fig.
F6 for log standard deviation statistics. The complete and sub-sampled log standard deviations are within ±0.1 of one another 85% of the time for the SPRINTARS AOT field
and 77% of the time for the MODIS AOT field over the ocean. The variability of the
MODIS AOT field is substantially larger over land (mode of log standard deviation of
0.9) than over the ocean (mode of log standard deviation of 0.55). In Fig. 7f we therefore
show the fraction of samples for which the difference in log standard deviations is less
than ±0.2, which is 90%, and note there is also a bias of –0.03 for the sub-sampled estimate of the log standard deviation compared to the complete sample.
The sub-sample has larger uncertainties at higher AOTs because the standard deviation of the underlying AOT distribution is larger (see Figs. F2 and F3) and also because
the spatial scales of the AOT field that contribute at a monthly mean time scale are larger
for areas with high AOTs. Figure F8 shows the temporal and spatial correlations calculated from the MODIS AOT field to demonstrate what is seen observationally in a cloud
screened data set. In Fig. F9 we use the SPRINTARS AOT field to evaluate the spacetime correlations of the AOT field since the absence of missing data makes the reliability
of such an evaluation somewhat simpler. Figure 9a shows the estimate of the time in days
at which the correlation of the SPRINTARS AOT field at different times would be reduced to 0.7. We note that the MODIS and SPRINTARS estimates of this critical correlation time are both less than one day (the temporal spacing of the samples for both fields).
In Fig. F9b the distance between SPRINTARS 1.125° grid boxes at which the correlation
is reduced to 0.7 is shown. This distance is the root-mean-square of the meridional and
zonal distances at which the correlation is reduced to 0.7 and is also consistent at a largescale with the spatial correlation lengths estimated using the MODIS data.
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Figure F7. (a, c, e) Comparisons of complete (black curve) and sub-sampled (blue curve) log geometric standard deviation of the AOT probability distributions. (b, d, f) Cumulative histograms of the differences between the complete and sub-sampled log geometric standard deviations of the AOT. Green
lines indicate any biases in the median values while the red lines are construction lines to indicate
what the factional coverage is for a confidence interval of ±0.1 (b, d) or ±0.2 (f) and whether the confidence interval is symmetric.
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Figure F8. Global average temporal and spatial correlation functions for the MODIS Terra AOT field
for land only (red) and MODIS ocean only (green). The 50% confidence interval for this function is indicated by dashed lines of the appropriate color for each surface type.

The long correlation lengths associated with errors that have a high AOT mean that
the ~100 observations for a CALIPSO ground track crossing of a grid box of ~1000 km
size in reality only yield 1–2 independent measurements. The number of independent
measurements acquired over a month will therefore be ~25 (13 days × 2 spatial samples),
which limits the reduction in sampling uncertainties and is the reason for the poorer performance of the sub-sample at higher AOTs. Indeed, even the 1350 km wide MODIS
sample is only providing ~120 (30 days × 4 spatial samples) independent measurements
for a 10° grid box if the correlation length is ~500 km which is not uncommon in the
tropics. Since sampling uncertainties are reduced by the square root of the number of independent samples the sampling uncertainty for a single MODIS instrument observing
the Saharan dust plume is therefore half that of the APS-2 sub-sample for a 10°×10°
monthly mean average.
In summary, based on this analysis we expect that large-scale (10°×10°) long-term
(monthly-mean) averages provided by an APS-2 sensor will be affected by random sampling errors at a level that is substantially less than the bias errors caused by calibration
errors. These bias errors are themselves substantially less than the cited uncertainties in
AOT retrievals from sensors that are currently on orbit and moreover the purpose of
APS-2 is to provide measurements of aerosols that are far more informative than the
AOT alone.

Appendix G
Glossary of acronyms
3D
AAC
AATS
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three-dimensional
aerosols above clouds
Ames Airborne Tracking Sunphotometer (http://geo.arc.nasa.gov/sgg/
AATS-website)
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Figure F9. (a) Global distribution of the median time at which the temporal correlation is reduced to 0.7
calculated from the SRINTARS native resolution (1.125° resolution, daily) AOT field. (b) As in (a) but
for the RMS distance at which the correlation is reduced to 0.7.

ACE

Aerosol–Cloud–Ecosystems Decadal Survey Mission (http://dsm.gsfc.
nasa.gov/ace/index.html)
AERONET AErosol RObotic NETwork (http://aeronet.gsfc.nasa.gov)
AIRS
Atmospheric InfraRed Sounder (http://airs.jpl.nasa.gov)
ALIVE
Aerosol Lidar Validation Experiment
AMBRALS Algorithm for Modeling[MODIS] Bidirectional Reflectance Anisotropies of
the Land Surface
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aerosol optical thickness
Aerosol Polarimetry Sensor (http://glory.giss.nasa.gov/aps)
Arctic Research of the Composition of the Troposphere from Aircraft and
Satellites
AVHRR
Advanced Very High Resolution Radiometer
BRDF
bidirectional reflectance distribution function
CALIOP
Cloud–Aerosol LIdar with Orthogonal Polarisation
CALIPSO Cloud–AerosoL and Infrared Pathfinder Satellite Observation
CCN
cloud condensation nuclei
CDOM
colored dissolved organic matter
CIRPAS
Center for Interdisciplinary Remotely Piloted Aircraft Studies
CLAMS
Chesapeake Lighthouse Airborne Measurements for Satellites
CNES
Centre National d’Etudes Spaciales (http://www.cnes.fr)
CPI
cloud particle imager
CrIS
Cross-track Infrared Sounder (http://jointmission.gsfc.nasa.gov/cris.html)
CRM
cloud-resolving model
CSTRIPE Coastal STRatocumulus Imposed Perturbation Experiment
DARF
direct aerosol radiative forcing
DoLP
degree of linear polarization
ESA
European Space Agency (http://www.esa.int/esaCP/index.html)
FSSP
Forward Scattering Spectrometer Probe
GCM
General Circulation Model
GHG
greenhouse gas
GLAS
Geoscience Laser Altimeter System
HSRL
High Spectral Resolution Lidar
IFOV
instantaneous field of view
INTEX
Intercontinental Chemical Transport Experiment
IPCC
Intergovernmental Panel on Climate Change
IR
infrared
LES
large-eddy simulations
MILAGRO Megacity Initiative: Local And Global Research Observations
MISR
Multi-angle Imaging SpectroRadiometer (http://www-misr.jpl.nasa.gov)
MODIS
MODerate resolution Imaging Spectroradiometer (http://modis.gsfc.nasa.
gov)
MYSTIC
Monte Carlo code for the phYSically correct Tracing of photons In Cloudy
atmospheres
NASA
National Aeronautics and Space Administration (http://www.nasa.gov)
NIST
National Institute of Standards and Technology (http://www.nist.gov)
NOAA
National Oceanic and Atmospheric Administration (http://www.noaa.gov)
NPP
NPOESS Preparatory Project (http://jointmission.gsfc.nasa.gov)
OMI
Ozone Monitoring Instrument
PARASOL Polarization and Anisotropy of Reflectances for Atmospheric Sciences
coupled with Observations from a Lidar (http://smsc.cnes.fr/PARASOL)
POLDER
POLarization and Directionality of the Earth’s Reflectances instrument
RACORO Routine ARM Aerial Facility (AAF) Clouds with Low Liquid Water Depths
(CLOWD) Optical Radiative Observations (field campaign)
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RICO
Rain In Cumulus over the Ocean project
RSP
Research Scanning Polarimeter (http://data.giss.nasa.gov/rsp_air)
SCIAMACHY SCanning Imaging Absorption spectroMeter for Atmospheric
ChartograpHY
SGP
Southern Great Plains
SPRINTARS Spectral Radiation-Transport Model for Aerosol Species
SSA
single-scattering albedo
SSFR
Solar Spectral Flux Radiometer
SWIR
short-wave infrared
TES
Tropospheric Emission Spectrometer (http://tes.jpl.nasa.gov)
TOMS
Total Ozone Mapping Spectrometer
TROPOMI TROPOspheric Monitoring Instrument (http://www.tropomi.eu/TROPOMI/
me.html)
UV
ultraviolet
VIIRS
Visible Infrared Imaging Radiometer Suite (http://jointmission.gsfc.nasa.
gov/viirs.html)
VNIR
visible and near-infrared
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