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Chapter 1

Introduction
Fine airborne particles, called aerosols, play a complex though important
role in the Earth’s atmosphere as they interact with incoming solar radiation and affect the properties of clouds. In order to better quantify the
effect that aerosols have on our climate, their distribution must be monitored globally with high precision. The studies presented in this thesis
focus on approaches with which we try to overcome the problems related
to monitoring aerosol in the vicinity of clouds. The aim of this chapter is
to provide the background information on the basis of which the scientific
results presented in further chapters can be understood.

1.1

Aerosol in the atmosphere

Aerosols are small particles that are suspended in the atmosphere. Some
of them are naturally occurring such as pollen, desert dust particles, sea
salt from sea spray, partially burned organic matter that is emitted during
natural biomass burning (e.g. forest fires) and ash from volcanic eruptions.
Other aerosols are of anthropogenic origin such as sulfates from fossil fuel
combustion and soot particles from incomplete combustion in industry or
biomass burning (e.g. land clearing). Typical radii of aerosols range from
0.01 to 10.0 µm. Some electron microscope images of common aerosols are
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Figure 1.1: These scanning electron microscope images (not at the same scale)
show the wide variety of aerosol shapes. From left to right: volcanic ash, pollen,
sea salt, and soot. Image credit: USGS, UMBC (Chere Petty), and Arizona State
University (Peter Buseck).

shown in Figure 1.1. The particles with radii at the lower end of this range
are often referred to as fine mode aerosol. Typical examples are sulfates
which form by condensation of gases into liquid droplets and soot which
can be emitted in the atmosphere during incomplete combustion. Particles
with typical radii larger than 1.0µm, such as desert dust and sea salts, are
referred to as coarse mode aerosol. These particles can become airborne by
being swept up by the wind.
Aerosol typically stays airborne for a couple of days. The larger particles have considerable fall velocities due to gravity. The settling of aerosols
on the surface through this mechanism is called dry deposition. It is mostly
important for coarse mode aerosol. Another mechanism by which aerosols
are removed from the atmosphere is wet deposition, this occurs when a particle is trapped in a cloud droplet or snow flake and precipitation happens.
This is the dominant removal mechanism for fine mode aerosols.
Aerosols are intricately linked to cloud formation since they act as cloud
condensation nuclei. The relatively high surface tension of water, caused
by hydrogen bonds, makes the supersaturation required for liquid water
droplets to form out of gas so high that it is unlikely to occur in the atmosphere. Instead, water droplets tend to form on surfaces where they have a
lower surface tension to overcome. Aerosols (if not hydrophobic) can provide such surfaces for liquid water droplets to form on. When the humidity
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is high enough, particles of a certain radius are activated and rapidly grow
into cloud droplets, until the humidity drops sufficiently due to this condensation. If higher concentrations of aerosol are present more cloud droplets
can form but the amount of water that condenses per particle is lower. In
other words, the clouds that form in more polluted atmospheres have more,
but smaller droplets.

1.2

Radiative forcing

The global temperature on Earth, while highly variable on small scales, is
controlled by heating from solar radiation and cooling via thermal radiation.
Roughly 30-35% of all incoming solar radiation is reflected back into space,
mostly by clouds and reflective surfaces such as deserts and land covered
with snow, but also by aerosol and molecules in the atmosphere. The
other 65-70% of sunlight is eventually absorbed, mostly by the surface, and
converted to heat. The Earth cools by emitting thermal radiation which,
for typical temperatures on Earth, is mostly in the infrared. Greenhouse
gases (e.g. water vapor, carbon dioxide and methane) make the atmosphere
opaque at infrared wavelengths and thereby decrease the efficiency by which
the Earth can cool.
A perturbation in, for example, the albedo (reflectivity of Earth), greenhouse gas concentrations or aerosol loads can offset the balance between
incoming and outgoing radiation. This results in a radiative forcing that
will cause the Earth to warm or cool, in other words it will drive climate
change. In turn, feedback processes can again perturb the atmosphere and
surface, thereby amplifying or diminishing the effects of radiative forcing. A
source for an important feedback mechanism is the concentration of water
vapor (a strong greenhouse gas) in the atmosphere, which is very sensitive
to and will adjust rapidly with a change in temperature. An example of
a more complicated feedback process, which occurs due to a change in the
temperature of the atmosphere, is the change in the types of clouds and
the amount of cloud cover which both affect the Earth’s albedo. There
are many more feedback processes. The complexities concerning feedback

10
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Figure 1.2: Summary of the radiative forcing estimates (relative to the year
1750) for the main drivers of climate change. The black diamonds and bars show
the best estimate and indicate the uncertainty. On the right side the numerical
values are stated together with the level of confidence (where VH = very high,
H = high, M = medium, L = low, VL = very low). On the bottom the total anthropogenic radiative forcing relative to 1750 is provided for three years.
Adopted from the working group I contribution to the fifth assessment report of
the intergovernmental panel on climate change.
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processes hamper our knowledge of the climate sensitivity, which describes
how the temperature on Earth will change given a certain radiative forcing.
Over the past few decades there has been a significant anthropogenic
contribution to the global concentrations of greenhouse gases and aerosols.
The best estimates of the greenhouse gas contributions to the radiative
forcing are summarized in the top part of Figure 1.2. The total radiative
forcing due to greenhouse gases is positive (i.e. has a warming effect on
Earth) and is known with relatively high accuracy. The radiative forcing
due to anthropogenic aerosol is divided into two parts; the forcing that
arises from the direct interaction of aerosol and radiation and the forcing
that arises from adjustments to clouds due to anthropogenic aerosols (see
Figure 1.2). The total radiative forcing due to the anthropogenic contribution to aerosol is most likely negative (i.e. has a cooling effect on Earth)
and has offset the positive radiative forcing due to greenhouse gases. There
is, however, a large uncertainty on the strength of this aerosol radiative
forcing. This uncertainty is the largest contribution to the uncertainty in
estimates of the total radiative forcing (Intergovernmental panel on climate
change, 2014). Even with an extensive temperature record we can therefore
not infer the climate sensitivity with high precision. There may have been
a weak aerosol radiative forcing and a low climate sensitivity or a strong
aerosol radiative forcing and a high climate sensitivity. The latter would
imply stronger increases in temperature in the future. Future climate predictions would greatly benefit from a better constrained estimate of the
total aerosol radiative forcing.
In the following sections we will go into detail on the radiative forcing due to aerosol radiation interactions in Section 1.2.1 and the radiative
forcing caused by adjustments to clouds due to aerosols in Section 1.2.2.

1.2.1

Aerosol radiation interactions

Even though they are tiny, aerosols have a significant effect on the Earth’s
energy balance by scattering and absorbing incoming solar (and, to a lesser
extent, terrestrial) radiation. An example of an extreme case is given in
Figure 1.3 which shows a desert dust outbreak off the West coast of Africa.

12
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The ’cloud’ of dust particles here is visible against the darker background
of the ocean because they scatter sunlight back to the satellite. What is
not visible, is that these dust particles also strongly absorb solar radiation
in the near-UV and UV. Scattering by aerosol generally results in a negative radiative forcing. Absorption of solar radiation by aerosol generally
results in a positive radiative forcing. This is especially important over
bright surfaces such as ice caps and land covered with snow and also when
absorbing aerosol is lifted above clouds. The radiative effect of scattering
and absorption of radiation due to aerosol is referred to as the direct aerosol
effect.

1.2.2

Aerosol cloud interactions

On average, roughly 60% of the Earth is covered by clouds. These play a
significant role in Earth’s radiative budget as they very efficiently reflect incoming solar radiation as well as outgoing thermal radiation. Aerosols have
the ability to act as cloud condensation nuclei and ice nuclei and play an
important role in cloud formation and lifetime. In atmospheres with higher
concentrations of aerosols more cloud droplets can form but the amount
of water that condenses per particle is lower, resulting in smaller cloud
droplets. The more numerous smaller droplets result in a higher reflectivity
for these clouds (Twomey, 1959), which results in a negative radiative forcing. This effect is called the first aerosol indirect effect, cloud albedo effect
or Twomey effect. When higher concentrations of aerosol particles compete
for the same amount of water vapor and results in smaller cloud droplets,
it decreases the precipitation efficiency which results in a prolonged cloud
lifetime (Albrecht, 1989). This effect causes a negative radiative forcing
and is called the second aerosol indirect effect or the cloud lifetime effect.
When dry aerosol particles absorb radiation, they can transfer that energy
to the surrounding atmosphere in the form of heat. This can in turn affect
cloud formation, as the additional heat can inhibit droplets from forming
and cause existing droplets to evaporate. Furthermore, cloud droplets that
formed on highly absorbing aerosol particles (such as soot) can evaporate as
the particles warm due to absorption. This effect is called the semi-direct
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Figure 1.3: A massive desert dust storm over the Canary Islands on February
11, 2001 as observed by the Sea-viewing Wide Field-of-view Sensor.
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effect and results in a negative radiative forcing.

1.3

Remote sensing of aerosol

Remote sensing of aerosol via satellites is essential for observing the global
aerosol distribution. Here, it is important to determine the optical and
micro-physical properties of the aerosol that tell us how it interacts with
radiation and clouds and what the composition of the aerosol is. The optical
and micro-physical properties of aerosol cannot be directly observed via
remote sensing. What we can observe is the signature that aerosols leave
in the signal measured by an instrument. It is not possible to directly infer
the micro-physical aerosol properties from such a measurement. Instead
we need to match the actual measurement with a simulated measurement.
If the comparison between the actual and simulated measurement is good
enough, we assume that the aerosol parameters used to create the model
adequately describe the observed aerosol.
In Section 1.3.1 we will describe the optical and micro-physical properties that need to be determined in order to reduce the uncertainties concerning the anthropogenic aerosol radiative forcings. In Section 1.3.2 the
quantities that can be observed from space are described. In section 1.3.4
we summarize the algorithm that is employed in the studies presented in
this thesis.

1.3.1

Required aerosol properties

In order to better quantify the radiative forcings from aerosol radiation interactions and aerosol cloud interactions several optical and micro-physical
aerosol properties need to be retrieved. The most important optical properties that need to be retrieved are the Aerosol Optical Thickness (AOT), the
Single Scattering Albedo (SSA) and the phase function. The AOT is a measure for the aerosol load in the observed column of air. The SSA describes
the ratio of scattered versus attenuated (i.e. scattered and absorbed) light.
Both the AOT and SSA are spectrally dependent and need to be known
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over a wide range of wavelengths (from UV to infrared). The optical properties can be calculated from the underlying micro-physical properties using
e.g. a Mie code or T-matrix code (Mishchenko and Travis, 1994).
The atmospheric aerosol can usually be characterized by a fine and a
coarse mode, where both modes have a log-normal size distribution and a
(spectral) complex refractive index. The size distribution is described by
an effective radius, an effective width and the column integrated number of
particles. The real part of the complex refractive index describes the speed
at which light propagates through a medium and thereby how it refracts
when it transitions from one medium to another. The imaginary part of
the complex refractive index describes the absorption of light.
If the size distribution and complex refractive index are retrieved with
sufficient accuracy they can function as a proxy for the chemical composition of the aerosol. One reason why it is interesting to determine the chemical composition is that this can help separate between natural and manmade aerosol and thus relate radiative forcing to specific aerosol sources.
In order to study the relation between atmospheric aerosol and cloud
adjustments it is useful to determine the number of cloud condensation
nuclei. This number depends on the amount aerosol particles that in ’dry’
form (i.e. without water uptake) have a radius that is larger than about
0.05 µm (Rosenfeld, 2006). The AOT is commonly used as a first order
proxy for the number of CCN. However, the AOT depends on the size,
shape and composition of the aerosol while the number of CCN does not.
Furthermore, at high relative humidity aerosols can absorb water and grow
in size, which affects again affects the AOT but not the number of CCN.
Taking into account the differences in aerosol properties and variability of
the humidity in a global circulation model Stier (2015) show that the AOT
variability can only explain 25% of the variance in CCN and thus AOT
is a poor proxy for CCN. In order to obtain a better proxy for CCN the
number of aerosol particles needs to be retrieved together with the refractive index, which strongly depends on the water uptake and can be used to
infer the size distribution of dry particles from the measured size distribution of hydrated particles (Schuster et al., 2009; van Beelen et al., 2014).
Additionally, information on the aerosol height distribution is needed.

16
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Observed quantities

Light is an electromagnetic wave that satisfies the Maxwell equations. The
simplest description of light consists of an oscillating electric and magnetic
field, both perpendicular to the direction of propagation (See Figure 1.4).
This ’simple wave’ is of a single wavelength (i.e. monochromatic). The direction of the electric field is designated as the direction of polarization of
the light. A simple wave is completely polarized. Light commonly is a combination of many simple waves of with varying wavelengths and directions
of polarization. Sunlight, for example, consists of a mixture of electromagnetic waves, the bulk of which have wavelengths between 200 nm (UV) and
3000 nm (infrared), with randomly oriented polarizations and therefore is
unpolarized for all practical purposes. A convenient way of describing the
state of electromagnetic radiation is by means of the Stokes parameters;
where I is the total intensity, Q is the intensity of light with direction of
polarization in the plane of scattering (φ = 0◦ ) minus the intensity of light
with the direction of polarization perpendicular to the plane of scattering
(φ = 90◦ ), U is defined analogous to Q for the intensity of the light with
the direction of polarization φ = 45◦ minus that with φ = 135◦ , V is reserved for the intensity of the right-handed circular polarization over the
left-handed circular polarization. Circular polarization in reflected sunlight
is usually very small and is will not be used in this thesis. The Degree
of Linear Polarization (DoLP), which can be calculated from the Stokes
parameters as follows:
p
Q2 + U 2
DoLP =
(1.1)
I
is a quantity that is commonly used to describe polarization of light. Furthermore, instead of intensity we often use reflectance, which is the fraction
of incident sunlight that is reflected.
When incident solar radiation encounters a molecule or particle in the
atmosphere there is a chance that the light will be scattered or absorbed.
This strongly depends on the type of scatterer or absorber and the wavelength of the incident radiation. The electromagnetic interaction of scattering, between incident solar radiation and molecules or particles in the
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Figure 1.4: Electromagnetic wave.

atmosphere, can (partially) polarize the outgoing radiation. The intensity
and the direction of polarization of the scattered light depend on wavelength, properties of the scatterer as well as the scattering angle (the angle
between the sun, scatterer and observer). The intensity as well as the polarization of the reflected light therefore hold information on the amount
and the type of scatterers. Increasing the number of wavelengths at which
measurements are performed can enlarge the information content in the
observation. The angular dependency of the intensity and especially of
the polarization contains a lot of information on the constituents of the
atmosphere it encountered.
Spaceborne instruments that observe the sunlight that is reflected by
the constituents of Earth’s atmosphere simultaneously measure the light
reflected by Earth’s surface as well. In Figure 1.5 an example is given for
what a spaceborne instrument could observe for four model atmospheres
with different constituents; one atmosphere containing no particulates (i.e.
only gas), one with a layer of biomass burning aerosol, one with a layer of
desert dust and one with an optically thin layer of liquid water droplets.
In all models an ocean surface is simulated.
These four cases leave very different signatures in the reflected light
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because of differences in the angular and spectral dependencies of their
optical properties as well as the number of particulates. In the left panels of
Figure 1.5 it can be seen that all three models with particulates reflect more
light than the ’clear’ case. Spectral dependency of the optical properties
is required to, for example, explain the difference in scattering efficiency of
the biomass burning aerosol and liquid water droplet case in the left panels
of Figure 1.5. Here the the former is generally more efficient in reflecting
sunlight at 490 nm, while the latter is more efficient at 865 nm. A distinctive
angular feature can be seen at ∼ 141◦ scattering angle, where there is a peak
in the reflectance for the liquid water droplet case. This feature is produced
via the same mechanism that produces the rainbow and is called a cloudbow1 . The right panels of Figure 1.5 show the differences in DoLP for the
four cases. The main cause of polarization is scattering by gas molecules
(i.e. Rayleigh scattering), therefore the DoLP is generally highest for the
’clear’ case. Most additional scattering by particulates reduces the DoLP.
An exception for this is found in the distinctive peak in the DoLP at ∼ 141◦
scattering angle which is also due the cloud-bow.

1.3.3

Instruments

One of the satellite instruments that monitors the aerosol distribution is
the Moderate-resolution Imaging Spectroradiometer (MODIS). MODIS is
a multi-spectral imager that performs nadir measurements of intensity in
36 spectral bands in a wavelength range of 0.4 to 14.4 µm from on board
the Terra satellite, which was launched in 1999, and from on board the
Aqua satellite, which was launched in 2002. For conceptualization; from
all the information in Figure 1.5 MODIS only samples the reflected light
(i.e. no polarization) at only one scattering angle, but does so at 36 wavelengths. One of the data products of MODIS is the aerosol product, for
which the key aerosol parameters are AOT over ocean and land, the size
distribution over ocean and an indication for aerosol type over land. The
1

The phenomenon is known to us as a rainbow, because from Earth the angle between
the sun, the liquid water droplets and the observer is almost only favorable for observing
this phenomenon when it rains.
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Figure 1.5: The modeled reflectance and DoLP as observed from space at 3
wavelengths for 4 different atmospheres over a black surface. The ’clear’ model
contains no particulates (i.e. only gas), ’biomass’ has a layer representative for
aerosol
biomass burning aerosol (with τ550
nm = 0.5), ’dust’ is representative for desert
aerosol
dust aerosol (with τ550 nm = 0.5) and ’water’ contains a thin layer of liquid water
◦
water
droplets (with τ550
nm = 1.0). The sun is at a solar zenith angle of 60 . Note
that the scattering angle range from 177◦ to 180◦ is observed twice, but that these
observations are at different viewing angles. The observed radiances have therefore
traveled different paths through the atmosphere.
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product is provided on a spatial resolution of 10×10 km2 . The combined
Terra MODIS and Aqua MODIS instruments observe the entire Earth in
1 to 2 days. The global coverage over the long period of time has been
and continues to be very valuable in monitoring, not only aerosol, but also
clouds and Earth’s surface. However, not all the micro-physical parameters
that are required to address uncertainties concerning the anthropogenic
aerosol radiative forcings are retrieved from the MODIS aerosol product.
An example of a satellite instrument that accesses more of the information shown in Figure 1.5 is the Multi-angle Imaging SpectroRadiometer
(MISR). This instrument performs measurements of the intensity in 4 spectral bands in a wavelength range from 446 to 867 nm at 9 different viewing
angles from on board the Terra satellite. For conceptualization; it samples
the left panels of Figure 1.5 at 9 points for 4 wavelengths. The MISR aerosol
product is provided on a 0.5 × 0.5◦ grid and contains the AOT, SSA and
Ångström exponent. Also for MISR not all the micro-physical parameters
that are required to address uncertainties concerning the anthropogenic
aerosol radiative forcings are retrieved.
Obviously, most information on aerosol properties can be retrieved from
instruments that measure both intensity and polarization at multiple viewing angles and multiple wavelengths. The Polarization and Directionality of
the Earth’s Reflectances (POLDER) instruments are, so far, the only satellite instruments that performed these type of measurements. The most
successful of these instruments was POLDER-3, which was on board the
recently decommissioned Polarization & Anisotropy of Reflectances for Atmospheric Sciences coupled with Observations from a Lidar (PARASOL)
micro-satellite and provided more than eight years of data. The POLDER3 instrument observed the intensity and polarization in 9 spectral bands
ranging from 410 to 1020 nm at up to 16 viewing angles. These types
of instruments have the ability to provide the optical and micro-physical
aerosol properties mentioned in Section 1.3.1 as demonstrated in several
theoretical studies(Mishchenko and Travis, 1997; Hasekamp and Landgraf,
2007; Kokhanovsky et al., 2010; Knobelspiesse et al., 2012; Ottaviani et al.,
2013) as well as case studies (Chowdhary et al., 2005; Waquet et al., 2009a;
Wu et al., 2015). The limiting factor for retrieving aerosol properties from
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POLDER observations is the measurement accuracy.
There are several designs for future instruments that improve on this
accuracy. One of these is the glory Aerosol Polarimetry Sensor (APS)
(Cairns et al., 1999) developed by NASA, which unfortunately was lost
when in 2011 the launch of the Glory satellite failed. Another design is for
the Multi-angle SpectroPolarimeter Imager (MSPI) developed by NASA of
which a airborn prototype (AirMSPI) (Diner et al., 2013) is currently in
use. Furthermore, a Dutch consortium is developing SPEX (Rietjens et al.,
2015) which makes use of spectral polarization modulation.

1.3.4

Inversion algorithm and forward model

In order to relate the measurement of intensity and polarization at different angles and wavelengths (contained in ’measurement’ vector y) with
the parameters that describe the aerosol, the surface and, possibly, the
clouds (contained in ’state’ vector x) we need to solve an inverse problem2 .
To this end, we need to invert a forward model3 (F) with respect to the
measurement:
y = F(x) + ey ,
(1.2)
where the elements of vector ey are the measurement errors. In the forward
model the optical properties (scattering and absorption optical thickness,
scattering phase matrix) of the aerosol are calculated from their microphysical parameters using the Mie / T-matrix / Geometrical optics approach proposed by Dubovik et al. (2006). Then a Radiative Transfer (RT)
model is used to calculate the intensity and polarization at the observed
angles and wavelengths. In this study the RT model is a linearized vector
RT model for plane parallel, horizontally homogeneous atmospheres developed at SRON Netherlands Institute for Space Research (Landgraf et al.,
2001; Hasekamp and Landgraf, 2002, 2005).
2

An inverse problem, as opposed to a forward problem, requires one to calculate the
cause from the results.
3
In our specific case the forward model simulates the measurement from the parameters that describe the aerosol, the surface and, possibly, the clouds
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The calculations performed by the forward model are such that equation 1.2 cannot be rewritten to yield x as a function of y (i.e. we cannot
directly infer the state vector from the measurement). This is known as an
inverse problem. For a given forward model (as it is linearized) we do know
(in linear approximation) how to adjust the state vector for the forward
model to yield a better comparison to the measurement. Since the forward
model is generally nonlinear in the state vector, the inverse problem to estimate x from equation 1.2 is solved iteratively by replacing F(x) through
its linear approximation:
F(xn+1 ) ≈ F(xn ) + K (xn+1 − xn ),

(1.3)

where subscript n indicates the n-th iteration and K is the Jacobian matrix containing the first order partial derivatives of the measurements with
respect to the state vector:
Kij =

∂Fi
(xn ).
∂xj

(1.4)

At every iteration we can now estimate a state vector that (in linear
approximation) will yield a better comparison to the measurement by minimizing an appropriate cost function. Here it is important to realize that
equation 1.2 is generally ill-posed (i.e. the measurement generally does
not contain enough information to retrieve all elements in the state vector,
especially in the presence of the measurement noise). In the studies presented in this thesis we use the Phillips-Tikhonov regularization method
which finds the retrieved state vector x̂ by minimizing a cost function that
is the sum of the least squares cost function and a side constraint weighted
by the regularization parameter γ (with γ ≥ 0) according to:


x̂ = min
x

−1
||Sy 2

2

2

(F(x) − y) || + γ||W(x − xα )||



(1.5)

where Sy is the diagonal measurement error covariance matrix, W is a
weighting matrix and xα holds an a priori state vector. At every iteration a
regularization parameter is chosen by heuristically trying a range of values.
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The side constraint ensures that the cost function will rely on the a priori
state vector (with appropriately large uncertainty estimates) when there is
not enough information in the measurement.
The iterative process is stopped when the agreement between the forward model and the measurement is better than a certain threshold that has
empirically been determined appropriate. As a goodness-of-fit criteria, to
quantify the agreement between the forward model and the measurement,
we use a χ2 value:
m
1 X
(yi − Fi (x))2
χ2 =
(1.6)
m i
σi2
where m is the number of elements in the measurement vector and σ is the
measurement uncertainty.
In its standard setup, a first guess for the state vector is obtained using
a lookup table based retrieval. In the lookup table the measurements for a
limited number of combinations of aerosol parameters are stored. Usually,
the a priori state vector is chosen identical to the first guess state vector.

1.4

Aerosol retrievals and clouds

The presence of partial cloud cover poses a problem to aerosol retrieval algorithms. Current aerosol retrieval methods usually apply an a priori cloud
screening procedure, wherein the observations are separated into cloud free,
fully clouded and partially clouded scenes. The majority of algorithms are
developed to deal only with cloud free measurements. Among these are the
relatively new algorithms presented by Dubovik et al. (2011) and Hasekamp
et al. (2011) which have the ability to retrieve optical and micro-physical
aerosol properties from cloud free POLDER-3/PARASOL observations.
Under certain conditions, such as volcanic eruptions and vegetation
fires, smoke plumes of ashes, and in the latter case also small parts of plants
and leaves, can be injected high into the atmosphere, sometimes leading to
aerosol layers elevated above clouds. Here, by scattering and absorbing
light, the aerosols reduce the amount of light that would be reflected by
the clouds, causing a positive radiative forcing. It is important to constrain
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this forcing on a global scale. Waquet et al. (2009b, 2013) have developed an
algorithm which has the ability to separate aerosol and clouds and retrieve
a fine mode aerosol layer when it is lofted above a homogeneous (liquid
water) cloud field.
Observations of partially clouded scenes are, however, usually ignored.
This is unfortunate for several reasons. An obvious reason is the loss of
data that results from filtering all observations with partial cloud cover.
Furthermore, if the aerosol properties could be retrieved from partially
clouded observations it would mean that they could be retrieved much
closer to clouds. This is beneficial when the aerosol cloud interactions are
studied by relating cloud properties to aerosol properties where, since the
clouds are optically thick and obscure the aerosol, one wants to retrieve
the aerosol properties as close to clouds as possible Moreover, it has been
shown that the transitional zone between cloud free sky and clouds often
contains hydrated aerosol and undetected cloud particles (Koren et al.,
2007; Charlson et al., 2007; Redemann et al., 2009). By strictly screening
for clouds, data sets are biased towards scenes at larger distances from
clouds and are thus not representative for the aerosol in these transitional
zones that could cover ∼17% of the globe, according to an estimate by
Koren et al. (2007). The downside here is that aerosols that have increased
in size due to water uptake are more efficient in scattering light and thus
have a different radiative effect that is not well represented in current aerosol
products.

1.5

Outline

This thesis investigates the capability of multi-wavelength, multi-angle measurements of intensity and polarization to deal with cloud contamination
in aerosol retrievals. In Chapter 2 we investigate whether the ability of
the retrieval algorithm to separate between scattering by aerosol and cloud
particles is good enough to have the algorithm itself filter for clouds based
on a goodness-of-fit criteria rather than a priori cloud screening. In Chapter 3 we further develop the algorithm by Hasekamp et al. (2011) to be able

25
to simultaneously fit aerosol and cloud parameters in observations that are
partially clouded, using the independent pixel approximation. This approximation neglects all 3D effects that can be present in partially clouded
observations. Therefore the algorithm is applied to synthetic, 3D observations (with simplified representations of clouds) and the influence of the 3D
effects on the retrieved parameters is investigated.
Chapter 4 builds further on chapters 2 & 3 using synthetic measurements created for realistic cloud distributions and accounting for 3D effects. We investigate the effect of residual cloud contamination and 3D
effects on aerosol retrieval in the vicinity of clouds, and whether a higher
spatial resolution facilitates aerosol retrievals closer to clouds. Furthermore,
we investigate the benefits of simultaneously fitting partial cloud cover together with the aerosol parameters, with the intent of accounting for cloud
contamination and 3D effects as well as obtaining valid retrievals at closer
vicinity to the clouds. In Chapter 5 the results of these three studies are
summarized.

Chapter 2

Sensitivity of PARASOL multi-angle photo-polarimetric
aerosol retrievals to cloud contamination
Published in Atmos. Meas. Tech., volume 8, March 2015
Co-authored by O. Hasekamp, and T. Röckmann

Abstract
An important problem in satellite remote sensing of aerosols is related to
the need to perform an adequate cloud screening. If a cloud screening
is applied that is not strict enough, the ground scene has the probability
of residual cloud cover which causes large errors on the retrieved aerosol
parameters. On the other hand, if the cloud screening procedure is too
strict, too many clear sky cases, especially near-cloud scenes, will falsely be
flagged cloudy. The detrimental effects of cloud contamination as well as
the importance of aerosol cloud interactions that can be studied in these
near-cloud scenes call for new approaches to cloud screening. Multi-angle,
multi-wavelength photo-polarimetric measurements have a unique capability to distinguish between scattering by (liquid) cloud droplets and aerosol
particles. In this paper the sensitivity of aerosol retrievals from multi-angle,
photo-polarimetric measurements to cloud contamination is investigated
and the ability to intrinsically filter the cloud contaminated scenes based
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on a goodness-of-fit criteria is evaluated. Hereto, an aerosol retrieval algorithm is applied to a partially clouded, over ocean, synthetic data-set
as well as non-cloud screened, over ocean, POLDER-3/PARASOL observations. It is found that a goodness-of-fit filter, together with a filter on
the coarse mode refractive index (mcoarse
> 1.335) and a cirrus screening
r
adequately reject the cloud contaminated scenes. No bias nor larger SD
are found in the retrieved parameters for this intrinsic cloud filter compared to the parameters retrieved in a priori cloud screened data-set (using
MODIS/AQUA cloud masks) of PARASOL observations. Moreover, less
high aerosol load scenes are misinterpreted as cloud contaminated. The
retrieved aerosol optical thickness, single scattering albedo and Ångström
exponent show good agreement with AERONET observations. Furthermore, the synthetic retrievals give confidence in the ability of the algorithm
to correctly retrieve the micro-physical aerosol parameters.

2.1

Introduction

Aerosol plays a complex role in our atmosphere that results in a net, negative radiative forcing. The uncertainty on the strength of this aerosol forcing is the largest contribution to the uncertainty on total radiative forcing
estimates (Intergovernmental panel on climate change, 2014) and complicates future climate predictions (Hansen et al., 2011). To reduce the large
uncertainty of the aerosol effects on cloud formation and climate, accurate
satellite measurements of aerosol optical properties (optical thickness, single scattering albedo, phase function) and micro-physical properties (size
distribution, refractive index, shape) are essential. Knowledge of the optical properties is needed to estimate the forcing due to the direct effect
and semi-direct effects (the latter depends on the absorption by aerosols).
The refractive index, which is a proxy for aerosol chemical composition,
and the aerosol size distribution are the most important characteristics to
distinguish man-made aerosols from natural aerosols. Furthermore, the capability of aerosols to act as Cloud Condensation Nuclei (CCN) depends
on the number of aerosol particles that in “dry” form (i.e. without water
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uptake) have a radius that is larger than about 0.05 µm (Rosenfeld, 2006).
At high relative humidity however, aerosols often grow by absorbing water.
The aerosol refractive index strongly depends on the water uptake by the
aerosols and therefore this quantity can be used to translate the measured
size distribution of hydrated particles to the corresponding size distribution
of dry particles (Schuster et al., 2009), which is needed to determine the
number of potential CCN.
Satellite instruments that perform multi-angle photo-polarimetric measurements have the capability to provide the aerosol properties mentioned
above. This has been demonstrated by theoretical studies (Mishchenko
and Travis, 1997; Hasekamp and Landgraf, 2007; Kokhanovsky et al., 2010;
Knobelspiesse et al., 2012; Ottaviani et al., 2013) as well as by case studies using airborne measurements (Chowdhary et al., 2005; Waquet et al.,
2009a). The only satellite instruments that performed multi-angle photopolarimetric measurements were the POLDER (Polarization and Directionality of the Earth’s Reflectances) instruments (Deschamps et al., 1994), of
which the recently decommissioned POLDER-3 on board the PARASOL
(Polarization & Anisotropy of Reflectances for Atmospheric Sciences coupled with Observations from a Lidar) micro-satellite provided more than
eight years of data.
The retrieval algorithms used for the operational aerosol data products
of PARASOL do not yet make full use of the information contained in
the measurements. However, more recent studies (Dubovik et al., 2011;
Hasekamp et al., 2011) do fully exploit the information of PARASOL measurements and make the retrieval of detailed aerosol properties like size
distribution, refractive index, and SSA possible at a global scale.
A complication in satellite remote sensing of aerosols arises from the
need to perform an adequate cloud screening. If cloud screening is not
applied strictly enough, residual cloud cover can cause large errors on the
retrieved aerosol parameters. The down-side of performing a strict cloud
screening is that clear sky cases may be falsely flagged cloudy which results
in data loss for areas with hydrated aerosols, the so called Twilight zone
(Koren et al., 2007), and areas with high aerosol loading. The problems
noted above become particularly relevant in regions close to clouds, where
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aerosol measurements are important to understand the effect of aerosols on
cloud formation.
Multi-angle, multi-wavelengths measurements of intensity as well as polarization are particularly suitable to distinguish between scattering due to
cloud and aerosol particles (Waquet et al., 2009b, 2013; Hasekamp, 2010;
Knobelspiesse et al., 2011). One of the benefits of this type of measurement
is the observation of a distinct polarization feature at a scattering angle of
140◦ , known as the cloud-bow (see e.g. Hansen and Travis, 1974). As an
example, Fig. 2.1 shows a PARASOL observation of a partially clouded
scene together with the best fit of the retrieval algorithm, which is unable
to reproduce the cloud-bow feature.
The aim of this paper is to investigate the sensitivity of aerosol retrievals
from multi-angle, multi-wavelength measurements of intensity as well as
polarization to cloud contamination. For this purpose aerosol retrievals
from synthetic measurements as well as measurements from PARASOL are
evaluated. For the latter case, cloud measurements taken from the MODISAQUA satellite instrument are co-located with PARASOL observations.
The performance of the aerosol retrieval algorithm is evaluated for different
cloud screening algorithms. In particular the case where, instead of a priori
cloud screening, an a posteriori screening based on the goodness-of-fit is
applied.
In Sect. 2.2 the PARASOL and MODIS observations and data-sets are
described. In Sect. 2.3 a summary of the inversion method is given. Then,
in Sect. 2.4, a data-set of synthetic partially clouded scenes is presented
and the performance of the algorithm on this data-set is analysed. In
Sect. 2.5 the algorithm is applied to real, partially clouded observations.
The performance is evaluated by comparison to ground-based observations
of several AERONET stations (Holben et al., 2001). In Sect. 2.6, the results
are summarized and conclusions are drawn.
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Figure 2.1: A POLDER-3/PARASOL observation of a scene with ∼ 20 % cover.
The 670 and 865 nm bands are shown in, respectively, green and red. The dashed
lines show the best fit to this observation (assuming clear sky conditions). The fit
has a high χ2 value (∼ 13.7), mostly due to the discrepancy near the cloud-bow,
which is visible in the degree of linear polarization (DoLP) at a scattering angle
of ∼ 140◦ . The measurement errors are of the size of the symbols.
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2.2.1
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Observations
PARASOL

The recently decommissioned PARASOL satellite was launched in 2004
and flew as part of the NASA A-train for a little less than 5 years where it
collected aerosol and cloud observations in synthesis with MODIS/AQUA
(multi-spectral imager), CALIPSO (lidar) and CLOUDSAT. It measured
the intensity in 9 spectral bands ranging from 443 to 1020 nm at up to 16
viewing angles. Additionally, the linear polarization was measured in the
490, 670, 865 nm bands. The level 1 (non-cloud screened) observations are
available on a sinusoidally projected grid of ∼6.2 km×6.2 km pixels, named
the Full Resolution (FR) grid. This data-set is processed into a non-cloud
screened, Medium Resolution (MR) data-set of ∼19 km×19 km pixels for
our analysis.
The selection of PARASOL observations that are used in the analysis
are comprised of scenes, above ocean surfaces, that are obtained during
the year 2006 and are in the vicinity of one of the AERONET stations
listed in Table 2.1. The latter criterion allows for the validation of the retrieved optical and micro-physical aerosol properties, whenever AERONET
observations are available.

2.2.2

MODIS cloud product

Information on cloud cover and cloud properties, at a resolution higher than
PARASOL, is obtained by the co-location of both the MODIS/AQUA cloud
mask (MYD35, collection 005) (Ackerman et al., 1998) and cloud product
(MYD06 L2, collection 005) on the sinusoidally projected, PARASOL coordinate grid. The nadir pixel size of the cloud mask and cirrus flag is
∼1 km×1 km. The MODIS geo-locations in the MYD06 L2 are provided on
5 km×5 km pixel resolution, but have been interpolated to the 1 km×1 km
grid. This provides 32 ± 5 and 291 ± 40 pixels of roughly 1 km×1 km resolution cloud information for, respectively, the FR and MR PARASOL
ground pixels. For consistent treatment of the cloud fractions the MODIS
observations in this study are restricted to sensor zenith angles lower than
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Table 2.1: A selection of then near ocean AERONET stations that have been
used in the validation.

station
Muscat
Anmyon
Forth Crete
Gosan SNU
Guam
Midway Island
Shirahama
Trelew
Trinidad Head
Sevastopol

latitude [◦ ]
23.61
36.54
35.33
33.29
13.43
28.21
33.69
−43.25
41.05
44.62

longitude [◦ ]
58.44
126.33
25.28
126.16
144.80
−177.38
135.36
−65.31
−124.15
33.52

40◦ . Note that this last criteria excludes the use of the full width of the
PARASOL swath.
The MODIS cloud mask has four different flags; confidently clear, probably clear, probably cloudy and confidently cloudy. From this mask two
different cloud fractions are derived per PARASOL ground pixel; (i) a conservative (“strict”) cloud fraction that counts all pixels that are not “confidently clear” as cloud pixels, and (ii) a “loose” cloud fraction which counts
both the “probably cloudy” and “confidently cloudy” flags as cloudy pixels
(but not the “probably clear”). Furthermore, a cirrus fraction was derived
from the fraction of pixels for which cirrus was detected as conveyed via
the cirrus reflectance flag (Gao et al., 2002). The MODIS cirrus detection
algorithm uses observations from the 0.66 and 1.38 µm bands.

2.3

Inversion method

This study uses the retrieval algorithm described in detail by Hasekamp
et al. (2011). The retrieval approach is based on iterative fitting of a linearised vector Radiative Transfer (RT) model, developed at SRON Nether-
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lands Institute for Space Research (Hasekamp and Landgraf, 2002, 2005),
to the multi-angle photo-polarimetric measurements. The aerosol retrieval
algorithm explicitly retrieves the micro-physical aerosol properties corresponding to a bi-modal aerosol model. Here, each mode is separately described by an effective radius and width, complex refractive indices, the
column number concentration and the fraction of spherical particles (only
for the coarse mode aerosol). Additionally, 4 ocean parameters (wind-speed
in 2 directions, Chlorophyll a concentration and white cap fraction) are retrieved simultaneously with the aerosol parameters.
Since the paper of Hasekamp et al. (2011) a number of improvements
have been included in the algorithm: (i) The coarse mode is now described
by a mixture of spheroids and spheres using the pre-calculated optical properties by Dubovik et al. (2006). The fraction of spherical particles in the
coarse mode is included as an additional fit parameter. (ii) The algorithm
now uses four wavelength bands, namely 490, 670, 865, and 1020 nm, while
only two wavelength bands (490 and 670 nm) were used by Hasekamp et al.
(2011). (iii) The measurement vector contains intensity and Degree of Linear Polarization (DoLP) instead of intensity and Stokes fractions q = Q/I
and u = U/I as in Hasekamp et al. (2011).

2.4
2.4.1

Synthetic retrievals
Partially clouded data-set

A variety of clear sky and partial, liquid cloud cover PARASOL observations
are simulated to study the sensitivity of the aerosol retrieval algorithm to
liquid cloud contamination and the effect of liquid cloud contamination on
the retrieved optical and aerosol parameters. The synthetic measurements
are created using the linearized vector RT model described by (Hasekamp
and Landgraf, 2002, 2005). Three aerosol modes are considered in these
calculations. The first two are used to describe fine and coarse aerosol
modes. The third is set up to represent a cloud; it has wavelength dependent
refractive indices (Segelstein, 1981) and a gamma size-distribution with
an effective radius of 12.0 µm and an effective variance of 0.1 µm. Since
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Table 2.2:
data-set.

The ranges of the aerosol parameters used to create the synthetic

fine mode
0.04 ≤ Reff ≤ 0.5
0.1 ≤ Veff ≤ 0.7
1.33 ≤ mr ≤ 1.65
10−5 ≤ mi ≤ 0.5
Sph = 1.0

coarse mode
0.8 ≤ Reff ≤ 3.0
0.1 ≤ Veff ≤ 0.7
1.33 ≤ mr ≤ 1.65
10−5 ≤ mi ≤ 0.05
0.0 ≤ Sph ≤ 1.0

the phase function of a cloud mode is highly peaked, the diffuse intensity
field is discretised in 16 streams using the multiple-scattering correction of
Nakajima and Tanaka (1988) instead of the 8 streams that are used in the
RT code of the inversion algorithm.
Partial cloud cover was simulated using the Independent Pixel Approximation (IPA);
I~ipa = (1 − f )I~clear + f I~cloudy
(2.1)
Where I~ is the intensity vector that has the Stokes elements as its components and f is the cloud fraction. The vectors I~clear and I~cloudy hold the
Stokes elements (at a certain angle and wavelength) for, respectively, a RT
model created with only 2 aerosol modes and a RT model that includes the
cloud as a 3rd mode.
The synthetic measurements are created for 400 sets of random aerosol
parameters that realistically sample the parameter space for the microphysical aerosol properties (see Table 2.2). For 300 of those cases the
Aerosol Optical Thickness (AOT) is restricted to low-medium values (0.05 ≤
fine
coarse
τ550
nm ≤ 0.35 and 0.05 ≤ τ550 nm ≤ 0.35) as these are expected to be most
affected by cloud contamination. Additionally, 50 cases with high fine mode
fine
coarse
AOT (0.35 ≤ τ550
nm ≤ 2.0 and 0.05 ≤ τ550 nm ≤ 0.35) and 50 cases with
fine
coarse ≤ 2.0)
high coarse mode AOT (0.05 ≤ τ550 nm ≤ 0.35 and 0.35 ≤ τ550
nm
are included.
For every set of aerosol parameters synthetic observations are created
at 3 Solar Zenith Angles (SZA=20, 40, and 60◦ ), a clear sky scene and
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scenes with water cloud fraction ranging from 0.1 to 1.0 by increments of
0.1, for 3 values of the Cloud Optical Thickness (COT=1.0, 5.0, and 15.0
at 550 nm).
All the synthetic observations are created using a geometry where the
satellite moves in the plane of scattering, observing the aerosol at 15 different angles ranging from 97.0 to 169.0◦ for SZA=20.0◦ , 77.0 to 176.0◦
for SZA=40.0◦ and 57.0 to 177.0◦ for SZA=60.0◦ . The aerosol is homogeneously distributed over the lowest 2 km below the cloud which is situated
between 2 and 3 km. Last, Gaussian noise is added to the synthetic measurement introducing a relative error with a SD of 1.0 % to the intensity
and an absolute error of 0.005 to the degree of linear polarization.

2.4.2

Sensitivity to liquid cloud contamination

Two types of retrievals are performed on the data-set described in the
previous section. One uses a Look-Up Table (consisting of a set of precalculated measurements) to obtain a first guess state vector needed in the
inversion. Given the non-linear nature of the inversion problem, there is
a chance that the retrieval does not converge to the global minimum if
the first guess state vector is too far from the true state vector. Therefore,
a second type of retrieval is performed which avoids this problem by already
starting with the true state vector as the first guess. This retrieval is
referred to as the “perfect first guess” retrieval
Figure 2.2 shows, for both retrieval types, the fraction of retrievals that
fulfil one or more of three different goodness-of-fit criteria at different cloud
fractions. While the perfect first guess retrievals obtain a fit with χ2 ≤ 1.2
in 98 % of the clear sky scenes, only 43 % of the normal retrievals meet this
criteria. The reason for a relatively large fraction of these retrievals not
to converge to this value of χ2 is that they end up in a local minimum.
This happens when the first guess state vector is too far from the true state
vector. In principle this can be solved by employing multiple retrievals with
a different first guess but this would obviously increase the computational
effort significantly. Another approach that can increase the fraction of
convergent retrievals is by replacing the Look-Up Table retrieval with a
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Figure 2.2: The fraction of good retrievals for three different χ2 filters, per cloud
fraction bin, for the normal (left) and perfect first guess retrieval (right). The cloud
fraction bins have been further divided into the three optical thicknesses (top axis)
that were used to simulate the cloud.

neural network (Di Noia et al., 2015).
It can be seen in Fig. 2.2 that virtually all cloudy cases are filtered by
a strict enough goodness-of-fit criterion (χ2 ≤ 1.2 in this case). The reason
for the decrease in the goodness-of-fit is that the characteristic angular
scattering features in DoLP for cloud droplets, such as the cloud bow, which
cannot be fitted by the aerosol parameters. With less strict χ2 -filters, such
as the χ2 ≤ 2.0 and χ2 ≤ 5.0-filter, a number of scenes with a small amount
of thin cloud cover contribute to the results, which lead to overestimates in
the AOT.
The study is repeated for a subset of synthetic measurements with excoarse ≤ 16 micron) and the concluceptionally large aerosol particles (3 ≤ Reff
sion remains the same (not shown), given that the refractive index of such
aerosol particles is significantly different (mr ≥ 1.45) from the refractive
index of water droplets.
Comparisons of the retrieved optical properties and complex refractive
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Table 2.3: The correlations, mean and median differences, SDs and retrieval
uncertainties are given for the retrieved and derived parameters in three data-sets;
(i) all retrievals with χ2 ≤ 1.2, (ii) all retrievals with χ2 ≤ 2.0 and (iii) only the
retrievals in clouded scenes with χ2 ≤ 2.0. The units for size parameters Reff and
Veff are in micron.
corr.

AOT670 nm
SSA670 nm
fine
Reff
fine
Veff
mfine
r
mfine
i
coarse
Reff
coarse
Veff
mcoarse
r
mcoarse
i
Sphcoarse
mean diff.
AOT670 nm
SSA670 nm
fine
Reff
fine
Veff
mfine
r
mfine
i
coarse
Reff
coarse
Veff
mcoarse
r
mcoarse
i
Sphcoarse

χ2 ≤ 1.2

χ2 ≤ 2.0

1.00
0.99
0.91
0.58
0.92
0.90
0.89
0.85
0.97
0.82
0.90

0.98
0.98
0.85
0.53
0.87
0.83
0.79
0.76
0.85
0.69
0.74

χ2 ≤ 2.0
clouds
only
0.98
0.96
0.78
0.49
0.80
0.86
0.74
0.71
0.69
0.47
0.67

−0.00
0.00
−0.00
−0.13
−0.013
0.0068
−0.09
−0.01
−0.001
−0.0008
0.03

0.04
0.00
−0.00
−0.14
−0.021
0.0091
−0.12
−0.03
−0.009
−0.0011
0.03

0.16
0.00
−0.01
−0.11
−0.039
0.0102
−0.06
−0.04
−0.021
−0.0009
0.00

indices are shown in Figs. 2.3 and 2.4 for those fits with a χ2 ≤ 1.2. The
statistics on the comparison of these and other retrieved parameters are
given in Table 2.3 for three datasets; one where the goodness-of-fit criteria
(χ2 ≤ 1.2) has filtered nearly all liquid cloud contaminated scenes (set 1),
one with the slightly less strict goodness-of-fit criteria (χ2 ≤ 2.0) which
does not filter all liquid cloud contaminated scenes (set 2) and last, only
the liquid cloud contaminated scenes that meet the χ2 ≤ 2.0 criteria (set
3). The SSA, used in Fig. 2.3 and Table 2.3, is additionally filtered on the
element of the averaging kernel corresponding to the fine mode imaginary
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Table 2.3: Continued.
med. diff.

AOT670 nm
SSA670 nm
fine
Reff
fine
Veff
mfine
r
mfine
i
coarse
Reff
coarse
Veff
mcoarse
r
mcoarse
i
Sphcoarse
SD
AOT670 nm
SSA670 nm
fine
Reff
fine
Veff
mfine
r
mfine
i
coarse
Reff
coarse
Veff
mcoarse
r
mcoarse
i
Sphcoarse

χ2 ≤ 1.2

χ2 ≤ 2.0

−0.00
0.00
0.01
−0.11
−0.007
0.0013
−0.02
0.00
−0.001
0.0001
0.02

0.00
0.00
0.01
−0.13
−0.012
0.0013
−0.03
−0.00
−0.001
0.0001
0.01

χ2 ≤ 2.0
clouds
only
0.09
−0.00
0.00
−0.10
−0.027
0.0009
0.01
−0.00
−0.001
0.0000
−0.02

0.05
0.02
0.05
0.13
0.038
0.0447
0.29
0.09
0.023
0.0043
0.13

0.13
0.02
0.07
0.15
0.048
0.0530
0.40
0.11
0.050
0.0053
0.21

0.19
0.02
0.08
0.16
0.058
0.0384
0.42
0.13
0.075
0.0031
0.23

refractive index (Amfine ≥ 0.1) to ensure adequate sensitivity to aerosol abi
sorption. The micro-physical parameters, used in Fig. 2.4 and Table 2.3
also are additionally filtered on the size of their uncertainty (σRfine ≤ 0.05,
eff
coarse ≤ 0.1, σV
σReff
≤ 0.1, σmr ≤ 0.04) or the corresponding element in the
eff
averaging kernel (Ami ≥ 0.1) to ensure that the measurement is sensitive
to that particular parameter and thus is constrained by the measurement.
It seems from Fig. 2.3 that the uncertainty in the SSA is somewhat overestimated. This is likely due to the prior error term being chosen too
conservatively for one or more parameters.
Figures 2.3 shows a very good agreement of the true and retrieved optical properties. This is confirmed by the high correlation coefficients and
small SDs found in column 1 of Table 2.3. The cloud contaminated scenes
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Table 2.3: Continued.
retr. unc.
AOT670 nm
SSA670 nm
fine
Reff
fine
Veff
mfine
r
mfine
i
coarse
Reff
coarse
Veff
mcoarse
r
mcoarse
i
Sphcoarse

χ2 ≤ 1.2
0.03
0.05
0.02
0.06
0.022
0.0418
0.14
0.05
0.011
0.0022
0.09

χ2 ≤ 2.0
0.05
0.07
0.02
0.06
0.022
0.0553
0.14
0.05
0.012
0.0019
0.10

χ2 ≤ 2.0
0.06
0.04
0.02
0.06
0.020
0.0289
0.13
0.05
0.010
0.0007
0.07

(set 3) consist almost completely of scenes with 10 %, thin (COT=1.0) cloud
cover. Looking only at the scenes with cloud contamination a bias of 0.16 is
observed in the retrieved AOT. This is not reflected in the statistics of set
2, since there are 4 times more clear sky than cloud contaminated scenes
in this data-set. For the retrieved SSA, no bias is observed in any of the
data-sets. There is no significant increase in the retrieval uncertainty of the
AOT nor SSA due to cloud contamination.
A good agreement is also found for the effective radii of both modes.
The effective variance, however, is somewhat harder to retrieve, as can be
inferred from the lower correlation coefficients. These retrieved parameters
are virtually unaffected by cloud contamination; for example, the increase
in the SD of the effective radii, from set 1 to set 2, is only 0.02 for the fine
mode and 0.11 for the coarse mode. Note that this increase is largely, if not
completely, due to the less strict χ2 -filter not the cloud contamination. For
the effective variance, this increase in the SD is small; 0.02 for both modes.
High correlation coefficients are also found for the Real Refractive Index
(RRI) of both modes. The mean and median differences in the comparison
are small compared to the (mean) retrieval uncertainties. Unexpectedly,
a small bias towards underestimation (∼ 0.04) is observed for the mfine
in
r
the cloud contaminated scenes.
The statistics of the imaginary refractive indices are more difficult to
interpret due to the large range of values these can assume. As can be seen
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Figure 2.3: The true vs. the retrieved AOT and SSA of those retrievals that
pass the χ2 ≤ 1.2 filter. The error bars indicate the SD (as obtained from the
retrieval error covariance matrix) on the retrieved value. The black line shows the
1 : 1 ratio.

in Fig. 2.4, there is not enough information content to retrieve the exact
imaginary refractive index when there is very little absorption (mi ≤ 10−3 ),
corresponding to cases with SSA > 0.99. There is good sensitivity to the
imaginary refractive index when absorbing aerosol is present, especially
in the fine mode. Absorbing coarse mode aerosol, however, is sometimes
underestimated in the retrieval.
The comparison of the true and retrieved coarse mode sphericity also
shows a good correlation and no significant bias in all three data-sets. In
summary; good agreement is found for the AOT, SSA, effective radii, RRIs,
mfine
and Sphcoarse in all three data-sets. For retrievals in cloud contami
inated scenes a significant bias in the retrieved AOT is expected and an
underestimate in mfine
might be observed, but no trends are expected in
r
the other retrieved micro-physical parameters.
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Figure 2.4: The true vs. the retrieved complex refractive indices of those
retrievals that pass the χ2 ≤ 1.2 filter. The error bars indicate the SD (as obtained
from the retrieval error covariance matrix) on the retrieved value. The black line
shows the 1 : 1 ratio.
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2.5

Sensitivity of POLDER-3/PARASOL aerosol
retrievals to cloud contamination

Retrievals of the aerosol and ocean parameters are performed for all the
FR and MR PARASOL observations of the year 2006 that are over an
ocean surface and in the vicinity (distance ≤ 40 km) of an AERONET
station (see Table 2.1). In this section, the sensitivity of the PARASOL
aerosol retrievals to cloud contamination, as detected by MODIS, are investigated. Secondly, the goodness-of-fit cloud screening of the aerosol retrieval
algorithm is compared with more traditional approaches to cloud screening, which are simulated by discarding the retrieval results for which the
MODIS loose or strict cloud mask (see Sect. 2.2.2) do not indicate a clear
sky PARASOL ground pixel. The retrieval results for these different cloud
screenings are then compared to the AOT and Ångström Exponent (ÅE)
from the AERONET direct sun product (∆t ≤ 1 h) and the micro-physical
aerosol properties and Single Scattering Albedo (SSA) from the AERONET
diffuse sky inversion product (∆t ≤ 12 h).
In the retrieval algorithm the aerosol is assumed to be homogeneously
distributed over the lowest 2 km of the atmosphere. The diffuse intensity
field is discretised in 8 streams using the multiple-scattering correction of
Nakajima and Tanaka (1988). The measurement precision, used to calculate
the χ2 of the fit, for both the FR and MR pixels is assumed to be 1.0 % for
the intensity and 0.005 (absolute) on the DoLP. Here, the same precision
for the FR and MR measurements is assumed because the precision is not
dominated by photon noise (which would reduce by combining pixels) but
rather by pseudo noise such as stray light, errors due to the POLDER
measurement principle, forward model errors, etc. Furthermore, scenes
that are only observed at 5 or less viewing angles are discarded.

2.5.1

Goodness-of-fit filter

For both the FR and MR retrievals the fraction of fits that meet one or more
of the three χ2 -criteria are shown per cloud fraction bin (using the loose
cloud fraction), together with the number of scenes per bin, in Fig. 2.5.
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Figure 2.5: The fraction of good fits per χ2 -filter and per cloud fraction bin for
full resolution (left) and medium resolution (right) PARASOL retrievals. Indicated
with a black line are the number of scenes per cloud fraction bin.

Figure 2.6: A typical PARASOL observation (in the 865 nm band) that is
affected by stereo effects. While there are no clouds detected by MODIS directly
above the full resolution PARASOL pixel, there are a few clouds roughly 4 km
away. These are included in the medium resolution PARASOL pixel of which the
observation is shown in the panel on the right.
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About 27 and 53 % of the retrievals in clear sky scenes pass the χ2 ≤
7 filter in the retrievals of, respectively, the FR and MR data-sets. At
both resolutions, the ability of the aerosol retrieval algorithm to fit the
measurements decreases with increasing cloud contamination. In the cloud
contaminated scenes, the fraction of retrievals that converge to χ2 ≤ 7 is
also higher in the MR compared to the FR PARASOL observations. This
can be explained by the fact that FR measurements are more sensitive to
spatial inhomogeneities, caused by e.g. neighbouring clouds or land surfaces
that are seen in some viewing angles but not in others. An example is
given in Fig. 2.6, which shows a MR measurement and a FR measurement
of part of that same scene. The oscillations in the FR measurement are
due to clouds. The strong variation in intensity and polarization at the
different viewing angles are due to spatial inhomogeneities we refer to as
the stereo effect. The MR pixels are (on average) more homogeneous at
the different viewing angles. It is, for example, less likely for a cloud to be
present in some lines of sight but excluded in others. Therefore, the MR
pixels are less affected by the stereo effect. In addition to the sensitivity
caused by characteristic scattering features of cloud droplets, this stereo
effect introduces an extra sensitivity to cloud contamination in the FR
PARASOL observations.
The extent to which a comparison can be made with the fraction of
good fits of the synthetic retrievals is limited, since the COT is not known
for most of the partially clouded PARASOL pixels at the different cloud
fraction bins that are used in Fig. 2.2. Furthermore, the retrieved χ2 values
in PARASOL scenes are expected to be higher on average than those found
in the synthetic retrievals. This is in part due to the larger differences between the model and measurement are expected because of inhomogeneities
in space and time, and, to a lesser extent, due to deviations from the assumed vertical distribution and/or size distribution of the aerosol.

2.5.2

Additional filters

In Fig. 2.7 the Aerosol Optical Thickness (AOT) retrieved from the MR
PARASOL data is compared to the level 2.0 AERONET observations that
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Figure 2.7: The mean AOT difference between PARASOL and AERONET (left
panels) and the SD of the AOT differences between PARASOL and AERONET
(right panels) in the 670 nm band are shown cumulatively for increasing cloud
fraction from MODIS, for three different χ2 -filters. The results of the top panels
have only been filtered with the goodness-of-fit criteria, the middle panels have
additionally been filtered on mcoarse
> 1.335 and the bottom two panels are filtered
r
on both the mcoarse
>
1.335
and
on
the fraction of colocated MODIS pixels for
r
which the cirrus reflectance flag was set (fcirrus ≤ 10%).
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are coincident in space (distance ≤ 40 km) and time (∆t ≤1 h). The
AERONET AOT is measured in direct sun observations and can be obtained with higher measurement precision than the AOT retrieved from
PARASOL observations. It is therefore considered as the “truth” in this
comparison. The left panels show the mean AOT bias cumulatively for
increasing cloud fraction. This bias is calculated like: τ par − τ aer , where
τ par is retrieved from an individual PARASOL observation and τ aer is the
mean of all AERONET observations that are within the 1 h time-range.
In the panels on the right the SD of the AOT are shown cumulatively for
increasing cloud fraction. Since cloud screening has been applied to the
AERONET observations, the retrieved AOTs shown in Fig. 2.7 are subject
to some artificial cloud screening. However, there are still numerous occasions where there is a partially clouded PARASOL scene within the 40 km
range, as confirmed by MODIS, while an unobstructed view of the sun is
available for the AERONET station within the 1 h time-range.
For the χ2 ≤ 40.0-filter applied in the top panels of Fig. 2.7, a steady
increase in both the AOT bias and SD can be seen with increasing cloud
fraction. This indicates that not all cloud-contaminated scenes are filtered
by the goodness-of-fit criteria. In the two stricter χ2 -filters, there are a few
cloud contaminated scenes where a decent fit (χ2 ≤ 7.0) is obtained but
the AOT is grossly overestimated (∆τ ≥ 5.0). This is visible by the jumps
in the mean AOT at f = 0.79, f = 0.89 and f = 0.99 for the χ2 ≤ 7.0
filter. Therefore, apart from the goodness-of-fit filter two additional criteria
are needed to discard the cloud contaminated scenes. One of these criteria
deals with water clouds, the other with ice clouds.
In some scenes with partial water cloud cover, the inversion has adjusted
the refractive index of the coarse mode to 1.33 (with a sphericity of 1.0).
In other words the coarse mode was adjusted to resemble a mode of cloud
droplets with optical thicknesses (at 670 nm) up to 16. By filtering with the
additional criteria mcoarse
> 1.335 all these scenes are removed. In total
r
this additional filter removes 109 measurements, of 77 separate AERONET
station overpasses by PARASOL, from the MR retrievals that meet the
χ2 ≤ 7.0 criteria. That is less than 2 % of the MR data-set. The bias and
SD obtained with the goodness-of-fit and coarse mode aerosol refractive
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index filter are shown in the middle two panels of Fig. 2.7. Note that the
AOT bias and SD are nearly constant with increasing cloud fraction by
adding this additional filter criteria. There are, however, still outliers with
AOT > 2.8 at f = 0.38, f = 0.60 and f = 1.00. These are retrievals in
scenes with cirrus clouds.
Even though in most ice cloud scenes no good fits were obtained, which
is evident in the sensitivity to the mean cirrus reflection shown in Fig. 2.8,
there are a few overcast ice cloud scenes that do pass the χ2 -filter. This
leads to a few retrievals of unrealistically large AOTs (τ670 nm ≥ 5.0) and
thus a cirrus filter is needed. By requiring that the MODIS cirrus fraction
is ≤10 %, all these scenes are discarded. This removes 250 measurements
(21 %) of the MR retrievals that meet the χ2 ≤ 7.0 criteria. The AOT
bias and SD for the results obtained with a goodness-of-fit filter, a coarse
mode aerosol refractive index filter and the MODIS cirrus filter, are shown
in the bottom two panels of Fig. 2.7. By applying these two additional
filter criteria, the AOT bias for the χ2 ≤ 7.0 and χ2 ≤ 4.0 criteria remain
constant with increasing cloud fraction. This indicates that there is no
significant cloud contamination in these data-sets.
The fractions of good fits found at higher cloud fractions are still nonzero after applying these two additional filter criteria. The AOTs retrieved
in these scenes do not strongly affect the mean AOT shown in the bottom
panels of Fig. 2.7. The explanation for this is two-fold; the fraction of
successfully retrieved clear sky scenes outweigh the fraction of successfully
retrieved cloudy scenes and no strong overestimate in AOT is retrieved in
these latter scenes. This suggests that the successful retrievals in scenes
with a high MODIS cloud fraction, are falsely identified as cloudy.
Based on the agreement found for the retrieved AOTs, it is concluded
that the χ2 ≤ 7.0-criteria, together with the two additional filters, successfully screens for cloud contamination. Even better agreement, but far less
data-points (64 and 52 % less for, respectively, the FR and MR retrievals)
can be obtained by using the stricter χ2 ≤ 4.0 criteria. In the remainder of
the paper the goodness-of-fit criteria χ2 ≤ 7.0 is applied. For the sake of
brevity, the goodness-of-fit filter together with the coarse mode refractive
index filter and cirrus filter will be referred to as the “goodness-of-fit+”
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Figure 2.8: The χ2 of the retrieval vs. the mean cirrus reflectance in the full
resolution (top) and medium resolution (bottom) scenes. The coarse mode real
refractive index filter has been applied on the data in this figure.
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Figure 2.9: A comparison of the AOTs retrieved from the full resolution PARASOL observations vs. those retrieved by AERONET (level 2.0), for the three
different cloud screenings. The black line shows the 1 : 1 ratio.

filter.

2.5.3

Validation of the AOT & Ångström exponent

In this section the retrieved AOT and ÅE are compared to those observed with AERONET for 3 datasets with different cloud screenings: (i)
goodness-of-fit+, (ii) MODIS loose cloud mask, and (iii) MODIS strict
cloud mask. The results of the latter two cloud screenings are simulated by
applying the MODIS loose or strict cloud mask to the PARASOL retrievals.
The additional filter criteria on the cirrus fraction is also applied to the two
MODIS cloud screenings. The coarse mode refractive index filter is only
applied on the goodness-of-fit+ filter.
Figures 2.9 and 2.10 show the AOT comparisons of the three cloud
screenings for, respectively, the FR and MR retrievals. Every data-point
shows the daily mean AOT (at 670 nm) retrieved from PARASOL observations within a range of 40 km of an AERONET station, vs. the mean of the
AOTs retrieved from AERONET observations (at 675 nm) within ∼ 1 h of
the PARASOL overpass. The grey bars show the range in AOT measurements for AERONET, and 1-σ uncertainty in the retrieval for PARASOL.
Some scatter is to be expected due to spatial and temporal inhomogeneity
of the atmosphere. Comparisons in the other bands yield almost identical
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Figure 2.10: Same as Fig. 2.9, but for the medium resolution PARASOL retrievals. The black line shows the 1 : 1 ratio.

results.
While the MODIS strict cloud mask produces the smallest differences
with the AERONET values, it does discard 20 % of the FR, and 35 %
of the MR results obtained with the goodness-of-fit+ filter. Scenes with
higher aerosol loading are often flagged cloudy by both MODIS cloud masks,
especially at lower resolution, while most of these filtered data-points are in
good agreement with the optical thicknesses observed by AERONET. The
larger absolute errors that can be expected in scenes with higher aerosol
loading are one of the causes for the somewhat poorer statistics found in the
MR, goodness-of-fit+ filtered results. When the data-points with τ par ≥ 0.4
are excluded (7 data-points), the mean and median differences as well as
the SD are nearly identical to those found with the loose cloud mask.
The comparison of the ÅEs derived from the AOTs retrieved by PARASOL (using the 490 and 670 nm bands) and AERONET (using the 500 and
675 nm bands) is shown in Fig. 2.11. For this comparison only data with
par
τ670
nm > 0.1 are included as the information on aerosol size becomes limited for low aerosol loadings. There is a small bias (−0.12–−0.15) in the
ÅE retrieved by PARASOL and AERONET. Note that since this offset is
present and of roughly equal strength in all three data-sets, it can most
likely not be explained in terms of cloud contamination.
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Figure 2.11: A comparison of the ÅEs retrieved from the medium resolution
PARASOL observations vs. those retrieved by AERONET (level 2.0), for the three
different cloud screenings. The black line shows the 1 : 1 ratio.

2.5.4

Validation of the SSA & RRI

A direct comparison of the micro-physical properties is complicated because
of differences in the retrieval methods of AERONET inversion algorithm
and the aerosol retrieval algorithm discussed in this paper. The former
retrieves a continuous size distribution, wavelength dependent, complex
refractive index and derives, among other properties, the single scattering albedo from diffuse sky measurements (almucantar scans) (Dubovik
and King, 2000; Dubovik et al., 2002). Whereas the aerosol retrieval algorithm discussed in this paper retrieves a bi-modal, log-normal size distribution with two separate, spectrally neutral, complex refractive indices
(one for each aerosol mode). However, the agreement found in the ÅE
(see Fig. 2.11) gives confidence in the retrieved size parameters. Since the
SSA is dependent on the micro-physical aerosol properties, a comparison of
this derived parameter gives an indication of the quality of those retrieved
micro-physical properties. In order to facilitate a comparison with the RRI
retrieved with the AERONET inversion code, the RRIs of both the fine
and coarse modes are weighted by volume and combined to form mcomp
(following Hasekamp et al., 2011);
mcomp =

V fine mfine
+ V coarse mcoarse
r
r
V fine + V coarse

(2.2)
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Table 2.4: The statistics for the SSA comparison (at 670 nm) at different
AERONET stations for the goodness-of-fit+ filtering and, between parenthesis,
the loose cloud mask filtering. The PARASOL retrievals are additionally filtered
on the value of the averaging kernel of the fine mode imaginary refractive index ≥ 0.1 to ensure adequate sensitivity to the absorption.
station
Muscat
Forth Crete
Gosan SNU
Midway Island
Shirahama
Trinidad Head
Sevastopol

nr. obs.
11 (8)
26 (21)
8 (5)
11 (9)
18 (14)
8 (8)
15 (10)

correlation
0.619 (0.531)
0.482 (0.479)
0.350 (0.263)
0.419 (0.432)
0.190 (0.221)
0.001 (−0.028)
−0.171 (−0.452)

mean diff
0.029 (0.029)
0.037 (0.049)
0.004 (−0.016)
−0.036 (−0.028)
−0.005 (−0.008)
0.091 (0.082)
−0.012 (−0.016)

median diff
0.029 (0.035)
0.032 (0.039)
0.009 (−0.006)
−0.028 (−0.014)
0.006 (0.006)
0.021 (0.004)
−0.008 (−0.001)

0.019
0.060
0.045
0.074
0.063
0.275
0.066

SD
(0.019)
(0.056)
(0.056)
(0.078)
(0.066)
(0.280)
(0.079)

Where superscripts fine and coarse denote the mode and V stands for volume. This quantity should to some extend reflect the RRI retrieved with the
AERONET inversion algorithm. It should be noted however that Eq. 2.2
is only a rough approximation of the RRI retrieved by AERONET. An alternative to Eq. 2.2 would be to use an optical thickness weigthed mean
(Zhai et al., 2013), but for any approximation the issue remains that a true
quantitative comparison between AERONET and PARASOL is intrinsically impossible for RRI.
The AERONET diffuse sky measurements are not made as frequently
as the direct sun observations from which the AOT product is obtained.
Furthermore, the (level 2.0) data obtained from these measurements are
subject to strict quality assurance criteria. In particular the criteria that
τ440 nm > 0.4 rejects many observations. In order to get a useful number of
coincident observations, comparisons of the SSA and RRI are made with
level 1.5 AERONET observations, which have been cloud screened but
not quality assured, and the time constraint of the temporal co-location is
relaxed to 12 h.
Figure 2.12 shows time-series with the SSAs, as retrieved from, respectively, PARASOL and AERONET observations at a number of AERONET
stations. There is a reasonable agreement in the SSA from the two retrieval
approaches. There are very few differences between the time-series obtained
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Figure 2.12: Time-series of SSAs (at 670 nm) retrieved from the MR PARASOL
observations using the goodness-of-fit+ cloud screening vs. those retrieved by
AERONET, for a number of AERONET stations. The error bars for AERONET
show the range of all the observations within 12 h of the PARASOL overpass, those
for PARASOL show the 1-σ retrieval uncertainty. The MR PARASOL retrievals
are additionally filtered on the value of the averaging kernel of the fine mode
imaginary refractive index (≥ 0.1) in order to ensure adequate sensitivity to the
absorption.
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Table 2.5: The statistics of the real refractive index comparison (at 670 nm)
at different AERONET stations for the goodness-of-fit+ filtering and, between
parenthesis, the loose cloud mask filtering.
station
Muscat
Forth Crete
Gosan SNU
Midway Island
Shirahama
Trinidad Head
Sevastopol

nr. obs.
13 (8)
51 (44)
11 (9)
13 (11)
23 (18)
12 (13)
30 (22)

correlation
0.417 (0.308)
0.253 (0.150)
0.314 (0.268)
0.232 (0.297)
−0.100 (−0.164)
0.482 (0.618)
0.167 (−0.099)

mean diff
−0.075 (−0.066)
−0.022 (−0.017)
−0.061 (−0.065)
−0.015 (−0.036)
−0.013 (−0.004)
−0.088 (−0.085)
0.001 (0.007)

median diff
−0.077 (−0.069)
−0.021 (−0.010)
−0.069 (−0.069)
−0.021 (−0.048)
−0.004 (−0.002)
−0.097 (−0.097)
0.007 (0.021)

0.037
0.060
0.061
0.055
0.066
0.063
0.049

SD
(0.036)
(0.061)
(0.056)
(0.059)
(0.068)
(0.058)
(0.053)

with the goodness-of-fit+ filtering and the loose cloud mask filtering. The
statistics at different AERONET stations and both this filters are listed
in Table 2.4. The mean difference between the AERONET and PARASOL SSA is generally lower than 0.04. Furthermore, the statistics for the
MODIS loose mask filtered results are not significantly better than those
obtained with the goodness-of-fit+ filter.
Figure 2.13 shows time-series of mcomp and the AERONET RRI at
670 nm for a number of AERONET stations. The statistics of these two
values are summarized in Table 2.5 for those stations where more than 5
coincident observations are found. It is uncertain what can be expected
from this comparison given that mcomp is a crude approximation of the
AERONET RRI. For the values retrieved by the aerosol retrieval algorithm,
the error bars show the uncertainty in the retrieved value. In general, larger
error bars indicate that the retrieval depends strongly on the a priori value
for the RRI and associated priori error. For the values retrieved with the
AERONET inversion algorithm, the error bars indicate the range of all the
measurements that satisfy the time-constraint of the temporal co-location.
For many cases the error bars overlap, for others there is a significant
difference. Most importantly, the loose cloud mask filtered data-set shows
fewer data-points and nearly identical statistics (see Table 2.5). In other
words, the discrepancies between mcomp and the AERONET RRI cannot
be attributed to cloud contamination.
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Figure 2.13: Time-series of both the real refractive index (at 670 nm) retrieved
from AERONET observations and the volume weighted real refractive index retrieved from the MR PARASOL observations. The goodness-of-fit+ cloud screening is applied on the latter set of observations. The error bars for AERONET show
the range of all the observations within 12 h of the PARASOL overpass, those for
PARASOL show the 1-σ retrieval uncertainty.
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2.6

Conclusions

The effect of cloud contamination on aerosol retrievals from multi-angle
photo-polarimetric measurements of the POLDER-3 instrument over the
ocean is investigated. For retrievals from synthetic measurements it is
found that a goodness-of-fit criterion filters out all cases (partially) covered
by medium to thick clouds (COT ≥ 5), and virtually all cases with partial
thin cloud cover (COT = 1). Aerosol retrievals from PARASOL observations at two spatial resolution, 6 km×6 km (FR) and 19 km×19 km (MR),
are considered. Here, MODIS is used to quantify the cloud contamination
for each PARASOL ground pixel. It is found that the FR measurements are
more sensitive to cloud contamination than the MR measurements because
of so-called stereo effects which occur when, for example, a cloud is seen
in one viewing direction but not in the other viewing directions. For MR
measurements such effects play a much less important role and the effect of
clouds on the measurements is mainly a result of angular scattering features
characteristic for cloud droplets. In some cases, the effect of clouds can be
described by a coarse aerosol mode with refractive index close to that of
water (∼ 1.33). Therefore, an additional criterion which ensures that the
coarse mode refractive index is lower than 1.335 is needed. Furthermore,
a goodness-of-fit criterion is not always sufficient to filter out ice clouds,
which have less distinct angular features than liquid water clouds. To filter out such clouds the MODIS filter based on 1.38 µm measurements, or
equivalent, is needed. A cloud mask based on a goodness-of-fit criterion,
a coarse mode refractive index criterion and a cirrus filter is able to adequately reject cloudy scenes. Moreover, the cloud masks based on MODIS
sometimes misinterpret scenes with high aerosol load as cloud contaminated. The aerosol retrievals that pass the goodness-of-fit, the coarse mode
refractive index, and cirrus filter, do not show a bias and SD with respect to
AERONET that is dependent on MODIS cloud fraction. The implication
of our findings for future dedicated aerosol polarimeters is that such instruments can fly stand-alone and do not require additional information from
a cloud imager. A 1.38 µm channel for cirrus detection would be advantageous, or even required. Given the large sensitivity of multi-angle photo-

58

CHAPTER 2. parasol sensitivity to cloud contamination
Table 2.6: Summary of abbreviations.
Abbreviation
ÅE
AOT
CCN
COT
DoLP
FR
IPA
MR
RRI
RT
SD
SSA
SZA

meaning
Ångström Exponent
Aerosol Optical Thickness
Cloud Condensation Nuclei
Cloud Optical Thickness
Degree of Linear Polarization
Full Resolution
Independent Pixel Approximation
Medium Resolution
Real Refractive Index
Radiative Transfer
Standard Deviation
Single Scattering Albedo
Solar Zenith Angles

polarimetric measurements to cloud contamination, a necessary next step is
to not only use this sensitivity to filter out cloud contaminated scenes, but
instead retrieve cloud information simultaneously with aerosol information,
describing clouds as an additional size mode with a prescribed refractive
index corresponding to water droplets.
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Abstract
An important challenge in aerosol remote sensing is to retrieve aerosol properties in the vicinity of clouds and in cloud contaminated scenes. Satellite
based multi-wavelength, multi-angular, photo-polarimetric instruments are
particularly suited for this task as they have the ability to separate scattering by aerosol and cloud particles. Simultaneous aerosol/cloud retrievals
using 1D radiative transfer codes cannot account for 3D effects such as
shadows, cloud induced enhancements and darkening of cloud edges. In
this study we investigate what errors are introduced on the retrieved optical
and micro-physical aerosol properties, when these 3D effects are neglected
in retrievals where the partial cloud cover is modeled using the Independent Pixel Approximation. To this end a generic, synthetic data set of
PARASOL like observations for 3D scenes with partial, liquid water cloud
cover is created. It is found that in scenes with a random cloud distributions (i.e. broken cloud fields) and either low cloud optical thickness or low
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cloud fraction, the inversion algorithm can fit the observations and retrieve
optical and micro-physical aerosol properties with sufficient accuracy. In
scenes with non-random cloud distributions (e.g. at the edge of a cloud
field) the inversion algorithm can fit the observations, however, here the
retrieved real part of the refractive indices of both modes is biased.

3.1

Introduction

Aerosol affects the radiative forcing of the Earth’s atmosphere directly by
scattering and absorbing radiation and indirectly by acting as cloud condensation nuclei. The current understanding of the radiative forcing due
to aerosol radiation interactions and aerosol cloud interactions is limited,
as assessed by the latest IPCC report (Intergovernmental panel on climate
change, 2014). Here, the uncertainty on the aerosol radiative forcing is the
largest contribution to the uncertainty on the total radiative forcing. Improving measurement based estimates of the radiative forcing by aerosols
requires long-term, global monitoring of aerosol and cloud properties. In
particular, it requires observations of the aerosol micro-physical and optical
properties, such as the complex refractive index, the size distribution, the
number of particles, the Single Scattering Albedo (SSA), and the Aerosol
Optical Thickness (AOT).
The optical and micro-physical aerosol parameters mentioned above
can only be unambiguously retrieved from observations by multi-angle,
photo-polarimeters. This has been demonstrated by theoretical studies
(Mishchenko and Travis, 1997; Hasekamp and Landgraf, 2007; Kokhanovsky
et al., 2010; Knobelspiesse et al., 2012; Ottaviani et al., 2013) as well as by
case studies using airborne measurements (Chowdhary et al., 2005; Waquet
et al., 2009a; Wu et al., 2015) and studies using the POLDER-3 instrument
on board the PARASOL satellite (Dubovik et al., 2011; Hasekamp et al.,
2011; Waquet et al., 2013).
These studies are restricted to observations of scenes that are either
cloud free or have an aerosol layer lifted above a homogeneous cloud layer.
The separation of cloudy and cloud-free observations requires an adequate
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cloud screening, which, if not applied strict enough can cause large errors in
the retrieved aerosol properties. The down-side of performing a strict cloud
screening is not only the obvious data loss, but especially the systematic
removal of near cloud scenes. This is unfortunate as, in the transitional
zone between clouds and cloud-free sky, increased scattering is expected
due to hydrated aerosol and undetected cloud particles (Koren et al., 2007;
Charlson et al., 2007; Redemann et al., 2009). Note that 3D effects and
detector blurring also contribute to the increased reflectances in these zones
(Wen et al., 2007; Várnai and Marshak, 2009).
Stap et al. (2015) used characteristic features of cloud scattering in
multi-angle photo-polarimetric PARASOL measurements to perform cloud
screening based on a goodness-of-fit criterion for aerosol retrievals. The
next step would be to retrieve aerosol properties in near cloud and partially clouded scenes. This would allow for a more complete and more
representative knowledge of the global aerosol distribution. This requires
retrieval algorithms that can deal with clouds and aerosol simultaneously.
In a study on a synthetic data set Hasekamp (2010) has shown the ability to separate aerosol from (liquid) cloud particles in multi-wavelength,
multi-angular, photo-polarimetric observations, making use of of distinctive angular features of cloud droplets scattering, such as the cloud bow.
Waquet et al. (2009b) and Waquet et al. (2013) demonstrated the ability to
separate aerosol and clouds when the aerosol is lofted above a homogeneous
(liquid water) cloud field.
The study of Hasekamp (2010) is based on 1 dimensional (1D) radiative transfer calculations taking into account partial cloudiness using
the Independent Pixel Approximation (IPA). Due to the large computational cost of this type of retrievals, using 1D radiative transfer is presently
the only feasible method for large scale (multi-year global) processing of
photo-polarimetric measurements. It is however known that 3 dimensional
(3D) radiative transfer effects may be significant in the neighborhood of
clouds, e.g. due to shadows, side illumination, ’bluing’ (Marshak et al.
(2008); Davis et al. (2013)). Thus, it is important to investigate the fidelity
of aerosol retrievals in partially cloudy scenes, as proposed by Hasekamp
(2010), in the presence of 3D radiative transfer effects. More specifically, it
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is important to find out for what situations (e.g. in terms of cloud cover,
cloud optical thickness, spatial distribution) simultaneous aerosol/cloud
retrievals can still be performed with a 1D radiative transfer model and
for which situations 3D radiative effects hamper a meaningful retrieval of
aerosol properties.
The aim of the present paper is to present a generic, synthetic data
set of PARASOL like observations for partially cloudy scenes using a 3D
radiative transfer model. We will investigate in what situations the 3D
synthetic measurements can be reproduced by a 1D forward model and
whether in these cases the aerosol properties retrieved by a 1D algorithm
for simultaneous aerosol/cloud retrieval are still sufficiently close to the
aerosol properties used to calculate the synthetic measurements.
The retrieval algorithm for simultaneous aerosol/cloud retrievals from
multi-angle photo-polarimetric measurements and the 3D radiative transfer
code used to create the synthetic measurements are described in section 3.2.
In Section 3.3 the data set of 3D scenes of partial, liquid water cloud cover
is presented. The difference between 1D and 3D radiative transfer calculations and the ability of the algorithm to retrieve the correct micro-physical
and optical aerosol properties, while neglecting 3D effects, is discussed in
Section 3.4. In Section 3.5 the results are summarized.

3.2

Methods

This section describes the 1D algorithm for the simultaneous retrieval of
aerosol and cloud properties and the 3D radiative transfer model used to
create synthetic multi-wavelength, multi-viewing-angle measurements of intensity and polarization.

3.2.1

Retrieval Algorithm

Inversion
This study builds on the retrieval algorithm described in detail by Hasekamp
et al. (2011), for aerosol retrieval in cloud free scenes from multi-angle
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photo-polarimetric measurements from the POLDER-3 instrument, onboard PARASOL. Here, we extend the algorithm to also retrieve cloud
properties, simultaneously with aerosol properties, with the goal to perform aerosol retrievals in partially cloudy scenes.
In any retrieval method, the aim is to invert a forward model F that
relates a state vector x with unknown fit parameters to a measurement
vector y, viz.
y = F(x) + ey ,
(3.1)
where e is an error term. The vector y contains the measurements of intensity and DoLP at different wavelengths and different viewing angles. The
state vector x contains the aerosol parameters describing a bi-modal lognormal aerosol size distribution. For both the fine- and coarse mode the
state vector includes the effective radius reff , the effective variance veff (see
Hansen and Travis (1974)), the real and imaginary part of the refractive
index m = mr + mi , and the column integrated aerosol number concentration N . Aerosols are assumed to be homogeneously distributed over the
lowest 1.5 km of the atmosphere. In addition to the aerosol parameters,
the state vector also includes the Cloud Optical Thickness (COT) and the
Cloud Fraction (f ) as fit parameters. The other cloud parameters (size distribution, top height, geometrical thickness) are assumed a priori. A black
surface is being used for all simulations in this paper.
For the inversion, we use the Phillips-Tikhonov regularization method
which finds the retrieved state vector x̂ by minimizing a cost function that
is the sum of the least squares cost function and a side constraint weighted
by the regularization parameter γ (γ ≥ 0) according to


−1
x̂ = min ||Sy 2 (F(x) − y) ||2 + γ||W(x − xα )||2
x

(3.2)

At every iteration a regularization parameter is chosen by heuristically
trying a range of values. Measurements are simulated for the state vectors
resulting from the different regularization parameters using an approximate,
but fast forward model (see Section 3.2.1). Afterwards the value of γ which
best fits the measurement is chosen.
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Since the forward model F(x) is generally nonlinear in x, the inverse
problem to estimate x from equation (3.1) is solved iteratively by replacing
F(x) through its linear approximation
F(xn+1 ) ≈ F(xn ) + K (xn+1 − xn ),

(3.3)

with subscript n indicating the n-th iteration and K being the Jacobian
matrix
Kij =

∂Fi
(xn ).
∂xj

(3.4)

The iterative process is stopped when the difference in goodness-of-fit
χ2 is less than a certain threshold. The retrieval is considered successful if
the final χ2 < 2.0. Here, the χ2 threshold has empirically been determined
appropriate.
In its standard setup, the first guess state vector is obtained using a
lookup table based retrieval or alternatively, by a neural network retrieval
(as in the work by Di Noia et al. (2015)). In the present study however
we want to focus on 3D effects and want to avoid cases where the retrieval
does not converge because the first guess deviates too much from the truth.
Therefore, for the synthetic retrievals of this paper we use the truth as first
guess.
Forward Model
The forward model F for a partially cloudy scenes is based on the independent pixel approximation:
F = (1 − f )Fclear + f Fcloud ,

(3.5)

where Fclear and Fcloud are the forward models for a cloud free and fully
cloudy atmosphere, respectively, and f is the cloud fraction.
Both Fclear and Fcloud contain two main parts. The first part calculates
optical properties (scattering and absorption optical thickness, scattering
phase matrix) from the micro-physical aerosol and cloud properties. For
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this part of the forward model, pre-calculated optical properties as a function of the size parameters and of the real and imaginary part of the refractive index (Dubovik et al., 2006) are being used. The optical properties
are pre-calculated for spheres and spheroids with an axis ratio distribution
as proposed by Dubovik et al. (2006). Aerosols are described by mixture
of spheres and spheroids where optical properties for a given refractive index are obtained by spline interpolation from the tabulated values. Cloud
droplets are described by spheres with the wavelength dependent refractive index of water (Segelstein, 1981). Finally, the aerosol and cloud optical properties are combined with Rayleigh scattering optical properties.
Molecular absorption is neglected in this study. The model atmosphere is
vertically discretized in 36 homogeneous layers between 0 and 40 km.
The second part of Fclear and Fcloud solves the vector radiative transfer
equation for a plane parallel horizontally homogeneous atmosphere for the
given optical properties in different altitude layers in the atmosphere. For
this part we employ the Gauss-Seidel radiative transfer model developed
at SRON Netherlands Institute for Space Research (Landgraf et al., 2001;
Hasekamp and Landgraf, 2002, 2005), hereafter referred to as the SRONGS model. The SRON-GS model calculates the Jacobian matrix K in an
analytical way by employing the forward-adjoint perturbation theory for
vector radiative transfer (Landgraf et al., 2001; Hasekamp and Landgraf,
2002, 2005). Unless otherwise stated, we discretize the diffuse radiation field
in 16 Gaussian streams for the forward model calculations in this paper. To
handle strongly peaked phase functions with this limited number of streams
we use the multiple-scattering correction of Nakajima and Tanaka (1988).

3.2.2

The MYSTIC 3D radiative transfer code

The multi-wavelength, multi-viewing-angle synthetic measurements of intensity and Degree of Linear Polarization (DoLP) used in this study are
created by the 3D radiative transfer model MYSTIC (Monte Carlo for the
physically correct tracing of photons in cloudy atmospheres) (Mayer, 2009;
Emde and Mayer, 2007; Emde et al., 2010). MYSTIC is one of the solvers
of the radiative transfer equations in libRadtran (Mayer and Kylling, 2005).
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It traces a given number of photons as they enter the scene, either at the
top of the atmosphere or at the surface, and traces them until they are
absorbed or leave the scene. Several methods are applied to optimize the
algorithm; (i) the ’local estimate method’ (Marshak and Davis, 2005) which,
at each scattering point, takes into account the probability that the photon is scattered towards the sun/detector, and (ii) the ’variance reduction
optimal options method’ (Buras and Mayer, 2011) which reduces the noise
that arises when dealing with spiky phase functions while using the local
estimate method.
The statistical nature of the Monte Carlo method leads to the so-called
photon noise on the result. An appropriate amount of photons is used in
each calculation to ensure that the photon noise in each synthetic measurement is well below 1% on the intensity and 0.005 (absolute on the DoLP).
The boundaries of the 3D model are periodic, meaning that a photon leaving the scene on the western boundary will re-enter at the eastern
boundary. The scenes are divided in a sufficient number of sample grid
cells. The synthetic measurement is obtained by averaging the radiances of
the observed sample grid cells.
All models have a black surface, thus the synthetic measurements can
be interpreted as an approximation of over ocean observations. The scattering and absorption properties of the atmosphere (including air molecules,
clouds, and aerosols) as a function of altitude and wavelength are provided
to the MYSTIC model via an input file specifying 36 vertical layers between
0.0 and 40.0 km. The molecular, aerosol and cloud optical properties are
calculated in the same way as in the retrieval algorithm so that we do not
introduce differences with the 1D model used in the retrieval other than
those caused by 3D effects.

3.3

Synthetic 3D data-set

A large set of generic synthetic measurements for different 3D atmospheres
has been created that contains the various 3D effects that are important for
the retrieval of aerosol properties. The measurements are representative for
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Table 3.1: For the 10 aerosol cases used in this study, the randomly selected
AOT of each mode (τ550 nm ), where superscripts f and c indicate fine or coarse
mode, followed by the effective radius (reff ), effective variance (veff ), the real and
imaginary part of the complex refractive index (mr and mi ), and (for the coarse
mode only) a fraction of spherical particles (Sph).
ID
1
2
3
4
5
6
7
8
9
10

f
τ550
nm
0.21
0.19
0.08
0.15
0.30
0.25
0.13
0.25
0.17
0.19

c
τ550
nm
0.31
0.30
0.08
0.34
0.31
0.14
0.32
0.26
0.28
0.13

f
reff
0.46
0.39
0.24
0.10
0.12
0.05
0.27
0.06
0.23
0.22

f
veff
0.12
0.13
0.18
0.68
0.30
0.52
0.24
0.40
0.54
0.65

mfr
1.50
1.51
1.56
1.40
1.46
1.44
1.62
1.49
1.42
1.58

mfi
1.5E-05
1.7E-01
1.1E-05
4.2E-03
2.2E-01
5.4E-02
1.2E-04
1.2E-03
1.0E-01
3.5E-05

c
reff
1.83
1.22
1.13
0.90
1.71
2.95
1.37
2.47
1.92
1.42

c
veff
0.16
0.28
0.39
0.49
0.31
0.64
0.28
0.64
0.36
0.12

mcr
1.64
1.59
1.61
1.41
1.37
1.59
1.38
1.62
1.60
1.42

mci
2.6E-02
2.2E-03
1.6E-02
1.9E-02
1.8E-04
3.3E-04
1.3E-03
6.7E-04
3.7E-02
4.7E-05

Sphc
0.76
0.64
0.14
0.11
0.04
0.22
0.50
0.11
0.11
0.08

the POLDER-3 instrument onboard the PARASOL satellite. Radiances are
simulated for the 490, 670, 865 and 1020 nm bands, where the intensity and
polarization are considered for the first three of those and only intensity is
used for the latter band. Two ground pixel sizes are explored, which represent the PARASOL Full Resolution (FR) and Medium Resolution (MR)
ground pixels of, respectively 6.2×6.2 km and 18.6×18.6 km.
For all simulations aerosols are homogeneously distributed between 0.0
and 1.5 km altitude in the atmosphere. The aerosol parameters used for
the creation of synthetic measurements are listed in Table 3.1. They are
randomly chosen between realistic boundaries. Note that the aerosol distribution has plane-parallel symmetry and thus produces no 3D effects itself.
Two essentially different horizontal distributions of liquid water clouds
are explored; a random distribution of cuboid clouds to simulate broken
cloud fields, which is described in Sect. 3.3.1 and a large continuous slab of
cloud near the edge of the scene of interest, which is described in Sect. 3.3.2.
All clouds have a gamma size-distribution with a fixed effective radius of
12.0 µm and a fixed effective width of 0.1 µm. Three cloud optical thickcloud =1.0, 5.0, and 10.0) for a variety of
nesses (COT) are explored (τ550
nm
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Table 3.2: A summary of the six solar and satellite geometries that are explored.
Note that the satellite moves from the first stated azimuth angle through zenith
to the second stated azimuth angle.

geometry
i
ii
iii
iv
v
vi

θsun
40◦
40◦
40◦
60◦
60◦
60◦

φsun
20◦
0◦
320◦
20◦
0◦
320◦

φsat
0◦ - 180◦
-20◦ - 160◦
-20◦ - 160◦
0◦ - 180◦
-20◦ - 160◦
-20◦ - 160◦

different vertical distributions.
The clouds simulated in this study are simplifications of real clouds;
they are cuboids with smooth surfaces and micro-physical properties that
remain constant throughout the cloud. Nevertheless, these simple clouds
are sufficient to model important 3D effects like shadows, illumination of
the cloud free column and illumination of the sides of the clouds. We have
chosen this simple cloud representation over for example a Large Eddy
Simulation (LES), because it allows us to systematically investigate the
influence of the cloud fraction, COT and cloud height, while still containing
the most important 3D effects mentioned above.
Six different solar and satellite geometries are investigated. These are
summarized in Table 3.2 and described by the solar zenith angle (θsun ), the
solar azimuth angle (φsun measured clockwise with respect to the South)
and the satellite azimuth angle (φsat measured clockwise with respect to the
North). Note that the absolute, relative azimuth angle (φ = φsun − φsat ) is
identical for all six geometries. We note that 1D RT models are dependent
on the absolute, relative azimuth angle rather than φsun and φsat separately.
Thus, in 1D there is no distinction between the models with geometries i-iii
or models with geometries iv-vi in Table 3.2. The differences in the models
with geometries i-iii (or iv-vi) give an indication of the variation due to
the 3D viewing geometry that can not be captured with 1D RT codes.
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3.3.1

Broken cloud fields

Broken cloud fields are simulated for small and medium sized clouds of,
respectively, 100×100m and 516×516m horizontally with aspect ratios (defined as vertical versus horizontal length) of 1 and 2. The clouds are randomly distributed over a horizontal grid with cells of the same size as the
clouds, i.e. there are no overlapping clouds. An example of the intensity
distribution for a broken cloud scene is given in Figure 3.1. Synthetic meacloud =1.0, 5.0 and 10), six cloud
surements are created for three COTs (τ550
nm
fractions (f =0.02, 0.05, 0.10, 0.15, 0.20 and 0.25) and four vertical cloud
profiles (1.5-1.6, 1.5-1.7, 2.0-2.1 and 2.5-2.6 km).
Two ground pixel sizes are explored; the PARASOL FR and MR ground
pixels of respectively 6.2×6.2 km and 18.6×18.6 km. The spatial dimensions
of the 3D models are equal to the ground pixel sizes. Thus, these models are
representative for observations of a broken cloud field, which has constant
parameters over an area larger than the ground pixel size.

3.3.2

Cloud edge cases

The ’edge’ scenarios simulate retrievals near the edge of a large, continuous
cloud field for both the FR and MR PARASOL observations. In these
scenarios the cloud is situated in the Western region. Thus, for φsun = 20◦
a shadow is cast in the clear part of the scene and for φsun = 320◦ the
Eastern side of the cloud is illuminated.
For such cloud distributions the viewing angle is of particular importance; at certain viewing angles the cloud may obscure the cloud-free part
of the scene (f > fnadir , where fnadir is the cloud fraction at nadir), while at
other viewing angles a part of the atmosphere beneath the cloud is observed
(f < fnadir ). In order to model these differences in the observed columns
at the various viewing zenith angles, the spatial dimensions of the ’edge’
scenarios are larger than the ground pixel size of PARASOL. Due to the
symmetry in latitudinal direction of the scene there is only need to increase
the size of the scene in longitudinal direction. The synthetic, FR measurements are obtained from scenes that are 6×1 FR PARASOL pixels large in
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Figure 3.1: A scene with a broken cloud field viewed from nadir at 670 nm. The
cloud
scene has 10% cloud cover between 1.5 and 1.6 km, with τ550
nm = 5.0
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longitudinal versus latitudinal direction (37.2×6.2 km). The synthetic, MR
measurements are obtained from scenes that are 8×3 FR PARASOL pixels
large in longitudinal versus latitudinal direction (49.6×18.6 km). In both
the FR and MR simulations only the three most Western FR PARASOL
pixels are covered by the cloud. This setup ensures that the horizontal distance between the Eastern border of the observed column and the Eastern
border of the scene (and thus Western edge of the cloud) is at least 10 km at
all viewing angles. At this distance of the cloud we assume the contribution
due to 3D radiative effects to be negligible.
The synthetic measurements are created for six cloud fractions (f =
0.02, 0.05, 0.10, 0.15, 0.20 and 0.25), with models of three different COTs
cloud = 1.0, 5.0 and 10), and five vertical cloud profiles (1.5-1.6, 1.5-2.0,
(τ550
nm
1.5-2.5, 2.0-2.1 and 2.5-2.6 km). Figure 3.2 shows a nadir image of a MR
PARASOL ground pixel as an example.

3.4

Results

In this section we first compare the MYSTIC and SRON-GS radiative transfer codes for 1D scenes in order to check consistency. Next we study 3D
effects on intensity and DoLP by comparing MYSTIC 3D calculations with
SRON-GS calculations using the independent pixel approximation. Finally,
we investigate errors on retrieved aerosol properties in partially cloudy
scenes for retrievals based on the independent pixel approximation. To
this end, we apply our algorithm for simultaneous aerosol/cloud retrieval
as described in section 3.2.1 to synthetic measurements created with the
MYSTIC model for the 3D scenes described in Section 3.3.

3.4.1

Comparison of intensity and DoLP

Comparison for 1D scenes
In order to check the agreement between the SRON-GS and MYSTIC model
for 1D scenes, Figures 3.3 to 3.5 show a comparison of the SRON-GS and
MYSTIC codes for three cases: (i) Rayleigh atmosphere, (ii) Rayleigh +
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Figure 3.2: Nadir image of an ’edge’ case at 670 nm for the model with a cloud
cloud
of optical thickness τ550
nm = 5.0, between 1.5 and 2.5 km. The image shows a
MR PARASOL ground pixel with a cloud fraction of 10%. The sun is situated in
the South-East (φsun = 320◦ , θsun = 40◦ ) and illuminates the Eastern side of the
cloud.
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Figure 3.3: The comparison of the SRON-GS and MYSTIC radiative transfer
codes for the Rayleigh case. The top left and right panels show the reflectance and
DoLP at 670 nm. The bottom panels show the relative difference in reflectance
and absolute difference in DoLP. Here the gray bar indicates the measurement
uncertainty and the black vertical bars show the photon noise of the Monte Carlo
simulation. Note that the scattering angle range from 157◦ to 179◦ is observed
twice, but that these observations are at different viewing angles. The observed
radiances have therefore traveled different paths through the atmosphere.
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Figure 3.4: The same as Figure 3.3, but for the aerosol case. The aerosol is
homogeneously distributed between 0.0 and 1.5 km.

Figure 3.5: The same as Figure 3.3, but for the aerosol below cloud case. The
aerosol is homogeneously distributed between 0.0 and 1.5 km and the liquid water
cloud
cloud, with τ550
nm = 5.0, is homogeneously distributed between 1.5 and 1.6 km.
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cloud = 5.0),
aerosol, (iii) Rayleigh and an aerosol layer below a thin (τ550
nm
liquid water cloud. The standard deviation between the SRON-GS and
MYSTIC models in cases (i) and (ii) is roughly 0.3% on the intensity and
below 0.001 (absolute) on the DoLP. These differences are due the the photon noise of the Monte Carlo simulations. For the cloud case, differences are
somewhat larger, especially near the cloud-bow and backscattering angle.
The reason for this is that the SRON-GS model uses a discretization of the
radiation field in 16 streams which causes errors for the highly peaked phase
functions of cloud droplets. When (at considerable computational cost) 64
streams are used in the SRON-GS code, the standard deviation of the two
models is below 0.4% on I and 0.001 (absolute) on DoLP. The errors due
to the use of 16 streams will however be significantly smaller for partially
cloudy scenes with small cloud fraction (≤ 25 %). For those scenes the 3D
induced errors are dominant. Since we focus our study on those partially
cloudy scenes, we perform our retrievals using 16 streams in the SRON-GS
model, avoiding unfeasible computation times.

Comparison for 3D scenes
Figure 3.6 gives an example of the differences between a 3D and 1D simulation for a broken cloud field for geometries i trough iii (see Table 3.2). For
cloud = 5.0 and f = 0.05, the systematic differences
this example with τ550
nm
range up to 20% in intensity and 0.06 (absolute) on DoLP depending on
the wavelength and scattering angle. For higher cloud fractions and higher
COT these differences become even larger.
The variation in the (horizontal) cloud size, the solar and satellite azimuth angles and the ground pixel size results in twelve different 3D simulations with only one 1D counterpart. Figure 3.6 already gives an example of
the range in 3D models due to different solar and satellite azimuth angles,
which cannot be captured with the 1D model. Varying the solar azimuth
angle changes the shadow fraction in the scene as well as the illumination
of the sides of the clouds. At off nadir viewing angles, varying the satellite
azimuth angle changes the observed cloud fraction, since the projection of
the surfaces of the clouds onto the detector change. These differences, for

76

CHAPTER 3. Aerosol retrievals near quboid clouds

Figure 3.6: Comparison of 3D broken cloud field models with geometries iiii (see Table 3.2) and their 1D counterpart. The scene has the size of a FR
PARASOL ground pixel. There is 5% cloud cover consisting of small clouds, with
cloud
τ550
nm = 5.0, between 1.5 and 1.6 km.
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this example, range from 0-2% in intensity and 0-0.005 in DoLP and are
systematic. Varying the ground pixel size does not affect the radiances observed in the 3D scene if the cloud distribution is close enough to a random
distribution. Differences in the cloud size change the relative volume of
sky that is near a cloud, where cloud induced enhanced reflectances are expected to be stronger. However, the differences between models with small
clouds at both ground pixel sizes and the models with medium sized clouds
at the MR ground pixel size are random and relatively small, namely in
the order of a few percent on the intensity and less than 0.005 in DoLP
(not shown). Therefore, we limit the analysis in the remainder of this paper to one cloud size; the small clouds, and one ground pixel size; the FR
PARASOL pixels.
In order to efficiently summarize the difference between 1D simulations
using the independent pixel approximation and 3D MYSTIC calculations
for broken cloud fields with randomly distributed clouds for multi-angle
photo-polarimetric measurements, Figure 3.7 shows the χ2 between the 3D
and 1D simulations for different COT, cloud fraction and aspect ratio of
the clouds. Here, the χ2 difference is calculated assuming a measurement
uncertainty of 1% on the intensity and 0.005 (absolute) on the DoLP, representative for PARASOL measurements over the ocean.
The range in the polygons of Figure 3.7 corresponds to mostly to different values of the aerosol load, solar zenith and azimuth angle. The influence
on this range due to the three explored cloud heights and the different satellite azimuth angles is very small. The 3D effects are very small for models
with small cloud fraction of optically thin clouds. Note, however, that the
differences here are systematic rather than random. At aspect ratio 2 the
contribution to the observed cloud fraction by the sides of the cloud is
larger. This leads to larger differences with the 1D models at the higher
viewing zenith angles. Furthermore, the larger area of the cloud sides for
aspect ratio 2 also causes larger shadows and also larger cloud induced radiance enhancements in the cloud free columns. At higher COTs, light is
more efficiently reflected by the cloud, leading to stronger cloud induced
enhancements. Altogether this results in larger χ2 differences between the
1D and 3D models at higher aspect ratios and larger COTs.
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Figure 3.7: Quantification of the 3D effects in terms of χ2 for the broken cloud
field models, as a function of cloud fraction (f ). The models are separated on
COT and aspect ratio (a). Each polygon shows the range in χ2 which is mostly
determined by the aerosol load as well as the solar zenith and azimuth angles.
Differences due the three explored cloud heights and the different satellite azimuth
angles are negligible.

Figure 3.8 shows a comparison of 3D models for an ’edge’ cloud scene at
three different viewing geometries and their 1D counterpart. For the ’edge’
cases, the geometry causes larger differences between the 3D models than is
the case for the broken cloud fields. The 3D model with geometry i, shows
relatively small differences with the 1D model. Here, the satellite moves
from φsat = 0◦ to φsat = 180◦ through zenith. Thus, the side of the cloud
is not observed and the cloud fraction is identical at all viewing angles. For
this geometry the sun is situated in the South-West and therefore the cloud
casts a shadow in the cloud-free part of the scene. For geometries i and iv
the important 3D effects are the shadow, cloud induced enhancements and
darkening of the cloud near the edge. Compared to the models with the
other geometries, which are discussed below, the 3D effects in models with
these geometries are modest.
When the satellite moves from φsat = −20◦ to φsat = 160◦ through
zenith more 3D effects come into play (see for example models 3Dii and
3Diii in Figure 3.8). Here, the side of the cloud is observed and, more
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Figure 3.8: Comparison of 3D ’edge’ models at three different viewing geometries
(see Table 3.2) and their 1D counterpart. This scene, of MR PARASOL ground
cloud
pixel size, has 10% cloud cover between 1.5 and 1.6 km with a COT of τ550
nm =
10.0.
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importantly, the observed cloud fraction differs between viewing angles. At
scattering angles lower than 140◦ (120◦ for geometry v and vi), since the
cloud obscures part of the cloud free column, a larger cloud fraction and thus
higher reflectance is observed. The opposite is true for scattering angles
higher than 140◦ . This inhomogeneity of the scene at the different viewing
angles is the main cause for differences with the 1D model simulations in
geometries ii, iii, v and vi
In geometries ii and v the sun is situated in the south, therefore the
shadow is restricted to the cloudy column, and is only observed at those
viewing angles that can observe the atmosphere below the cloud. Compared
to the synthetic measurements of geometries i and vi, these geometries
have smaller 3D effects due to the shadow and larger 3D effects due to the
inhomogeneity at different viewing angles.
For geometries iii and vi the sun is situated in the South-East. Therefore the side of the cloud is illuminated, increasing the cloud induced enhancements in the cloud free column. Furthermore, part of the atmosphere
below the cloud is directly illuminated by the sun. The main difference in
the synthetic measurements of geometries ii and v versus those of geometries iii and vi originates from the side illumination of the cloud.
Especially the inhomogeneity at the different viewing angles is a 3D
aspect that causes large differences with the 1D forward model. This is in
part due to the fact that the 1D forward model is intrinsically homogeneous
at all all viewing angles.
In Figure 3.9 the 3D effects in the edge cloud models (with a vertical
cloud profile between 1.5 and 1.6 km) are quantified in terms of χ2 , similar
to Figure 3.7. The differences due to 3D effects are mostly influenced by
the COT, viewing geometry, solar azimuth angle and to a lesser degree, by
the aerosol load and solar zenith angle. Similar figures are found for the
other cloud heights and geometrical thicknesses.
For the fortunate viewing geometries (i and iv), the shadow and cloud
induced enhancements cause relatively small, but systematic differences
with the 1D simulations. These two 3D effects have an opposite impact on
the synthetic measurements; the shadow reduces the aerosol and Rayleigh
signal in cloud free column, while the cloud induced enhancements increase
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Figure 3.9: Quantifies the 3D effects in terms of χ2 for the edge cloud models
(with a vertical cloud profile between 1.5 and 1.6 km) as a function of cloud fraction.
The vertical range in each polygon is due to the different aerosol loads of the models
and (if applicable) the different solar azimuth angles.

this signal. These competing effects generally reduce the net difference with
the 1D models best for the models with geometry iv (SZA=60◦ ).
The viewing geometries (ii, iii, v and vi) cause large differences between
the synthetic measurements of the 1D and 3D models, even at low cloud
fractions. This is clear from the in general one order of magnitude larger
χ2 difference with the 1D models in Figure 3.9 for these geometries. These
differences become larger for increasing COT. In these geometries the SZA
is more important (geometries ii and iii versus geometries v and vi) than
whether or not the side of the cloud is illuminated (geometries ii and v
versus iii and vi). The net 3D effect, for all geometries, only marginally
increases, or even decreases with increasing cloud fraction.
For the FR pixels there are larger differences between the 3D and 1D
models. This can be explained by the fact that the volume of air that
is near the cloud, is relatively larger. Furthermore, the shadow fraction
is relatively larger (in scenes with geometries is i and iv) and there is
a relatively larger fraction of cloud where darkening of the cloud edge is
important. The forward model error is roughly twice as large in the FR
measurements compared to the MR measurements.
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3D effects on retrieved aerosol properties

Broken cloud fields
Retrievals are performed for all the FR scenes with clouds with horizontal dimensions of 100×100 m, as discussed in Section 3.3.1. These scenes
vary in aerosol type and load, COT, vertical cloud profile, solar zenith and
azimuth angle, viewing geometry and cloud fraction. Since the retrieval
algorithm employs a 1D forward model with IPA, it is expected that the
algorithm will adjust the 1D IPA cloud parameters and aerosol parameters
to compensate for 3D effects.
Figure 3.10 shows the fraction of retrievals that converge successfully
(χ2 < 2.0), for different values of COT and cloud fraction. For the lowest
COT, it is in most cases possible to obtain a good fit with the 1D forward
model used in the retrieval, even for a cloud fraction of 25%. At COTs
cloud ≥ 5.0 the fraction of good fits decreases with increasing cloud
of τ550
nm
fraction, because of increasing importance of 3D effects.
Figure 3.11 compares the retrieved aerosol parameters for successfully
converged retrievals to the true parameters used to create the synthetic 3D
measurement. This is done via box-and-whisker diagrams which indicate
the minimum, 1st quartile, the median, the 3rd quartile and the maximum
of all retrieved values for every true value. Overall the retrieved AOT is
close to the truth, with a very narrow distribution. The scatter in retrieved
SSA is larger, but the 1st to 3rd quartile is still close to the truth. However,
there are a number of significant outliers to higher values and an overall
bias to lower values when the SSA is low. Similarly, for the mr of both the
fine and coarse mode, the comparison is good in general but there are a
number of outliers to high and low values.
In Table 3.3 the bias and standard deviation for the difference between
retrieved and true parameters are separately shown per cloud fraction and
optical thickness for the successfully converged retrievals. There is a bias
towards underestimated AOT that increases with increasing cloud fraction
and COT. In Figure 3.11 these cases represent the outliers. For the SSA
cloud ≥ 5.0 and
there is a bias towards overestimation in the models with τ550
nm
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Figure 3.10: Histogram of the fraction of retrievals of the broken cloud field
scenes that meet the χ2 ≤ 2.0 criterion. The histogram is divided by cloud fraction
and COT.
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Figure 3.11: Box-and-whisker diagrams for the true versus retrieved values in
the broken cloud field scenes. The whiskers indicate the minimum and maximum
ranges of the retrieved parameter. The boxes indicate the 1st, 2nd and 3rd quartile
of the retrieved parameter. Only retrievals with χ2 ≤ 2.0 are included.
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f ≥ 0.15. The standard deviation of the retrieved real part of the complex
refractive index of both the fine and coarse mode becomes larger than 0.02
cloud ≥ 5.0 and f ≥ 0.15.
in scenes with τ550
nm
Mishchenko et al. (2004) formulated the following accuracy requirements on aerosol properties for climate research in the context of the Aerosol
Polarimetry Sensor (APS): 0.02 or 7% for the AOT for over ocean scenes,
0.03 on the SSA, 0.02 on the mr and 0.1 µm on reff for each mode. When we
cloud =1,
consider these requirements, we conclude from Table 3.3 that if τ550
nm
a 1D forward model with the IPA can be used to retrieve aerosol properties
with sufficient accuracy, even for cloud fractions up to 25%, for a broken
cloud field with randomly distributed clouds. For optically thicker clouds
cloud ≥ 5, 3D effects
3D effects become, as expected, more important. For τ550
nm
can only be ignored for small cloud fractions (10% or less).
The retrieval results presented in this study are obtained under the
assumption of perfect a priori knowledge of the cloud droplet size. While
this is useful for studying the influence of 3D effects, it may not be realistic
in actual observations of partially clouded scenes. Therefore, the retrievals
have also been performed for several incorrect effective radii for the cloud
cloud ). When instead of the true droplet size (r cloud = 12.0µm)
droplets (reff
eff
cloud = 9.0µm is assumed, the fractions of good fits found for
an incorrect reff
all COT and f ≤ 10% remain equal. At low COT and f > 10% the fraction
of good fits is decreased by by 0.1 at f = 15% and by 0.2 at f = 25%. At
cloud ≥ 5.0 and f > 10% the fractions of good fits are already low (see
τ550
nm
Figure 3.10) and they decrease by ∼0.01. The retrieved optical and microcloud = 1 and at τ cloud ≥ 5.0 with f ≤ 5% are
physical parameters at τ550
nm
550 nm
still in agreement with the accuracy requirements. When the retrievals are
cloud = 6.0µm,
performed with a particularly poor a priori assumption of reff
cloud = 1.0 and f = 5%
the fractions of good fits decrease by 0.1 at τ550
nm
cloud
and by 0.6 at τ550 nm =1 and f = 25%. Even here, the AOT, SSA and
reff of both modes are still in agreement within the accuracy requirements
cloud = 1 and at τ cloud ≥ 5.0 with f ≤ 5%. The retrieved m of
at τ550
r
nm
550 nm
both modes, however, show more scatter and a bias that is larger than the
accuracy requirements.
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Table 3.3: Statistics from the broken cloud field retrievals, for a selection of
retrieved optical and micro-physical parameters, separated by cloud fraction and
COT. Column 2 lists the number of good fits. Columns 3-6 list the mean and, between parenthesis, the standard deviation of the difference in the true and retrieved
AOT, SSA and real refractive indices of both modes.
cloud = 1.0, f = 2%
τ550
nm
cloud = 1.0, f = 5%
τ550
nm
cloud
τ550 nm = 1.0, f = 10%
cloud = 1.0, f = 15%
τ550
nm
cloud = 1.0, f = 20%
τ550
nm
cloud = 1.0, f = 25%
τ550
nm
cloud = 5.0, f = 2%
τ550
nm
cloud = 5.0, f = 5%
τ550
nm
cloud = 5.0, f = 10%
τ550
nm
cloud = 5.0, f = 15%
τ550
nm
cloud = 5.0, f = 20%
τ550
nm
cloud
τ550 nm = 5.0, f = 25%
cloud =10.0, f = 2%
τ550
nm
cloud =10.0, f = 5%
τ550
nm
cloud =10.0, f = 10%
τ550
nm
cloud =10.0, f = 15%
τ550
nm
cloud =10.0, f = 20%
τ550
nm
cloud =10.0, f = 25%
τ550
nm

n
240
240
240
240
233
216
240
142
61
23
27
33
230
71
29
34
22
8

∆ AOT
-0.002 ( 0.010)
-0.002 ( 0.008)
-0.005 ( 0.012)
-0.007 ( 0.014)
-0.010 ( 0.016)
-0.012 ( 0.017)
-0.004 ( 0.012)
-0.005 ( 0.015)
-0.020 ( 0.018)
-0.071 ( 0.076)
-0.074 ( 0.092)
-0.049 ( 0.088)
-0.000 ( 0.024)
-0.009 ( 0.051)
-0.059 ( 0.108)
-0.105 ( 0.091)
-0.111 ( 0.116)
-0.119 ( 0.051)

∆ SSA
-0.006 ( 0.007)
-0.009 ( 0.009)
-0.013 ( 0.015)
-0.016 ( 0.018)
-0.018 ( 0.021)
-0.020 ( 0.024)
0.003 ( 0.011)
0.002 ( 0.013)
0.001 ( 0.009)
0.042 ( 0.057)
0.082 ( 0.081)
0.054 ( 0.064)
0.024 ( 0.024)
0.022 ( 0.037)
0.063 ( 0.068)
0.072 ( 0.080)
0.095 ( 0.082)
0.090 ( 0.010)

∆ mfr
-0.001 ( 0.006)
-0.001 ( 0.005)
-0.001 ( 0.005)
-0.002 ( 0.005)
-0.001 ( 0.003)
-0.001 ( 0.004)
-0.016 ( 0.016)
-0.019 ( 0.017)
-0.014 ( 0.015)
-0.015 ( 0.015)
-0.004 ( 0.027)
0.019 ( 0.052)
-0.020 ( 0.034)
-0.019 ( 0.030)
-0.034 ( 0.075)
-0.005 ( 0.053)
-0.022 ( 0.040)
-0.037 ( 0.072)

∆ mcr
0.000 ( 0.004)
0.001 ( 0.004)
0.002 ( 0.005)
0.002 ( 0.006)
0.002 ( 0.006)
0.002 ( 0.006)
-0.016 ( 0.013)
-0.015 ( 0.011)
-0.015 ( 0.010)
-0.004 ( 0.023)
0.007 ( 0.063)
0.030 ( 0.041)
-0.012 ( 0.019)
-0.010 ( 0.023)
-0.031 ( 0.048)
-0.018 ( 0.059)
-0.033 ( 0.056)
-0.032 ( 0.007)
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Cloud edge cases
Retrievals are performed for all the MR scenes described in Section 3.3.2.
These scenes vary in aerosol type and load, COT, vertical cloud profile, solar
zenith and azimuth angle, viewing geometry and cloud fraction. Figure 3.12
shows the fraction of retrievals that converge successfully (χ2 < 2.0), for
different values of COT and cloud fraction, separated by geometry. For
cloud = 1.0) the 1D algorithm has no difficulty in obtaining a
low COT (τ550
nm
cloud ≥= 5.0, the
fit since the 3D effects are small (see Figure 3.9). At τ550
nm
viewing geometry is of particular importance. For geometries ii, iii, v and
vi the cloud fraction varies between the viewing angles and the algorithm
is not able to reproduce radiances of these measurements. Remarkably,
the fraction of good fits remains constant with increasing cloud fractions
for synthetic measurements with viewing geometries i and iv. This can
be explained as the 3D effects at these geometries (shadow, cloud induced
enhancements of the cloud free column and cloud edge darkening) have
opposite effects and cause systematic, but modest differences with the 1D
models (see Figure 3.9).
A comparison of the true and retrieved parameters, for all edge cloud
retrievals that successfully converged (χ2 ≤ 2.0), is given in Figure 3.13.
Like for the broken cloud field retrievals of figure 3.11, the scatter is shown
via box-and-whisker diagrams. In general, the error on the aerosol parameters caused by 3D effects is significantly larger than for scenes with
broken, randomly distributed clouds (see figure 3.11). For some cases the
AOT tends to be underestimated, the SSA overestimated, the mr of the
coarse mode underestimated and the effective radius of the coarse mode
underestimated.
In Tables 3.4 and 3.5 the bias and standard deviations of the difference between retrieved and true parameters are separately shown per COT,
cloud fraction and solar zenith angle. From Tables 3.4 and 3.5 it follows
that for SZA=40◦ , 3D effects do not significantly hamper aerosol retrievals
cloud =1, while for SZA=60◦ only the AOT
for partly cloudy scenes with τ550
nm
cloud ≤ 5 and f ≤ 10%.
can be retrieved with sufficient accuracy when the τ550
nm
For larger COT the errors caused by 3D effects are too large compared to
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Figure 3.12: The histogram shows, for each cloud fraction and COT, in what
fraction of the MR ’edge’ cases a fit with χ2 ≤ 2.0 is obtained. The fractions have
been further divided by geometry (see Table 3.2) by use of hatching and colors.
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Figure 3.13: Box-and-whisker diagrams for the true versus retrieved values in
the edge cloud field scenes. The whiskers indicate the minimum and maximum
ranges of the retrieved parameter. The boxes indicate the 1st, 2nd and 3rd quartile
of the retrieved parameter. Only retrievals with χ2 ≤ 2.0 are included.
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Table 3.4: Statistics from the edge cloud model retrievals with θsun = 40.0◦ , for
a selection of retrieved optical and micro-physical parameters, separated by cloud
fraction and COT. Column 2 lists the number retrievals that pass the χ2 -filter.
Columns 3-6 list the mean and, between parenthesis, the standard deviation of the
difference in the true and retrieved AOT, SSA and real refractive indices of both
modes.
cloud = 1.0, f = 2%
τ550
nm
cloud = 1.0, f = 5%
τ550
nm
cloud = 1.0, f = 10%
τ550
nm
cloud = 1.0, f = 15%
τ550
nm
cloud = 1.0, f = 20%
τ550
nm
cloud = 1.0, f = 25%
τ550
nm
cloud = 5.0, f = 2%
τ550
nm
cloud = 5.0, f = 5%
τ550
nm
cloud = 5.0, f = 10%
τ550
nm
cloud = 5.0, f = 15%
τ550
nm
cloud = 5.0, f = 20%
τ550
nm
cloud = 5.0, f = 25%
τ550
nm
cloud =10.0, f = 2%
τ550
nm
cloud =10.0, f = 5%
τ550
nm
cloud =10.0, f = 10%
τ550
nm
cloud
τ550 nm =10.0, f = 15%
cloud =10.0, f = 20%
τ550
nm
cloud =10.0, f = 25%
τ550
nm

n
150
148
140
136
129
64
71
50
50
50
50
40
50
50
50
50
50
50

∆ AOT
-0.003 ( 0.030)
0.001 ( 0.029)
0.004 ( 0.029)
-0.002 ( 0.024)
-0.002 ( 0.020)
-0.011 ( 0.016)
0.000 ( 0.118)
-0.062 ( 0.047)
-0.054 ( 0.041)
-0.046 ( 0.035)
-0.041 ( 0.032)
-0.028 ( 0.019)
-0.089 ( 0.071)
-0.080 ( 0.065)
-0.070 ( 0.057)
-0.051 ( 0.044)
-0.034 ( 0.033)
-0.005 ( 0.013)

∆ SSA
0.025 ( 0.026)
0.019 ( 0.027)
0.013 ( 0.022)
0.012 ( 0.019)
0.008 ( 0.013)
-0.003 ( 0.005)
0.047 ( 0.042)
0.041 ( 0.030)
0.031 ( 0.023)
0.022 ( 0.018)
0.013 ( 0.013)
-0.002 ( 0.010)
0.067 ( 0.046)
0.056 ( 0.040)
0.042 ( 0.032)
0.026 ( 0.022)
0.011 ( 0.011)
0.002 ( 0.004)

∆ mfr
-0.003 ( 0.034)
0.001 ( 0.025)
0.002 ( 0.019)
0.002 ( 0.008)
0.002 ( 0.006)
0.003 ( 0.005)
0.038 ( 0.062)
0.044 ( 0.034)
0.030 ( 0.029)
0.023 ( 0.022)
0.018 ( 0.020)
0.004 ( 0.009)
0.078 ( 0.055)
0.059 ( 0.047)
0.039 ( 0.038)
0.023 ( 0.030)
0.014 ( 0.026)
0.001 ( 0.002)

∆ mcr
-0.010 ( 0.019)
-0.011 ( 0.022)
-0.011 ( 0.020)
-0.009 ( 0.015)
-0.007 ( 0.012)
-0.005 ( 0.004)
-0.013 ( 0.041)
0.002 ( 0.015)
-0.001 ( 0.009)
-0.002 ( 0.010)
-0.000 ( 0.011)
-0.008 ( 0.016)
0.002 ( 0.018)
0.000 ( 0.017)
-0.001 ( 0.011)
-0.001 ( 0.010)
-0.001 ( 0.013)
-0.000 ( 0.001)

cloud ≥ 5, only the m of the coarse
the requirements. For SZA=40◦ and τ550
r
nm
mode can be retrieved with sufficient accuracy.

Considering that the forward model error due to neglecting 3D effects
is roughly twice as large in the FR compared to the MR ’edge’ cases (as
described in Section 3.4.1) and that in the MR ’edge’ cases the retrieved
cloud =1 and
aerosol properties only meet the accuracy requirements for τ550
nm
SZA=40◦ , larger errors and biases in the retrieved aerosol properties are
expected at this higher resolution. Therefore we refrain from performing
and the analyzing the retrievals on the FR ’edge’ cases.
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Table 3.5: The same as Table 3.4 but for θsun = 60.0◦
cloud = 1.0, f = 2%
τ550
nm
cloud = 1.0, f = 5%
τ550
nm
cloud = 1.0, f = 10%
τ550
nm
cloud = 1.0, f = 15%
τ550
nm
cloud = 1.0, f = 20%
τ550
nm
cloud = 1.0, f = 25%
τ550
nm
cloud
τ550 nm = 5.0, f = 2%
cloud = 5.0, f = 5%
τ550
nm
cloud = 5.0, f = 10%
τ550
nm
cloud = 5.0, f = 15%
τ550
nm
cloud = 5.0, f = 20%
τ550
nm
cloud = 5.0, f = 25%
τ550
nm
cloud =10.0, f = 2%
τ550
nm
cloud =10.0, f = 5%
τ550
nm
cloud =10.0, f = 10%
τ550
nm
cloud =10.0, f = 15%
τ550
nm
cloud =10.0, f = 20%
τ550
nm
cloud
τ550 nm =10.0, f = 25%

3.5

n
146
146
138
134
137
123
93
75
62
66
67
68
69
54
56
56
56
56

∆ AOT
0.005 ( 0.039)
0.009 ( 0.045)
0.017 ( 0.044)
0.022 ( 0.045)
0.024 ( 0.046)
0.047 ( 0.046)
0.006 ( 0.094)
0.003 ( 0.106)
-0.014 ( 0.109)
0.010 ( 0.141)
0.020 ( 0.131)
0.062 ( 0.153)
-0.025 ( 0.102)
-0.056 ( 0.086)
-0.040 ( 0.106)
-0.025 ( 0.129)
-0.019 ( 0.128)
0.007 ( 0.122)

∆ SSA
0.034 ( 0.037)
0.032 ( 0.038)
0.026 ( 0.037)
0.020 ( 0.031)
0.021 ( 0.037)
0.022 ( 0.031)
0.044 ( 0.042)
0.036 ( 0.038)
0.028 ( 0.024)
0.024 ( 0.029)
0.021 ( 0.033)
0.023 ( 0.029)
0.047 ( 0.036)
0.038 ( 0.028)
0.032 ( 0.027)
0.026 ( 0.025)
0.019 ( 0.023)
0.018 ( 0.026)

∆ mfr
-0.021 ( 0.058)
-0.022 ( 0.051)
-0.017 ( 0.041)
-0.022 ( 0.040)
-0.020 ( 0.039)
-0.046 ( 0.048)
0.014 ( 0.083)
0.022 ( 0.075)
0.033 ( 0.073)
0.026 ( 0.070)
0.023 ( 0.071)
-0.003 ( 0.094)
0.041 ( 0.095)
0.049 ( 0.087)
0.050 ( 0.082)
0.042 ( 0.075)
0.040 ( 0.077)
0.023 ( 0.060)

∆ mcr
-0.024 ( 0.044)
-0.027 ( 0.045)
-0.031 ( 0.044)
-0.025 ( 0.038)
-0.028 ( 0.047)
-0.037 ( 0.046)
-0.029 ( 0.061)
-0.019 ( 0.051)
-0.002 ( 0.024)
-0.008 ( 0.040)
-0.011 ( 0.039)
-0.015 ( 0.040)
-0.015 ( 0.049)
-0.003 ( 0.030)
-0.007 ( 0.037)
-0.001 ( 0.024)
-0.001 ( 0.026)
-0.016 ( 0.060)

Conclusions and Discussion

We investigated the importance of 3D radiative transfer effects on simultaneous aerosol and cloud retrievals in scenes with partial, liquid water
cloud cover. Hereto, we created synthetic, multi-wavelength, multi-angular,
photo-polarimetric measurements with the 3D radiative transfer model
MYSTIC and performed retrievals using a 1D radiative transfer model
based on the independent pixel approximation.
In the random cloud distributions the synthetic measurements show
systematic differences with the 1D forward model due to 3D effects even
for small cloud fractions. The 3D effects mostly affect the intensity which
cloud =5.0 and f =5%.
can easily range up to 20% for a scene with COT of τ550
nm
At higher COT and higher cloud fraction these differences become larger.
In the ’edge’ cases, the differences in synthetic measurements of 1D
and 3D scenes are dominated by the viewing geometry. In worst case, the
differences in intensity can range up to 25% for scenes with a small cloud

92

CHAPTER 3. Aerosol retrievals near quboid clouds

cloud =1.0). For fortunate
fraction and low optical thickness (f =2% and τ550
nm
viewing geometries these differences in intensity are generally of the order
of a few percent, ranging up to 10%. For these ’edge’ cases, the influence
of the 3D effects does not strongly depend on cloud fraction.
In the broken cloud fields, the retrieval algorithm is able to obtain a
fit for scenes with clouds of low COT at all cloud fractions and for scenes
cloud ≥ 5.0 at low cloud fraction. At low COT this fit is obtained
with τ550
nm
by adjusting the 1D IPA cloud parameters, without significantly altering
the aerosol parameters. This indicates that the 3D effects are not misinterpreted as aerosol signal and thus that 1D RT is sufficient for retrieving the
aerosol optical and micro-physical properties in the vicinity of random, liqcloud ≥ 5.0 the
uid water cloud distributions of low optical thickness. At τ550
nm
aerosol parameters are somewhat adjusted to account for the 3D influence
in the synthetic measurements. At low cloud fractions (f ≤ 5%) the retrievals still meet the accuracy requirements on the AOT, the SSA and the
mr of each mode. The retrieved optical and micro-physical aerosol paramcloud ≥ 5.0 combined
eters for scenes with a random cloud distribution, τ550
nm
with a cloud fraction larger than 5% do not meet the required accuracies.
In observations of scenes with non-random cloud distributions, such as
the ’edge’ cases, the algorithm is able to obtain a fit when the viewing
geometry is optimal (i.e. when cloud fraction is constant at all viewing
cloud =1.0). Although the retrieved
angles) or when the COT is low (τ550
nm
cloud =1.0 and f ≤ 20% do
aerosol properties in the ’edge’ cases with τ550
nm
not meet the accuracy requirements they are still reasonable. At higher
COT a bias is introduced in the retrieved AOT, SSA, mr and reff of the
cloud > 1, 1D RT is not sufficient for
coarse mode. This indicates that for τ550
nm
retrieving aerosol properties in scenes with liquid water clouds concentrated
at the edge of a ground pixel.
The simulated clouds used in this study are simple cuboids and homogeneous slabs that, contrary to realistic clouds, have smooth surfaces and
micro-physical properties that remain constant throughout the cloud. This
simplification of the clouds allows us to create a large data set that enables
us to systematically investigate the influences of shadows, illumination of
the cloud free column and illumination of the sides of the clouds for differ-
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ent viewing geometries, cloud distributions, cloud fractions, cloud heights
and geometrical thicknesses.
cloud ≥ 5.0
If one wants to retrieve aerosol properties in scenes with τ550
nm
and f ≥ 5% or scenes with clouds concentrated at the edge of the ground
pixel, steps should be taken to expand the forward models to at least account for 3D effects as proposed by Martin et al. (2014).

Chapter 4

Multi-angle photo-polarimetric aerosol retrievals in
the vicinity of clouds: Synthetic study based on a
Large Eddy Simulation
submitted to J. Geophys. Res.-Atmos., January 2016
Co-authored by O. Hasekamp, C. Emde and T. Röckmann

Abstract
We investigate the effect of cloud contamination and 3D radiative transfer
effects on aerosol retrievals from multi-angle photo-polarimetric measurements in the vicinity of clouds. To this end multi-angle, multi-wavelength
photo-polarimetric observations are simulated using a 3D radiative transfer
model for scenes with realistic cloud properties, using a large eddy simulation. Spatial resolutions of 2×2, 4×4, and 6×6 km2 have been considered.
It is found that a goodness-of-fit criterion efficiently filters out cloud contamination. However, it does not filter out all scenes that are affected by
3D radiative effects, resulting in small biases in the retrieved Aerosol Optical Thickness (AOT) and Single Scattering Albedo (SSA). We also found
that measurements at higher spatial resolution (2×2 km2 ) do not result in
retrievals closer to clouds compared to measurements at coarser spatial resolutions (4×4 and 6×6 km2 ). If cloud parameters are fitted simultaneously
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with aerosol parameters using a 1D radiative transfer model and the independent pixel approximation, more successful retrievals are obtained in
partially cloudy scenes and in the vicinity of clouds. This effect is most apparent at 6×6 km2 and only marginal at 2×2 km2 resolution. The retrieved
aerosol AOT and SSA from the simultaneous aerosol and cloud retrievals
still have a small bias, like the aerosol-only retrievals. We conclude that, in
order to substantially improve aerosol retrievals in the vicinity of clouds, a
retrieval algorithm is needed that takes into account 3D radiative transfer
effects.

4.1

Introduction

Aerosols affect the climate directly by absorbing and scattering incoming
solar radiation and indirectly by changing the macro-physical and microphysical properties of clouds. The aerosol radiative forcing represents the
most uncertain factor in the most recent IPCC assessment (Intergovernmental panel on climate change, 2014). Aerosols can affect cloud properties in various ways, as described e.g. in the review paper by Lohmann
and Feichter (2005). The first indirect effect, referred to as the ”Twomey
effect” or ”cloud albedo effect”, is the effect that an increase in aerosol
concentration leads to a cloud that has more but smaller cloud droplets,
which results in a higher reflectivity of the cloud (Twomey, 1959). The
second aerosol indirect effect is the effect that smaller cloud droplets (due
to more aerosol particles competing for the same amount of water vapor)
decrease the precipitation efficiency which results in a prolonged cloud lifetime (Albrecht, 1989). A number of studies have used satellite observations
to study the effects of aerosols on cloud properties and estimate the radiative forcing due to the first and, sometimes also, the second indirect aerosol
effect (Bréon et al., 2002; Lohmann and Lesins, 2002; Sekiguchi et al., 2003;
Quaas et al., 2006, 2008; Bellouin et al., 2013). These studies confirm that
the number concentration of aerosol particles negatively correlates with the
cloud droplet radius and positively correlates with cloud optical thickness
and cloud fraction.
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A limiting factor for satellite studies of the indirect aerosol radiative
effect is that aerosol retrievals may be biased for scenes in between and near
clouds, because there can be undetected cloud contamination (Koren et al.,
2007; Charlson et al., 2007; Redemann et al., 2009) as well as 3D radiative
transfer effects (Wen et al., 2007; Várnai and Marshak, 2009) (e.g. shadows
and cloud induced reflectance enhancements in the cloud-free columns).
From a passive remote sensing point of view, the largest amount of
aerosol information can be provided by instruments that measure intensity
and polarization of backscattered/reflected light at multiple viewing angles
over a broad wavelength range. This has been demonstrated in several
theoretical studies (Mishchenko and Travis, 1997; Hasekamp and Landgraf,
2007; Kokhanovsky et al., 2010; Knobelspiesse et al., 2012; Ottaviani et al.,
2013) as well as case studies using airborne measurements (Chowdhary
et al., 2005; Waquet et al., 2009a; Wu et al., 2015). Due to the different
angular light scattering properties between aerosols and clouds droplets,
in particular for polarization, multi-angle measurements of intensity and
polarization also have the potential to separate aerosol scattering and cloud
scattering. This feature has been used by Stap et al. (2015) to screen for
clouds in POLDER-3/PARASOL observations. With an adequate goodness
of fit criterion, combined with a filter for ice clouds, they are able to filter
liquid water cloud contamination and find that fewer high aerosol load
scenes are falsely flagged as cloudy than when using a cloud mask from
MODIS.
A logical next step is to retrieve aerosol and cloud properties simultaneously in scenes with partial liquid water cloud cover. This approach was
suggested by Hasekamp (2010) based on a synthetic study using a 1D Radiative Transfer (RT) model. A complication that arises when one wants to
analyze observations that are partially clouded or in the vicinity of clouds
is that measurements are affected by 3D effects such as shadows and cloud
induced reflectance enhancements in the cloud-free columns. Stap et al.
(2016) investigated the influence of 3D radiative effects on 1D simultaneous
aerosol and cloud retrievals in scenes with partial liquid water cloud cover
from multi-angle, multi-wavelength photo-polarimetric measurements in a
generic set of synthetic observations for 3D RT models with cuboid clouds.
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The study shows that aerosol parameters can be determined with sufficient
accuracy in observations with cloud cover in the range of 2∼20% and low
cloud ≤ 10.0), where the retrieval errors are highly deoptical thickness (τ550
nm
pendent on the type of cloud distribution. At too high optical thickness or
cloud fraction the 3D radiative effects lead to errors in the retrieved aerosol
properties.

In this paper we build on the studies of Stap et al. (2015, 2016) and
include more realistic cloud distributions and 3D effects. We asses the influence of 3D effects on aerosol retrievals in cloud-free observations that
are in the vicinity of clouds and further explore the possibility to retrieve
aerosol properties in partially clouded observations. We use a 3D radiative
transfer model to create synthetic multi-angle, multi-wavelength measurements of intensity and polarization for a generic satellite instrument in two
realistic, partially clouded scenes based on a Large Eddy Simulation (LES).
From these synthetic measurements we perform aerosol-only retrievals and
simultaneous aerosol-cloud retrievals using a 1D radiative transfer model.
We address the following questions: (i) How do aerosol-only retrievals from
multi-angle, multi-wavelengths measurements of intensity and polarization
perform for partially clouded observations and observations in the vicinity of clouds? (ii) Can we improve aerosol retrievals for partially clouded
observations and in the vicinity of clouds if we use a retrieval algorithm
that retrieves aerosols and clouds simultaneously using a 1D RT algorithm?
(iii) What is the importance of spatial resolution for the characterization
of aerosols in between and near clouds?

The paper is organized as follows: the simulated measurements, the
modeling of the cloud distribution, the 3D RT code and the retrieval algorithm are described in Section 4.2. In Section 4.3 the influence of cloud
contamination and 3D radiative effects are analyzed and the results of the
two types of retrievals are presented (with and without clouds, respectively).
The results and conclusions of this paper are discussed in Section 4.4.
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4.2

Methods

We first present the multi-angle, multi-wavelength observations that are
simulated in Section 4.2.1. Then, in Section 4.2.2, we describe how the
realistic clouds are modeled by using cloud distributions from a LES. The
3D RT code and its setup are described in section 4.2.3. A short summary of
the inversion algorithm for aerosol-only retrieval and simultaneous aerosol
and cloud retrieval is given in section 4.2.4.

4.2.1

Simulated measurements

Multi-wavelength, multi-viewing-angle synthetic observations are simulated
for a generic instrument that observes intensity and Degree of Linear Polarization in 6 bands: 410.0, 491.5, 669.9, 863.4, 1019.4 and 1600.0 nm
(this spectral range provides the optimal amount of aerosol information
Wu et al. (2015)), at 15 Viewing Zenith Angles (VZA, θsat ) and 3 spatial
resolutions: 2×2, 4×4 and 6×6 km2 . The satellite moves from θsat = 63◦
and φsat = 180◦ (the satellite azimuth angle measured clockwise with respect to the North), through zenith to θsat = 63◦ and φsat = 0◦ in steps of
9◦ . In all models the sun is positioned in the South-West; φsun =20◦ (the
solar azimuth angle counted clockwise starting from the South). Two Solar
Zenith Angles (SZA) are explored (θsun = 40◦ and θsun = 60◦ ). Therefore
the synthetic observations have scattering angle ranges from 79◦ to 167◦
and from 60◦ to 162◦ for, respectively, θsun = 40◦ and θsun = 60◦ .

4.2.2

Modeling of realistic clouds

Cloud water distributions are taken from simulations of shallow trade-wind
cumuli in the Western Atlantic ocean by Seifert and Heus (2013) who applied the University of California LES code (Stevens et al., 1999, 2005;
Stevens and Seifert, 2008) to initial meteorological conditions observed in
the Rain In Cumulus over the Ocean (RICO) field campaign (Rauber et al.,
2007). The model assumes a constant droplet number concentration of
70 cm−3 and simulates the total water, cloud water and rain water mass
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mixing ratios as well as the rain number concentration, the pressure and liquid water potential temperature with a spatial resolution of 25×25×25 m3
on a domain of 51.2×51.2×5.0 km3 for a duration of 60 hours. Note that
the domain height and running time of the simulation used in this study
are larger than the simulation presented in Seifert and Heus (2013). For
more details on the LES simulation the reader is referred to Seifert and
Heus (2013).
The 3D cloud distribution in the 3D RT code is setup using the Liquid
Water Content (LWC) and droplet size distribution. Here we describe how
these variables are derived from the LES output. The cloud distributions
at two moments in time of the LES are selected on the availability of cloud
free observations in the domain; case A and B as shown in Figure 4.1. For
simplicity we decided to only use the liquid water that makes up the clouds
and ignore the liquid water in the form of rain (i.e. we take the liquid
water mixing ratio to be equal to the cloud water mixing ratio). In order
to calculate the Liquid Water Content (LWC) we first approximate the
potential temperature (θ, in K) of the parcel of air from the liquid water
potential temperature (θL , in K) and liquid water mixing ratio (rL , in g/kg)
given by the LES:
Lv
θ ≈ θL +
rL
(4.1)
cp
using the latent heat of vaporization (Lv , in J/g) and the specific heat of dry
air at constant pressure (cp in J/kg/K). Then we calculate the temperature
of the parcel of air (T , in K) under the assumption that the parcel has been
adiabatically lifted from standard pressure (p0 =1000 hPa) to its current
height using the pressure (p, in Pa) provided by the LES:
p
T =θ
p0




R
Mair cp

(4.2)

where R is the gas constant (in J/mol/K) and Mair is the molair mass of dry
air (in kg/mol). Now the LWC can be calculated (in g/m3 ) from the liquid
water mixing ratio and temperature, using the ideal gas law, as following:
LWC = rL

Mair p
RT

(4.3)
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Because of computational efficiency the LWC has been smoothed to a
slightly lower resolution of 50×50×50 m3 .
A gamma size distribution with effective variance of veff =0.1 is assumed
for the cloud droplets following Hansen and Travis (1974):
n(r) = r

(1−3veff )
veff



e

−

r
reff veff



(4.4)

where reff is the effective radius and n is the number of particles of radius
r. The LWC and the size distribution are related as follows:
R

LWC = ρN

n(r) 43 πr3 dr
R
n(r)dr

(4.5)

where ρ is the mass density of water, N is the droplet number concentration
(N =70 cm−3 ), the integral in the numerator describes the total volume of
all droplets in the size distribution and is normalized by the integral in the
denominator. Now we can calculate the effective radius of the cloud droplets
for a certain LWC using equation 4.4 and 4.5. The effective radii of the cloud
droplets range between 3 − 24µm and the resulting clouds are distributed
between 0.5-3.5 km (see Figure 4.2). Finally, the optical properties that are
needed as input to the core radiative transfer code (optical thickness, SSA,
phase matrix) are calculated using a Mie code.

4.2.3

The MYSTIC 3D radiative transfer code

The 3D radiative transfer code MYSTIC (Monte Carlo for the physically
correct tracing of photons in cloudy atmospheres) (Mayer, 2009; Emde and
Mayer, 2007; Emde et al., 2010) is one of the solvers of the radiative transfer equations in libRadtran (Mayer and Kylling, 2005). The code traces
photons as they enter the scene until they are absorbed or leave the scene.
The ’local estimate method’ (Marshak and Davis, 2005) and the ’variance
reduction optimal options method’ (Buras and Mayer, 2011) are applied to
optimize the algorithm in terms of computational efficiency.
The model has periodic boundary conditions in the vertical planes (i.e.
a photon that crosses the Northern boundary will re-enter the scene at the
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Figure 4.1: The reflectance at 670 nm in a black and white scale for the cloud
distribution of case A (left) and case B (right) with the fine absorbing aerosol (see
Table 4.1) distributed below the clouds. A black grid indicates the 2×2 km2 ground
pixels. The ground pixels of measurements that are completely cloud-free at all
VZA are indicated in green. The sun is positioned in the South-West (φsun =20◦ ,
counted clockwise starting from the South) at SZA=40◦ . The domain of both
images is 51.2×51.2 km2 .
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Figure 4.2: The vertical distribution of grid cells containing liquid water droplets
for case A and B. The vertical resolution of the grid is 50 m. A cutoff on the LWC
is applied for the sample grid cells with LWC< 0.0057g/cm3 , as it can be argued
that these amounts of liquid water would result in hydrated aerosol rather than
cloud droplets. This cutoff results in a lower limit for the cloud droplet effective
cloud
radius (reff
≥ 3.0 µm). In case A there is a total of 2.8×107 kg liquid water
7
versus 8.5×10 kg in case B.
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Southern boundary). The values for the 4 stokes parameters are stored on
a 50×50 m2 sample grid at the top of the atmosphere. A black surface is
used.
Simulations are run for 2 aerosol models (see Table 4.1); one model
is representative of fine absorbing aerosol which has a high aerosol load
and absorption, and a model representative for coarse non-spherical aerosol
which has a lower load. For both cases the aerosol is homogeneously distributed below the clouds between 0-700 m. Note that this almost completely separates the aerosol from the clouds; less than 0.9% and 0.4% of
all the LWC is below 700 m for respectively the case A and B.
The scattering and absorption properties of air molecules as a function
of wavelength, are specified in 20 vertical layers between 0.0 and 40.0 km.
For liquid water droplets these properties are provided on a 50×50×50 m3
grid.
The three spatial resolutions (2×2, 4×4 and 6×6 km2 ) are simulated by
averaging over the appropriate pixels of the MYSTIC sample grid (which
has a resolution of 50×50 m2 ). The size of the satellite ground pixel as well
as the number of photons determine the uncertainty in the reflectances
calculated by MYSTIC, which occur due to the statistical nature of the
Monte Carlo method. This, so called, photon noise is largest for the highest
resolution synthetic measurements (i.e. for 2×2 km2 resolution). At this
resolution the mean relative uncertainty in reflectance of every synthetic
measurement is smaller than 0.5% while the mean absolute uncertainty in
the DoLP is smaller than 0.0035.

4.2.4

Inversion algorithm

The algorithm for retrieving aerosol properties from multi-angle, photopolarimetric measurements that is applied in this study is based on Hasekamp
et al. (2011). The algorithm works by iteratively fitting a (1D) linearized
vector RT model (Landgraf et al., 2001; Hasekamp and Landgraf, 2002,
2005) to the observation, where at every iteration an adjustment to the
fit parameters is chosen using Philips-Tikhonov regularization. The fit parameters correspond to the micro-physical aerosol properties of a fine and a
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Table 4.1: The optical and micro-physical parameters for the fine absorbing and
coarse non-spherical aerosol cases. The table lists the AOT of each mode (τ550 nm ),
where superscripts f and c indicate fine or coarse mode, followed by the effective
radius (reff ), effective variance (veff ), the real and imaginary part of the complex
refractive index (mr and mi ), and (for the coarse mode only) a fraction of spherical
particles (Sph).

f
τ550
nm
c
τ550 nm
f [µm]
reff
f
veff
mfr
mfi
c [µm]
reff
c
veff
mcr
mci
c

Sph

fine abs.
0.738
0.062
0.119
0.174
1.50
-0.020
2.671
0.704
1.50
-0.020
1.00

coarse non-sph.
0.042
0.118
0.105
0.323
1.53
-0.0055
1.605
0.418
1.53
-0.0055
0.10
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coarse mode. Both modes have a log-normal size distribution described by
an effective radius, effective variance, complex refractive indices, a column
number concentration and, for the coarse mode only, the fraction of spherical particles (using pre-calculated kernels of optical properties by Dubovik
et al. (2006)). When the retrieval has converged the quality of the fit is
quantified by calculating a χ2 ;
χ2 =

n
1X
(Fimeas − Fimodel )2
,
n i
σi2

(4.6)

where Fimeas is an element of the measurements vector, Fimodel is an element
of the forward model vector σ is the measurement uncertainty and n is the
number of elements in state vectors Fimeas and Fimodel .
Stap et al. (2016) extended the retrieval algorithm and RT code to
include partial, liquid water cloud cover using the Independent Pixel Approximation (IPA):
I~IPA = (1 − f )I~clear + f I~cloud ,

(4.7)

where f is the cloud fraction and I~ is the intensity vector that has the
Stokes parameters as its components, while subscripts ’clear’ and ’cloud’
denote, respectively, a cloud free and a fully clouded atmosphere. The cloud
is described with a gamma size distribution and wavelength-dependent,
complex refractive indices following Segelstein (1981). In order to deal
with the strongly peaked phase functions of cloud particles we use the
correction of Nakajima and Tanaka (1988) in combination with 16 Gaussian
streams to describe the diffuse intensity field. The retrieval algorithm can,
optionally, retrieve the column integrated number of cloud droplets and
the fraction of cloud cover simultaneously with the aerosol and surface
parameters. Other cloud parameters such as the size distribution, cloud
top height and geometrical thickness should be provided as auxiliary data
and are assumed a priori in the retrieval.
In this study, specifically, the effective radius of the cloud droplets assumed in the retrieval is taken from the median cloud droplet effective radii
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in the model grid cells in the column observed at nadir that contain liquid water. The effective variance of the size distribution is assumed to be
cloud = 0.1 µm. The cloud top height is also taken from the model input as
veff
the height below which 95% of the liquid water resides. The cloud bottom is
assumed fixed at 700 m. Note that this detail of information on the cloud is
most likely not available for real observations. In the present study however
we want to focus on 3D effects and want to avoid cases where the retrieval
does not converge because of incorrect assumptions on the clouds. Like
in the synthetic measurements, the aerosol is homogeneously distributed
between 0 and 700 m and a black surface has been used.
A detailed comparison of MYSTIC and the 1D RT model employed by
the inversion algorithm is performed by Stap et al. (2016). The models are
in good agreement for Rayleigh atmospheres, an atmosphere with Rayleigh
and aerosol scattering as well as an atmosphere with a liquid water cloud
layer above an aerosol layer. For more details the reader is referred to Stap
et al. (2016).

4.3

Results

We present the synthetic observations in Section 4.3.1. Geometrical 3D
effects as well as 3D radiative effects and cloud contamination cause differences between the synthetic 3D observations and 1D RT simulations for
an aerosol-only atmosphere. These effects are discussed in, respectively,
Section 4.3.2 and 4.3.3. Two types of retrievals have been performed on
the synthetic measurements; (i) the aerosol-only retrieval, where only the
parameters of a bi-modal aerosol distribution (i.e. no cloud mode) are fitted to the synthetic 3D measurements and (ii) the simultaneous aerosol
and cloud retrieval, where both a bi-modal aerosol distribution as well as
the column integrated number of cloud droplets and fraction of cloud cover
are retrieved using the IPA. The results of the aerosol-only retrieval are
presented in Section 4.3.4. In Section 4.3.5 the results of the simultaneous aerosol and cloud retrieval are presented. Here, we also discuss where
the simultaneous aerosol and cloud retrieval can improve over aerosol-only
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Table 4.2: The number of pixels per resolution as well as the number of pixels
that are completely cloud-free at all angles, for both cloud distributions.

cloud
distribution
Case A

Case B

spatial
resolution
2×2 km2
4×4 km2
6×6 km2
2×2 km2
4×4 km2
6×6 km2

nr. of
pixels
625
144
64
625
144
64

cloud-free
pixels
110
10
1
101
11
1

retrievals.

4.3.1

Synthetic observations

Figure 4.1 shows the simulated reflectances for the two cloud distributions
and the fine absorbing aerosol case. Shadows in the Rayleigh and aerosol
signal can be seen North-East of larger clouds. The cloud distribution of
case A has numerous small patches of clouds in the North-Western part of
the domain. Observations in this region likely are cloud-contaminated. The
other three quadrants of the scene of case A contain large cloud formations.
The reflectance image for case B shows larger scale clouds. Cloud free
observations can be found East, West and North-West of the center.
The 2×2 km2 ground pixels of the synthetic observations that are completely cloud free at all angles are indicated in green in Figure 4.1. Table 4.2
lists the number of completely cloud free observations per ground pixel resolution for both cloud distributions. The fraction of cloud free observations
decreases from ∼17% to 2% from the highest to the lowest satellite resolution.
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Figure 4.3: The satellite images for the reflectance at 670 nm at three different VZA for the cloud distribution of case A. A black grid indicates the 2×2 km2
ground pixels. Two pixels are indicated with a white contour, for these the simulated measurements are shown in Figure 4.5. In the left panel the satellite is in
the South looking towards the North (θsat = 63◦ and φsat = 180◦ ). The middle
panel shows the satellite image at nadir (θsat = 0◦ ). In the right panel the satellite
is in the North looking towards the South (θsat = 63◦ and φsat = 0◦ ).

4.3.2

Geometrical 3D effects

In both panels of Figure 4.1 there is a range of roughly 4 km to the North
and South of cloudy pixels wherein no cloud-free observations are found.
This is a result of the viewing geometry, where at higher VZA clouds above
neighboring ground pixels are in the line of sight. In order to illustrate
this, the reflectances of the models are shown at the first VZA (θsat = 63◦
and φsat = 180◦ ) and last VZA (θsat = 63◦ and φsat = 0◦ ) as well as the
nadir observation of the domain in Figure 4.3 and Figure 4.4. An example
of a measurement that is affected by geometrical 3D effects is shown in
Figure 4.5.
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Figure 4.4: The satellite images for the reflectance at 670 nm at three different
VZA for the cloud distribution of case B. A black grid indicates the 2×2 km2
ground pixels. In the left panel the satellite is in the South looking towards the
North (θsat = 63◦ and φsat = 180◦ ). The middle panel shows the satellite image at
nadir (θsat = 0◦ ). In the right panel the satellite is in the North looking towards
the South (θsat = 63◦ and φsat = 0◦ ).

4.3.3

Cloud contamination and 3D effects in the synthetic
observations

In order to analyze how strong the clouds influence the cloud free and nearly
cloud free synthetic observations, via 3D radiative effects and due to cloud
contamination, the synthetic measurements created with MYSTIC are compared to a 1D RT model that includes correct scattering and absorption by
air molecules and aerosols, but no clouds. This model will be referred to as
the aerosol-only model. The difference between the two is quantified by calculating a χ2 (see Equation 4.6) with synthetic measurements created with
MYSTIC and the 1D RT model taken as, respectively, the measurement
and model vector, with an assumed measurement uncertainty for the generic
instrument of 0.5% on the intensity and 0.0035 absolute on the DoLP. In
order to visualize where and how strong the influence of the clouds on the
synthetic observations is, the χ2 values are shown on the reflectance maps
for four examples in Figure 4.6 and Figure 4.7.
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Figure 4.5: Example of an observation that is completely cloud free at all angles,
an observation that is affected by geometrical 3D effects and a (1D) aerosol-only
model. For all cases the measurement in the 490 nm band is shown for the scene
with the case A cloud distribution, the fine absorbing aerosol and SZA=60◦ . The
ground pixels of the cloud free and geometrical 3D effect cases are highlighted in
Figure 4.3 on, respectively, the 16th column and 25th row and 21st column and
14th row. The measurements at 162◦ , 120◦ and 60◦ scattering angle correspond
to the right, middle and left panels of Figure 4.3.
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In the left panel of Figure 4.6 there are numerous pixels with χ2 < 1.0
indicating that (for this case) the assumed measurement noise is larger than
the actual differences between the MYSTIC and the 1D aerosol calculations.
When this figure is compared with Figure 4.1, it is clear that, as can be
expected, most measurements with χ2 < 1.0 are found for measurements
that are completely cloud free at all angles. Note that there are also pixels
that are not completely cloud free at all angles (i.e. cloud contaminated)
which still have χ2 < 1.0. The cloud contamination in these cases is small;
usually less than 1% at a few angles. On the other hand, there are pixels
that are completely cloud free at all angles which do not have χ2 < 1.0.
This is due to 3D effects of the clouds (i.e. shadows and cloud induced
radiance enhancements).
The reflectance of the 3D model is systematically higher and, related
to that, the DoLP is systematically lower than reflectance and DoLP of a
(1D) aerosol-only calculation. An example of this is shown in Figure 4.5.
This systematic offset is found everywhere in the domain, even for the measurements that are furthest away from the clouds. Cloud induced radiance
enhancements are the cause for this increased reflectance with respect to
the 1D model. As expected, these systematic differences become larger
(increasing the χ2 values) with decreasing distance to the clouds.
For the coarse non-spherical case, with lower AOT, the aerosol signal is
smaller thus cloud contamination and 3D radiative effects have a relatively
large effect on the measurements (see the right panel of Figure 4.6). As a
result there are no pixels with χ2 < 1.0. The same trend towards increased
χ2 at closer vicinity to the clouds is found.
The 3D effects are even more important in the synthetic measurements
from the scenes with cloud distribution of case B (see Figure 4.7). Here,
the χ2 values of the measurements, when compared with the aerosol-only
model are rarely lower than 5.0. Note that case B has roughly 3 times more
condensed water than case A.
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Figure 4.6: The quality of the (1D) aerosol-only approximation to the synthetic
measurements from the 3D calculation in terms of the χ2 value, for the cloud
distribution of case A, with SZA=60◦ , the fine absorbing aerosol (left panel) and
the coarse non-spherical aerosol (right panel) at 2×2 km2 resolution.

Figure 4.7: The quality of the (1D) aerosol-only approximation to the synthetic
measurements from the 3D calculation in terms of the χ2 value, for the cloud
distribution of case B, with SZA=60◦ , the fine absorbing aerosol (left panel) and
the coarse non-spherical aerosol (right panel) at 2×2 km2 resolution.
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Figure 4.8: The left and center panel show the quality of the fit obtained
in, respectively, the aerosol-only and simultaneous aerosol and cloud retrievals
as a χ2 value at 2×2 km2 satellite resolution for the cloud distribution of case
A with SZA= 40◦ and the coarse non-spherical aerosol. The right panel shows
where, which retrieval obtained a good enough fit (χ2 ≤ 2.0). Here, ’AO’ stands
for aerosol-only retrieval and ’A&C’ stands for simultaneous aerosol and cloud
retrieval.

4.3.4

Aerosol only retrievals

The standard aerosol-only retrievals have been performed on all the synthetic measurements. In the normal setup of the algorithm the first guess
of the fit parameters is obtained using a lookup table based retrieval or alternatively, by a neural network retrieval (as in the work by Di Noia et al.
(2015)). In the present study we focus on 3D effects and want to avoid cases
where the retrieval does not converge because the first guess deviates too
much from the truth. Therefore, for the synthetic retrievals of this paper
we use the truth as first guess. Following Stap et al. (2015) a goodness of
fit criterion is applied as a filter for cloud contamination. Only retrievals
for which the fit to the measurement has χ2 ≤ 2.0 are used in the analysis.
The measurement uncertainty is assumed to be 0.5% on the intensity and
0.0035 absolute on the DoLP for the generic instrument considered here.
The left panels in Figure 4.8 and 4.9 show for two examples, the spatial
distribution of the quality of the fit to the synthetic MYSTIC measurement
that is obtained by the retrieval algorithm. As expected, the best fits (i.e.
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Figure 4.9: The same as Figure 4.8 but for the cloud distribution of case B,
with SZA= 40◦ and the fine absorbing aerosol.

Table 4.3: The bias and, between parenthesis, standard deviation for a selection of the aerosol parameters retrieved with the aerosol-only algorithm for the
retrievals at 2×2 km2 resolution. Superscript f and c denote fine and coarse mode.
The statistics are separated by aerosol case.

variable
n
f
τ550
nm
c
τ550
nm
SSA670 nm
f [µm]
reff
mfr
c [µm]
reff
mcr
Sphc

fine abs.
903
-0.015 (0.015)
0.005 (0.009)
0.020 (0.013)
-0.00 (0.00)
0.004 (0.008)
-0.02 (0.31)
-0.005 (0.012)
-0.124 (0.106)

coarse non-sph.
832
0.001 (0.004)
0.001 (0.007)
0.035 (0.017)
-0.01 (0.00)
0.107 (0.040)
-0.01 (0.06)
0.002 (0.010)
-0.010 (0.010)
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lowest χ2 values) are obtained furthest away from clouds. In the scenes
with more clouds and lower aerosol loads, where the 3D RT effects are
strongest, the quality of the fits is lower.
In 99, 98 and 100% of the measurements that are completely cloud free
at all angles, a fit with χ2 ≤ 2.0 is obtained for, respectively, 2×2, 4×4 and
6×6 km2 resolution. The few cases where the retrieval algorithm did not
obtain a good fit to a cloud free measurement are only found in the scenes
with cloud distribution of case B and mostly occur for the coarse nonspherical case which has low AOT. In these scenes the 3D radiative effects
are strongest (see Section 4.3.3). For these measurements the goodness
of fit filter successfully filters for 3D radiative effects. The χ2 values of
fits by the retrieval algorithm are in general lower than the χ2 values of
the synthetic observation compared with the aerosol-only model (without
doing a retrieval). Thus, to a certain extent the 3D radiative effects are
fit by erroneous adjustments to the bi-modal aerosol model. Below we
will investigate to what extend the aerosol parameters are affected by this
compensation for the 3D effects.
At 2×2 km2 resolution 802 out of the 908 observations with only very
small amounts of cloud contamination (0% < f ≤ 5% at one or more
angles) obtained a fit with χ2 ≤ 2.0. For 4×4 and 6×6 km2 resolutions
these numbers are 279 out of 288 and 133 out of 148, respectively. In only
99 out of the 3248 clouded measurements (f ≥ 5% at one or more angles) a
fit with χ2 ≤ 2.0 is obtained (at 2×2 km2 resolution). At 4×4 and 6×6 km2
resolutions these numbers are 26 out of 780 and 13 out of 356. This shows
that measurements which have more than 5% cloud cover at one or more
angles are filtered very efficiently by a posteriori goodness of fit criterion.
This is in line with the findings of aerosol-only retrievals in real PARASOL
observations of Stap et al. (2015). Smaller amounts of cloud contamination
are difficult to filter by the goodness of fit criterion. Below we show that
these very low amounts of cloud contamination only have a small effect on
the correct retrieval of the aerosol parameters.
In Table 4.3 the bias in the retrieved aerosol parameters is listed per
aerosol case for 2×2 km2 resolutions. The statistics found at the other two
resolutions are not significantly different and are therefore not shown. The
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quality of the retrieved aerosol parameters is checked against the accuracy
requirements for aerosol properties in light of climate research as formulated
by Mishchenko et al. (2004) for the Aerosol Polarimetry Sensor (APS): 0.02
or 7 % for the AOT for over ocean scenes, 0.03 on the SSA, 0.02 on the mr
and 0.1 µm on reff for each mode.
There is a tendency towards underestimated total AOT in the fine absorbing aerosol cases with a bias of -0.010 (-1.3%), which is within the
requirements in the overall set of observations with this aerosol type. For
the scene with the fine absorbing aerosol, cloud distribution of case B and
SZA=40◦ the bias in the retrieved total AOT is -0.037 (or -4.6%) with
a standard deviation of 0.014. There are no significant differences in the
retrieved AOTs at the other spatial resolutions.
There is a systematic overestimate of the SSA in all scenes. The bias in
SSA is outside the accuracy requirements for three out of eight scenes (see
Table 4.4). As expected, the overestimate is largest in scenes with stronger
3D effects; those with the cloud distribution of case B and the scenes with
the lower aerosol load (i.e. the coarse non-spherical aerosol case).
Apparently the retrieval algorithm compensates for the enhancement
in radiation due to the 3D radiative effect by a too high SSA (i.e. more
scattering) for both aerosol cases. For the fine absorbing aerosol case this
is combined with a too low AOT.
The retrieved effective radii of both aerosol modes are well within required accuracy. While the real refractive index of the fine-mode is retrieved
really well for the fine absorbing aerosol case, it is largely overestimated in
the coarse non-spherical aerosol case. Note however, that the coarse nonspherical aerosol case only has a small amount of fine mode aerosol (see
Table 4.1), which leads to a low sensitivity to the micro-physical parameters of this aerosol mode.
There is an underestimate in the retrieved sphericity of the fine absorbing aerosol. Note that this aerosol case is dominated by the fine mode which
probably results in a low sensitivity to this coarse mode parameter. In the
coarse non-spherical case, where the coarse mode aerosol and its sphericity
play an important role, this parameter is retrieved with high accuracy.
We have taken a closer look at the retrieved aerosol parameters with

118

CHAPTER 4. Aerosol retrievals near realistic clouds

Table 4.4: The bias and, between parenthesis, standard deviation of the retrieved
SSA for the retrievals performed with the aerosol-only algorithm on the synthetic
measurements at 2×2 km2 resolution.

cloud
distr.
case A
case A
case A
case A
case B
case B
case B
case B

SZA
40◦
40◦
60◦
60◦
40◦
40◦
60◦
60◦

aerosol
case
fine abs.
coarse non-sph.
fine abs.
coarse non-sph.
fine abs.
coarse non-sph.
fine abs.
coarse non-sph.

SSA670 nm
0.019
0.026
0.009
0.022
0.041
0.055
0.017
0.051

(0.007)
(0.010)
(0.005)
(0.011)
(0.010)
(0.007)
(0.006)
(0.011)

respect to the presence of cloud contamination and vicinity to clouds. One
might, for example, expect higher values for the retrieved AOT in cloud
contaminated observations. This is indeed found in the data. This effect
competes with the trend towards underestimated AOT which is caused
by 3D radiative effects. In the overall data-set, at 2×2 km2 resolution, the
retrieval error in the total AOT is -0.007 for the cloud-free scenes, -0.003 for
the scenes with small amounts of cloud contamination (0% < f ≤ 5% at one
or more angles) and 0.006 for the clouded cases (with f ≥ 5% at one or more
angles). The trend towards higher AOT in cloud contaminated observations
is more pronounced at lower spatial resolution. At 6×6 km2 resolution the
retrieval error in total AOT is -0.008 for the cloud-free scenes, -0.001 for
the scenes with small amounts of cloud contamination and 0.015 for the
clouded cases. For the SSA a trend towards smaller bias in the clouded
scenes is found. The retrieval error in the SSA is 0.030 for the cloud-free
scenes, 0.025 for the the scenes with small amounts of cloud contamination
and 0.022 for the clouded cases. Unlike the retrieved AOT, the trend in
the bias of the SSA is not different at the other spatial resolutions. In the
retrieved micro-physical aerosol parameters no trends in the retrieval bias
are found with respect to cloud contamination. Recall that relatively few
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clouded cases pass the goodness of fit criterion and thus the differences in
the retrieval biases due to cloud contamination, found for the AOT and
SSA, have almost no effect on the retrieval statistics of the overall dataset.
Figure 4.10 shows the spatial pattern of the AOT and SSA errors for
the fine absorbing aerosol case for SZA=40◦ and 60◦ at 6×6 km2 resolution. Some pixels where a retrieval with χ2 ≤ 2.0 is achieved contain small
clouds, and this generally results in a small overestimate of AOT. This is
expected as the higher aerosol load compensates for the higher reflectances
that are caused by the clouds. At SZA=40◦ , the measurements that do not
visibly have any cloud contamination often have an underestimated AOT.
The higher reflectances (caused by 3D radiative effects) and resulting lower
DoLP, compared to the 1D aerosol-only model here, are compensated by
lowering the absorptivity of the aerosol, which translates into a higher SSA
(see the bottom panels of Figure 4.10). While one might expect a relation
between the degree of underestimation of AOT and overestimation of SSA,
this is not found in the data. At SZA=60◦ (left panels of Figure 4.10)
the 3D radiative effects are of smaller influence. Compared to the measurements at SZA=40◦ there are smaller retrieval errors for both AOT and
SSA.

4.3.5

Simultaneous aerosol and cloud retrievals

In this subsection we will investigate whether the aerosol retrievals in the
vicinity of clouds and for pixels with (small) cloud contamination, as discussed above, can be improved by performing a simultaneous aerosol cloud
retrieval.
Simultaneous aerosol and cloud retrievals have been performed on all the
synthetic MYSTIC measurements. Similar to the aerosol-only retrievals,
for the first guess state vector the true aerosol parameters are used. For
cloud parameters in the first guess state vector the median of the COT and
median effective radius of all model columns at nadir that contain any liquid
water are used. For the coverage fraction the fraction of model columns at
nadir that contain any liquid water is used as first guess. When no cloud is
cloud = 1.0, r cloud = 8.0 µm and f = 0.0 are assumed as
present at nadir τ550nm
eff
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Figure 4.10: The bias in the retrieved total AOT (top panels) and SSA (bottom panels) for the aerosol-only retrievals with χ2 ≤ 2.0 in the scene with cloud
distribution of case A, the fine absorbing aerosol and SZA=40◦ (left panels) and
SZA=60◦ (right panels).
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first guess. As with the aerosol-only retrievals, retrievals that do not result
in a fit with χ2 ≤ 2.0 are not used in the analysis.
The middle panels in Figure 4.8 and 4.9 give two examples that indicate
the quality of the fit to the synthetic measurement that is obtained. Like the
aerosol-only retrievals, the simultaneous aerosol and cloud retrieval shows
a trend towards higher quality fits at larger distances from clouds and an
overall better quality of fits in scenes with smaller 3D RT effects.
In 95, 94 and 100% of the measurements that are completely cloud free
at all angles a fit with χ2 ≤ 2.0 is obtained for, respectively, 2×2, 4×4
and 6×6 km2 resolution. Similar to what was found with the aerosol-only
retrievals, the synthetic measurements from the scenes with the strongest
3D RT effects (case B with the low load of coarse non-spherical aerosol) are
more difficult to fit. The quality of the fits is worse where 3D effects are
stronger. Thus, adjustments to the aerosol and/or cloud parameters in the
state vector compensate for the 3D radiative effects in the measurements
to a certain extent, but do not fully reproduce them.
At 2×2 km2 resolution a fit with χ2 ≤ 2.0 is obtained in 831 out of the
908 observations with only small amounts of cloud contamination (0% <
f ≤ 5% at one or more angles). At 4×4 and 6×6 km2 resolutions these
numbers are 282 out of 288 and 137 out of 148, respectively. In only 184
out of the 3248 clouded measurements (f ≥ 5% at one or more angles) a fit
with χ2 ≤ 2.0 is obtained (at 2×2 km2 resolution). At 4×4 and 6×6 km2
resolutions these numbers are 82 out of 780 and 46 out of 356. Only a
fraction of the partially clouded measurements can be reproduced with the
simultaneous aerosol and cloud algorithm. This is understandable since the
IPA (which has one cloud fraction at all angles) ignores geometrical 3D and
3D radiative effects.
In Table 4.5 the bias in the retrieved aerosol parameters is listed per
aerosol case for 2×2 km2 resolutions. The retrieved total AOT in the overall
data-set is within the requirements. In the scene with the cloud distribution of case B, SZA=40◦ and the fine absorbing aerosol the total AOT is
systematically underestimated by 0.036 (or 4.5%) with a standard deviation of 0.015. There are no significant differences in the retrieved AOTs at
different satellite resolutions. The accuracy with which the effective radii
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Table 4.5: The bias and, between parenthesis, standard deviation of the retrieved
aerosol parameters for the retrievals performed with the simultaneous aerosol and
cloud algorithm on the synthetic measurements at 2×2 km2 resolution.

variable
n
f
τ550
nm
c
τ550 nm
SSA670 nm
f [µm]
reff
mfr
c [µm]
reff
mcr
Sphc

fine abs.
932
-0.014 (0.015)
0.003 (0.008)
0.019 (0.013)
0.00 (0.00)
0.003 (0.007)
0.04 (0.21)
-0.003 (0.012)
-0.078 (0.077)

coarse non-sph.
881
0.002 (0.004)
-0.002 (0.007)
0.037 (0.018)
-0.01 (0.00)
0.103 (0.046)
-0.02 (0.07)
0.005 (0.009)
-0.008 (0.009)

of both modes, the real part of the refractive index of both modes and the
sphericity of the coarse mode are retrieved is nearly identical to what is
found with the aerosol-only retrieval. The SSA is a systematically overestimated and is outside of the accuracy requirements in four out of eight
scenes (see Table 4.6). This is similar to what is found with the aerosol-only
retrieval.
One could expect simultaneous aerosol and cloud retrieval to be an improvement over the aerosol-only retrieval in cloud contaminated or partially
clouded observations, as it is better suited to account for the signal of the
clouds. In the right panels of Figure 4.8 and 4.9 it is indicated where both
retrievals are able to obtain a good fit, where the simultaneous aerosol and
cloud retrieval works while the aerosol-only does not and vice versa. Here,
green indicates an equal quality of fit in both retrievals, blue is used to indicate pixels where the simultaneous aerosol and cloud retrieval outperforms
the aerosol-only retrieval and orange highlights the pixels where the aerosolonly retrieval works while the simultaneous aerosol and cloud retrieval does
not. At 2×2 km2 resolution there are a few pixels where the simultaneous
aerosol and cloud retrieval outperforms the aerosol only retrieval. At 4×4
and 6×6 km2 resolutions the simultaneous aerosol and cloud outperforms
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Table 4.6: The bias and, between parenthesis, standard deviation of the retrieved
SSA for the retrievals performed with the simultaneous aerosol and cloud algorithm
on the synthetic measurements at 2×2 km2 resolution.

cloud
distr.
case A
case A
case A
case A
case B
case B
case B
case B

SZA
40◦
40◦
60◦
60◦
40◦
40◦
60◦
60◦

aerosol
case
fine abs.
coarse non-sph.
fine abs.
coarse non-sph.
fine abs.
coarse non-sph.
fine abs.
coarse non-sph.

SSA670 nm
0.019
0.030
0.008
0.026
0.040
0.058
0.017
0.052

(0.007)
(0.011)
(0.006)
(0.015)
(0.010)
(0.006)
(0.006)
(0.012)

the aerosol-only retrieval in more cases, see for example Figure 4.11 and
4.12. At these lower satellite resolutions the geometrical 3D effects are less
important (i.e. the cloud fractions are more likely to be similar at different
VZA) and the simultaneous aerosol and cloud retrieval (with 1D RT) is
more successful at fitting the partial cloud cover. At 6×6 km2 resolution it
can be seen that indeed the algorithm for simultaneous aerosol and cloud
retrieval is able to fit measurements close to clouds that cannot be fitted
using an aerosol-only retrieval. The partially clouded scenes where the simultaneous aerosol and cloud retrieval is able to reproduce the synthetic
measurement mostly resemble broken cloud fields.
With the aerosol-only algorithm higher AOTs were retrieved in clouded
scenes than in cloud-free scenes. This trend is stronger at lower spatial
resolutions and it is smaller for the simultaneous aerosol and cloud retrieval
algorithm. Here, at 2×2 km2 resolution, the retrieval error in the total
AOT is -0.003 for the scenes with f ≥ 5% at one or more angles, while this
error is 0.006 for the aerosol-only retrieval. At coarser satellite resolution,
this improvement of the simultaneous aerosol and cloud retrieval is even
more pronounced; here the retrieval errors in total AOT in the scenes with
f ≥ 5% at one or more angles is 0.004 for the simultaneous aerosol and
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Figure 4.11: The same as Figure 4.8 but at 4×4 km2 resolution.

Figure 4.12: The same as Figure 4.8 but at 6×6 km2 resolution.
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Table 4.7: The bias in AOT as function of cloud contamination. Column 1
indicates whether the result was obtained with the aerosol-only retrieval or the
simultaneous aerosol and cloud retrieval and column 2 mentions the satellite resolution. Columns 3 to 5 list the mean retrieval error in AOT for the observations
that, respectively, are completely cloud-free at all angles, have small amounts of
cloud contamination (0% < f ≤ 5% at one or more angles) and are partially
clouded (f ≥ 5% at one or more angles).

retrieval
aer.
aer.
aer.
aer.
aer.
aer.

only
only
only
& cld
& cld
& cld

spatial
res.
2×2 km2
4×4 km2
6×6 km2
2×2 km2
4×4 km2
6×6 km2

cloudfree
-0.007
-0.008
-0.008
-0.007
-0.008
-0.008

cloud
cont.
-0.003
-0.001
-0.001
-0.006
-0.006
-0.006

clouded
0.006
0.011
0.015
-0.003
0.000
0.004

cloud and aerosol retrieval versus 0.015 for the aerosol-only retrieval.
Figure 4.13 shows the spatial pattern of the AOT and SSA errors for
the fine absorbing aerosol case for SZA=40◦ and 60◦ at 6×6 km2 resolution.
Similar to what was found in the aerosol-only retrievals, AOT overestimates
are found in measurements that visibly have cloud contamination and AOT
underestimates are mostly found in scenes that have less cloud contamination but are more likely to be influenced by 3D radiative effects. Overall the
retrieved AOT corresponds well to the true AOT; in the scenes with fine
absorbing aerosol the bias in the retrieved total AOT is -0.009 (-1.1%) with
a standard deviation of 0.026. The SSA is in general slightly overestimated
to compensate for the higher reflectances caused by 3D effects.
Compared to the aerosol-only retrieval there are more retrievals with
2
χ ≤ 2.0 (see Figure 4.10). These are measurements that have partial cloud
cover in the form of a broken cloud field. There are no significant differences
in the overall retrieval statistics of the aerosol-only and the simultaneous
aerosol and cloud retrieval, except that the simultaneous aerosol and cloud
retrieval is more successful in fitting measurements with small amounts of
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Figure 4.13: The bias in the retrieved total AOT (top panels) and SSA (bottom
panels) for the simultaneous aerosol and cloud retrievals with χ2 ≤ 2.0 in the scene
with cloud distribution of case A, the fine absorbing aerosol and SZA=40◦ (left
panels) and SZA=60◦ (right panels).

cloud contamination.

4.4

Conclusion

We have investigated the performance of multi-angle, multi-wavelength
photo-polarimetric retrievals in scenes with partial, liquid water cloud cover
and scenes in the vicinity of liquid water clouds. For this purpose, we have
created synthetic, multi-angle, multi-wavelength photo-polarimetric obser-
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vations of scenes with realistic, liquid water clouds using a 3D RT model.
We have performed aerosol-only retrievals, which fit all parameters of
a bi-modal aerosol model. Here, a goodness-of-fit criterion successfully
filters out cloud contaminated measurements. Additionally it filters measurements close to clouds which have been strongly affected by 3D radiative
effects. At some distance from the clouds, where the 3D effects are smaller
(but not negligible), the aerosol parameters are somewhat adjusted by the
retrieval algorithm. In the overall data-set the errors in the retrieved AOT,
effective radii and real parts of the refractive indices are biased due to 3D radiative effects and cloud contamination, but in general this bias is smaller
than the accuracy requirements formulated by Mishchenko et al. (2004).
However, under certain conditions the 3D effects are such that retrieval
errors on the retrieved AOT and SSA are larger than these requirements.
The overestimate in the SSA can be larger than the accuracy requirements
depending on the cloud distribution and aerosol model (also see Table 4.4).
The underestimate in AOT is in general within the accuracy requirement
but small trends are found as function of cloud contamination.
The higher spatial resolution observations, in combination with the
aerosol-only retrieval, do not result in valid retrievals at closer vicinity to
the clouds. This is in part because the measurements are complicated by
geometrical 3D effects (especially at higher resolution) and because the 3D
effects are too important to ignore.
We have also performed a simultaneous aerosol and cloud retrieval, that
fits a bi-modal aerosol model as well as the column integrated droplet number concentration and the coverage fraction for partial, liquid water cloud
cover using the IPA. This algorithm is developed with the intent to increase
the fraction of observations from which aerosol parameters can be retrieved,
to better represent the aerosol that is found in the region between clouds
and cloud-free scenes.
At 2×2 km2 resolution, fitting the cloud simultaneously with the aerosol
leads only to marginal improvement for partially clouded observations. Geometrical 3D and 3D radiative effects, which are ignored by the retrieval
algorithm, simply have a too large effect on most observations. At 6×6 km2
resolution, however, there is a benefit to using the simultaneous aerosol
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and cloud retrieval over the aerosol-only retrieval as there is a significant
increase in the number of valid retrievals, especially in observations of broken clouds fields. In other words; simultaneously fitting aerosol and cloud
parameters using the IPA increases the number of successful retrievals near
clouds from which the effective radii, real parts of the refractive indices can
be retrieved.
The errors in the aerosol parameters that are retrieved with the simultaneous aerosol and cloud algorithm closely resemble the retrieval errors
for the aerosol-only retrieval. In the overall data-set the retrieved AOT,
effective radii and real parts of the refractive indices are biased, but in general these biases are smaller than the accuracy requirements formulated by
Mishchenko et al. (2004). However, under certain conditions an overestimate in SSA and an underestimate in AOT are larger than the required
accuracy.
The observed systematic biases in retrieved aerosol parameters are the
result of 3D radiative effects that are ignored by the retrieval algorithm.
Whether or not these effects are problematic depends on which cloud distribution, solar zenith angle and aerosol distribution is more likely to be
observed. The quality of the retrieved aerosol parameters in the synthetic
observations of this study could be improved by extending the RT models
to account for 3D effects in the domain. One approach to account for 3D
effects has been suggested by Martin et al. (2014). This type of approach
would also be needed to successfully exploit the additional value of higher
spatial resolution measurements (2×2 km2 or higher).
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Chapter 5

Summary
The research described in this thesis is concerned with retrieving aerosol
properties in the vicinity of clouds from multi-wavelength, multi-angle,
photo-polarimetric, satellite observations. Aerosols play an important role
in the Earth’s atmosphere by interacting with solar radiation and performing adjustments to clouds. In order to better quantify the effect that
aerosols have on our climate, their distribution must be monitored globally
with high accuracy. It is especially important to improve the monitoring
of aerosols in the vicinity of clouds and in partially clouded scenes.

5.1

What has been investigated

In Chapter 2 it has been investigated whether multi-angle photo-polarimetric
observations have the capability to distinguish between scenes with only
aerosols and scenes that contain both aerosols and (partial) liquid water
cloud cover. This capability can be used to screen for clouds in aerosol retrievals using a goodness-of-fit criterion, circumventing problems related to
a priori cloud screening methods, and to account for cloud contamination in
aerosol retrievals by retrieving aerosol and cloud properties simultaneously.
The goodness-of-fit filtering has been tested on synthetic and real data (at
the full and medium resolution grid in the PARASOL data-set of, respec-
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tively, 6.2 × 6.2 and 18 × 18 km2 ), where we checked the effectiveness of the
cloud filtering as well as the validity of the retrieved aerosol properties.
In Chapter 3 a retrieval algorithm that can perform simultaneous retrievals of both aerosol and (liquid water) cloud properties in partially
clouded observations, using the independent pixel approximation, has been
developed. This method has been applied to synthetic measurements of
scene with partial, liquid water cloud cover in the form of cuboid clouds,
simulated with a 3D radiative transfer code, in order to investigate the
capability to provide aerosol retrievals in partially cloudy scenes.
In Chapter 4 multi-angle, multi-wavelength photo-polarimetric observations are simulated using a 3D radiative transfer model for scenes with
realistic cloud properties, using a large Eddy simulation. These observations have been simulated for a generic instrument with spatial resolutions
of 2×2, 4×4, and 6×6 km2 . This data set has been processed with the
aerosol only retrieval algorithm, employing a goodness-of-fit criterion to
filter for clouds, where we checked, at the different spatial resolutions, the
effectiveness of the cloud filtering, the validity of the aerosol properties retrieved from observations near clouds (i.e. observations that may have been
affected by 3D radiative effects) as well as at which proximity to clouds successful retrievals can be achieved. This data has also been processed with a
retrieval algorithm that can simultaneously fit partial, liquid water, cloud
cover and aerosol properties, in order to investigate to what extend this improves the capability to provide aerosol retrievals in the vicinity of clouds
and in partially cloudy scenes compared to the aerosol-only retrieval.

5.2

Filtering for clouds

In the studies on the ability of the aerosol retrieval algorithm to filter for
clouds we found that the goodness-of-fit filter can adequately reject cloud
contamination. This was shown in a synthetic study, where the independent
pixel approximation was used to simulate partial, liquid water cloud cover
(see Chapter 2). Here, all cases with medium to thick clouds (COT≥5), and
virtually all cases with partial thin cloud cover (COT=1) were rejected by
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the goodness-of-fit criterion using the unique ability of multi-angle, photopolarimeters to separate between scattering by aerosol and liquid cloud
droplets. In a second synthetic study (see Chapter 4) these findings are
confirmed using synthetic measurements taking into account 3D radiative
transfer effects. In this study we found the geometrical 3D effects due
to 3D distribution of clouds also aid in the detection of clouds with the
goodness-of-fit filter. The same conclusions were reached when the filter
was applied to actual PARASOL measurements (see Chapter 2), where the
MODIS observations were used to quantify the cloud contamination for
every PARASOL ground pixel. Here, a goodness-of-fit filter was shown
to be succesful in rejecting nearly all observations with liquid water cloud
contamination and most, but not all ice clouds (i.e. cirrus). Therefore,
the use of a separate cirrus detection method was required. In this study,
requiring that the cirrus fraction, derived from the cirrus reflectance flag of
the MODIS cloud product (MYD06 L2, collection 005), is lower than 10%
was sufficient. We’ve validated the retrieved aerosol parameters by comparing the AOT, SSA, Ångström exponent and real part of the refractive
index with those retrieved from ground based sun-photometer observations
and found no significant biases due to cloud contamination. Moreover, we
found that less high aerosol load scenes were falsely flagged as cloudy using the goodness-of-fit filter instead of an a priori cloud screening based
on the MODIS cloud product. The implication of these findings for future
multi-angle, photo-polarimeters is that such instruments can fly stand-alone
and additional information from a cloud imager is not required, although
a 1.38 µm channel for cirrus detection would be advantageous, or even required.

5.3

Simultaneously fitting aerosol and cloud

The simultaneous aerosol and cloud retrieval has been applied to two sets of
simulated, 3D measurements; one with simplified representation of clouds
(see Chapters 3) and one with cloud distributions from a large eddy simulation (see Chapter 4). In both data-sets the algorithm was able to obtain a
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good fit for part of the multi-angular, multi-wavelength, photo-polarimetric
measurements. The good fits are mostly obtained for observations from
scenes that contain broken cloud fields and are more often succesful when
the cloud fraction and optical thickness remain low. In scenes with nonrandom distributions of the clouds a good fit is almost only obtained for
observations that are not subject to geometric 3D effects, again with a
strong preference for clouds of low optical thickness. In other observations
the algorithm was not able to obtain a good fit due to the influence of geometrical and radiative 3D effects, which are not represented in the forward
model of the retrieval algorithm.
The aerosol properties retrieved from observations with partial liquid
water cloud cover with the simultaneous aerosol and cloud retrieval algorithm contain errors due to 3D effects. In the data-set of Chapter 3, the bias
introduced in the retrieved aerosol properties is smaller than the accuracy
requirements formulated for the Aerosol Polarimetry Sensor by Mishchenko
et al. (2004) for the random cloud distributions of low cloud fraction and
cloud ≥ 1.0 and 0% ≥ f ≥ 5%
low optical thickness (0% ≥ f ≥ 25% with τ550
nm
cloud
for τ550 nm ≥ 5.0), while they do not meet these requirements for the nonrandom cloud distributions. In Chapter 4 we found that the AOT, effective
radii and real parts of the refractive indices are biased, but in general these
biases are smaller than the previously mentioned accuracy requirements.
Here we do note that under certain conditions (e.g. solar zenith angle,
cloud distribution and aerosol load) a positive bias in SSA and a negative
bias in AOT larger than the required accuracy are retrieved. The bias in
the AOT retrieved with the simultaneous aerosol and cloud retrieval for
scenes with partial liquid water cloud contamination is smaller than the
bias in AOT retrieved with the aerosol only retrieval.
The implication of these findings is that the simultaneous aerosol and
cloud retrieval algorithm can retrieve aerosol properties from observations
with partial liquid water cloud cover, thereby decreasing the minimal distance to clouds at which aerosol can be retrieved. The geometric and radiative 3D effects influence the aerosol properties that are retrieved. Whether
the bias introduced in the retrieved aerosol properties is smaller than the
accuracy requirements by Mishchenko et al. (2004) depends on a number
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of factors such as the amount and distribution of clouds within and near
the observed ground pixel as well as the solar geometry. In order to further
improve the number of observations with partial liquid water cloud cover
from which aerosol properties can succesfully be retrieved, 3D effects should
be taken into account.

5.4

3D effects on the measurements

Synthetic, 3D observations with partially liquid water cloud cover have
been simulated for a PARASOL like instrument in a data-set of simple (i.e.
cuboid) clouds (see Chapter 3) as well as for a generic multi-angle, multiwavelength photo-polarimeter with cloud distributions taken from a Large
Eddy Simulation (LES) (see Chapter 4). The studies show that the 3D
effects are strongly dependent on the amount of water and the geometrical thickness of the clouds for random cloud distributions (such as broken
cloud fields). For non-random cloud distributions (which can, for example,
be found near large cloud structures) the 3D effects also strongly depend
on the solar azimuth angle and viewing geometry. Observations affected
by geometrical 3D effects1 (mostly caused by differences in the observed
cloud fraction between viewing angles) are especially different from their
1D approximation. Radiative 3D effects, such as cloud induced radiance
enhancements of the cloud free column, are observable at more than 10 km
distance from large cloud structures.

5.5

Spatial resolutions

The aerosol retrievals presented in this thesis are performed at several spatial resolutions: the full and medium resolution grid in the PARASOL
data-set of, respectively, 6.2 × 6.2 and 18 × 18 km2 in Chapter 2 and 3 as
well as the 2 × 2, 4 × 4 and 6 × 6 km2 resolution for the generic instrument
of Chapter 4. The geometrical 3D effects are more important at the higher
1

These are also called ’stereo effects’ in Chapter 2.
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spatial resolutions, where the chance for a scene to be roughly identical at
the different viewing angles is smaller. Therefore, a higher spatial resolution
is beneficial when filtering for clouds with the goodness of fit filter. On the
other hand, observations at lower spatial resolution, where the geometrical
3D effects are less important, are more suitable when the intent is to fit the
partial cloud cover using a retrieval algorithm based on the independent
pixel approximation. In Chapter 4 there is a notable increase in the fraction of partially clouded observations where the simultaneous aerosol and
cloud retrieval is able to obtain a sufficiently good fit when moving from
high to low spatial resolution.

5.6

Conclusion

The studies presented in this thesis have shown that the ability to separate scattering from aerosols and liquid water droplets from multi-angle,
multi-wavelength, photo-polarimetric observations can be used to filter for
or to fit partial liquid water cloud cover. Thus a goodness-of-fit filter can
potentially replace a priori cloud screening leading to less false positive
cloud detections in near cloud and high aerosol load observations, in turn
resulting in aerosol retrievals at closer proximity to clouds and in scenes
with a high aerosol load. The simultaneous aerosol and cloud retrieval algorithm can account for partial liquid water cloud cover, which opens up
the possibility of retrieving aerosol properties closer to clouds. However,
the fraction of observations where the partial liquid water cloud cover can
be accounted for by the simultaneous aerosol and cloud algorithm is limited
by 3D radiative transfer effects. Geometrical and radiative 3D effects have
a strong influence on the measurements and occur for many of the partially
clouded observations. In scenes with optically thin clouds and/or cloud
distributions that are close to random successful retrievals can be obtained
using the independent pixel approximation. For other scenes, 1D radiative
transfer is not sufficient for reproducing the observations. A retrieval algorithm taking into account 3D radiative transfer effects in a multi-pixel
approach is needed to further improve aerosol retrievals in the vicinity of
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clouds, and is essential to make use of multi-angle observations at spatial
resolutions of 2 × 2 km2 or better.
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Kokhanovsky, A. A., Deuzé, J. L., Diner, D. J., Dubovik, O., Ducos, F., Emde, C.,
Garay, M. J., Grainger, R. G., Heckel, A., Herman, M., Katsev, I. L., Keller, J.,

141
Levy, R., North, P. R. J., Prikhach, A. S., Rozanov, V. V., Sayer, A. M., Ota,
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Chapter 6

Nederlandse Samenvatting
6.1

Aerosol in de aardatmosfeer

Dit proefschrift gaat over het meten van aerosolen in de nabijheid van wolken.
Aerosolen zijn fijne deeltjes die zich in de atmosfeer bevinden. Vele aerosolen
hebben een natuurlijke oorsprong zoals woestijnzand, zeezout, stuifmeel welke door
de wind in de lucht terecht komen, of roet en as welke uitgestoten kunnen worden tijdens vulkaanuitbarstingen en (natuurlijke) bosbranden. Andere aerosolen
hebben een antropogene oorsprong zoals sulfaten die uitgestoten worden bij het
verbranden van fossiele brandstoffen (deze gassen condenseren tot druppels wanneer ze afkoelen) evenals roetdeeltjes die uitgestoten worden bij incomplete verbrandingsprocessen in de industrie of bij (door de mens veroorzaakte) bosbranden.
In Figuur 6.1 zijn voor enkele aerosolen elektronenmicroscoop foto’s weergegeven.
Aerosolen zijn onlosmakelijk verbonden met wolken omdat ze een kern bieden
waarop waterdruppels kunnen vormen door condensatie. De relatief hoge oppervlaktespanning van waterdruppels, veroorzaakt door waterstofbruggen, heeft
tot gevolg dat de luchtvochtigheidsgraad waarop waterdruppels zouden kunnen
condenseren uit waterdamp zo hoog is dat dit nagenoeg nooit voorkomt in de atmosfeer. In plaats daarvan vormen waterdruppels op oppervlakken waar ze een
lagere oppervlaktespanning hoeven te overwinnen. Aerosolen (wanneer niet hydrofoob) bieden dergelijke oppervlakken. Wanneer de luchtvochtigheid hoog genoeg
is worden deeltjes van een bepaalde straal geactiveerd en groeien vervolgens snel
tot wolkendruppels. Dit proces gaat door totdat de luchtvochtigheid voldoende is
gedaald. Wanneer er meer aerosolen aanwezig zijn zullen er meer, maar kleinere
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Figure 6.1: Deze plaatjes gemaakt met een elektronenmicroscoop laten de
variëteit zien tussen verschillende aerosolen. Van links naar rechts (met verschillende schalen): vulkaan as, stuifmeel, zeezout, roet. Afbeeldingen gemaakt door:
USGS, UMBC (Chere Petty), and Arizona State University (Peter Buseck).

wolken druppels vormen.

6.2

Aerosol en het klimaat

De gemiddelde temperatuur op aarde wordt geregeld door verwarming door zonlicht en koeling door thermische straling. Grofweg 30-35% van al het inkomende
zonlicht wordt gereflecteerd, veelal door wolken en reflecterende oppervlakken zoals
woestijnen en sneeuwvlaktes, maar ook door aerosol en moleculen in de atmosfeer.
De andere 65-70% van het inkomende zonlicht wordt uiteindelijk geabsorbeerd,
veelal door het oppervlak, en omgezet tot warmte. De aarde koelt af door het
uitstralen van infra-rood licht. Broeikasgassen (e.g. waterdamp, koolstofdioxide
en methaan) maken de atmosfeer ondoorzichtig voor infra-rood licht en verlagen
daarbij de efficiëntie waarmee de aarde kan afkoelen.
Een verstoring in de reflectiviteit van aarde, broeikasgas concentraties of de
hoeveelheid aerosol kan de balans tussen opwarming en afkoeling van de aarde
verstoren. Dit resulteert in een stralingsforcering die leidt tot een opwarming of
afkoeling van de aarde, in andere woorden; het zal zorgen voor klimaatverandering.
De veranderingen in het klimaat leiden tot terugkoppelingen die de opwarming dan
wel afkoeling kunnen versterken of verzwakken. Een belangrijk terugkoppeling
mechanisme in de atmosfeer is de concentratie van waterdamp (een belangrijk
broeikasgas) waarvan de concentratie sterk afhankelijk is van de temperatuur en
snel reageert op veranderingen daarin. Een ander terugkoppeling mechanisme heeft
te maken met de bewolking op aarde. Het type en de hoeveelheid wolken, welke
de reflectiviteit van aarde beı̈nvloeden, zijn gevoelig voor de temperatuur van de
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atmosfeer. Er zijn nog vele andere terugkoppeling processen. De complexiteit van
deze processen maken het moeilijk om te modelleren hoe de temperatuur op aarde
afhangt van een gegeven stralingsforcering.
De afgelopen decennia is er een significante antropogene bijdrage geweest aan
de concentratie van broeikasgassen en aerosolen in de atmosfeer. De antropogene
bijdrage aan de concentratie broeikasgassen heeft een positieve stralingsforcering
veroorzaakt, dat wil zeggen dat dit leidt tot opwarming van de aarde. De stralingsforcering veroorzaakt door de antropogene bijdrage aan aerosol in de atmosfeer is
hoogstwaarschijnlijk negatief (dat wil zeggen dat deze een koelend effect heeft op
het klimaat) en heeft het effect van de positieve stralingsforcering door broeikasgassen verlicht. Hoe sterk de stralingsforcering door aerosol de afgelopen decennia
is geweest is niet goed bekend. Dit compliceert voorspellingen van de toekomstige
temperatuur veranderingen
De stralingsforcering door aerosol wordt vaak verdeeld in het directe en het
indirecte aerosol effect. Het verstrooien dan wel absorberen van zonlicht valt onder
het directe aerosol effect. Een voorbeeld hiervan is gegeven in Figuur 6.2 waarop
een grote ’wolk’ Sahara zand over de Canarische eilanden wordt geblazen. Deze
’wolk’ woestijnzand hier is duidelijk zichtbaar tegen de donkerdere achtergrond
van de oceaan omdat ze zonlicht verstrooien. Het verstrooien van zonlicht hier, en
in de meeste andere gevallen, leidt tot een negatieve stralingsforcering. Wat niet
zichtbaar is in Figuur 6.2, is dat het woestijnzand zonlicht absorbeert in het nabijUV en UV licht. Het absorberen van zonlicht leidt in de meeste andere gevallen
tot een positieve stralingsforcering.
Het indirecte aerosol effect heeft te maken met wolken. Wolken zijn zeer efficiënt in het verstrooien van zonlicht. Omdat de beschikbare hoeveelheid water in
wolken die vormen in lucht met hogere aerosol concentraties is verdeeld over meer
druppels, zijn deze gemiddeld kleiner. De grotere hoeveelheid druppels leidt tot
een hogere reflectiviteit voor deze wolken wat resulteert in een negatieve stralingsforcering. Dit is het eerste indirecte aerosol effect. De kleinere druppels verlagen
de neerslag efficiëntie van de wolk wat resulteert in een langere leeftijd van de wolk.
Dit effect is het tweede indirecte aerosol effect.

6.3

Het meten van aerosol

Om de stralingsforcering van aerosol beter te kwantificeren is het belangrijk om
de wereldwijde verdeling van aerosol met hoge precisie te meten. Om wereldwijd de aerosol distributie te meten zijn satelliet waarnemingen nodig. Hierbij
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Figure 6.2: Een grote ’wolk’ Sahara zand over de Canarische eilanden op 11
februari 2001, geobserveerd door het Sea-viewing Wide Field-of-view Sensor.
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is het belangrijk om een aantal optische en micro-fysische eigenschappen van het
aerosol vast te stellen. De optische eigenschappen zijn de optische dikte, welke een
maat is voor de hoeveelheid aerosol in de geobserveerde kolom lucht, en de single
scattering albedo, welke de ratio tussen het verstrooide versus geattenueerde licht
beschrijft. De micro-fysische eigenschappen zijn de grootte verdeling en hoeveelheid deeltjes evenals de complexe brekingsindex (waarvan het imaginaire deel de
absorptie beschrijft) en de fractie van sferische deeltjes. De meeste metingen kunnen beschreven worden met twee modes (oftewel types) aerosol, namelijk een fijne
mode met deeltjes kleiner dan 1 micron en een grove mode met deeltjes groter dan
1 micron. De hierboven genoemde micro-fysische eigenschappen moeten bepaald
worden voor beide modes.
Deze eigenschappen van het aerosol kunnen niet direct gemeten worden met
satelliet instrumenten. Wat satelliet instrumenten wel observeren is het licht dat
gereflecteerd wordt door het oppervlak van de aarde, de wolken en zowel de gasmoleculen als de aerosolen in de atmosfeer. Wanneer inkomend zonlicht een gasmolecuul of deeltje tegenkomt is er een kans dat het licht verstrooid of geabsorbeerd
wordt. De kans op verstrooiing of absorptie hangt sterk af van het type molecuul of
deeltje, maar ook van de golflengte van het licht. De elektromagnetische interactie
van verstrooiing kan het uitgaande licht (gedeeltelijk) polariseren1 . De intensiteit
en polarisatie van het licht dat, vanuit een bepaalde hoek en op een bepaalde
golflengte, geobserveerd kan worden is sterk afhankelijk van het oppervlak en de
bestanddelen van de atmosfeer die het licht tegen is gekomen. Dit licht bevat dus,
onder andere, informatie over het aerosol in de atmosfeer.
In dit proefschrift gebruiken we multi-hoek, multi-golflengte, foto-polarimetrische
satelliet waarnemingen om de optische en micro-fysische eigenschappen van aerosol
te bepalen. De ’Polarization and Directionality of the Earth’s Reflectances’ (POLDER)
instrumenten zijn de enige instrumenten die dit type metingen hebben verricht.
De meest succesvolle van deze instrumenten was POLDER-3, welke aan boord van
de recentelijk buiten gebruik gestelde ’Polarization & Anisotropy of Reflectances
for Atmospheric Sciences coupled with Observations from a Lidar’ (PARASOL)
satelliet vloog en meer dan acht jaar aan metingen heeft verzameld. POLDER-3
heeft de intensiteit en polarisatie van licht gemeten in 9 spectrale banden tussen
410 en 1020 nm vanuit maximaal 16 verschillende hoeken.
Uit multi-hoek, multi-golflengte, foto-polarimetrische waarneming van de aarde
1

Licht is een elektromagnetische golf die voldoet aan de Maxwell vergelijkingen. Het
bestaat uit een oscillerend elektrisch en magnetisch veld welke loodrecht op de voortplantingsrichting staan. De polarisatie van licht is gedefinieerd als de richting van het
elektrische veld.
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kunnen niet direct de optische en micro-fysische aerosol eigenschappen afgeleid
worden. Hiervoor moet we de waarneming paren met een meting gesimuleerd met
een aardatmosfeer model. Als de vergelijking tussen de eigenlijke en gesimuleerde
meting goed genoeg is kunnen we aannemen dat de aerosol eigenschappen die
gebruikt zijn voor het model overeenkomen met het aerosol in de waarneming.
Om het juiste model bij de waarneming te vinden gebruiken we een inversie
methode, genaamd Phillips-Tikhonov regularisatie. Deze methode geeft in lineaire
benadering aan hoe het aerosol in een willekeurig atmosfeer model moet worden
aangepast zodat de gesimuleerde waarneming beter overeenkomt met de eigenlijke
waarneming. Door meerdere malen een atmosfeer model uit te rekenen en de
inversie methode toe te passen vinden we een steeds betere overeenkomst tussen
de gesimuleerde en eigenlijke waarneming. Het itereren tussen de atmosfeer model
berekeningen en het toepassen van de inversie methode hebben we geautomatiseerd
in het aerosol herleid algoritme.

6.4

Aerosol waarnemingen met bewolking

Een probleem gerelateerd aan satelliet waarnemingen van aerosol heeft te maken
met wolken. De huidige algoritmes zijn dan ook toegespitst op volledig wolkenvrije
scenes of volledig bewolkte scenes (voor wanneer er aerosol boven de bewolking
aanwezig is, zoals soms het geval is met bosbranden of vulkaanuitbarstingen).
Waarnemingen die gedeeltelijk bewolkt zijn worden over het algemeen genegeerd.
Bij aerosol retrieval algoritmes toegespitst op wolkenvrije waarnemingen wordt
normaliter een a priori wolken filter toegepast. Wanneer dit wolken filter niet
strikt genoeg is kunnen er kleine hoeveelheden bewolking in de waarnemingen
zitten welke leiden tot grote fouten in het herleidde aerosol. Wanneer het wolken
filter te strikt is zullen veel wolkenvrije waarnemingen, met name nabij wolken,
ten onrechte als bewolkt aangemerkt worden.
Dit heeft verlies van data tot gevolg, met name nabij wolken waar, vanwege
de hogere luchtvochtigheid, aerosolen vaak gehydrateerd en daarmee efficiënter
geworden in het verstrooien van licht. Door strikt te filteren voor wolken zijn
waarnemingen van gehydrateerd aerosol onder gerepresenteerd in data-sets. In
Hoofdstuk 2 onderzoeken we of we het strenge apriori filteren van wolken kunnen
vermijden bij multi-hoek, multi-golflengte, foto-polarimetrische metingen. In dit
type metingen is het namelijk mogelijk om onderscheid te maken tussen verstrooiing van licht door aerosol en waterdruppels. Dit vermogen komt onder andere voort
uit het feit dat licht verstrooid aan waterdruppels een karakteristieke piek heeft
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in de polarisatie op een verstrooiingshoek van ∼ 140◦ . In deze studie gebruiken
we een a posteriori filter gebaseerd op de kwaliteit van de overeenstemming tussen
het model en de meting welke we ’goodness-of-fit’ filter noemen. We laten in dit
hoofdstuk zien dit filter voldoende is om de bewolking te filteren in zowel synthetische als echte metingen. Dit is in het bijzonder belangrijk voor waarnemingen met
grote hoeveelheden aerosol die met een a priori wolkenfilter vaak ten onrechte als
bewolkt werden aangemerkt. In Hoofdstuk 2 valideren we ook de herleidde aerosol
eigenschappen en vinden hier geen afwijkingen gerelateerd aan bewolking.
In Hoofdstuk 3 gebruiken we het vermogen om onderscheid te kunnen maken
tussen verstrooiing aan aerosol en waterdruppels om ook de gedeeltelijke bewolking in de waarnemingen mee te nemen in het retrieval algoritme. Hiervoor hebben
we eerst het atmosfeer model moeten uitbreiden zodat deze ook gedeeltelijke bewolking kan modelleren. Hier gebruiken we een 1D benadering om de gedeeltelijke
bewolking te simuleren. Dat wil zeggen dat 3D effecten niet vertegenwoordigd
zijn in dit atmosfeer model. Vervolgens hebben we het retrieval algoritme uitgebreid zodat deze de hoeveelheid druppels zowel als de fractie van de bewolking kan
aanpassen. Het nieuwe algoritme, welke we aanduiden als ’simultaan aerosol en
wolk herleid algoritme’, hebben we in dit hoofdstuk toegepast op waarnemingen
gesimuleerd met een 3D atmosfeer model met een vereenvoudigde representatie
van wolken (namelijk met wolken in de vorm van rechthoekige blokken). In deze
studie vinden we dat het algoritme in staat is om het signaal van de gedeeltelijke
bewolking te corrigeren en aerosol eigenschappen te herleiden, mits er niet te veel
en/of te optisch dikke bewolking is. Het verwaarlozen van 3D effecten in het atmosfeer model van het retrieval algoritme veroorzaakt afwijkingen in de herleidde
aerosol eigenschappen. Deze afwijkingen zijn enkel acceptabel wanneer de 3D effecten klein zijn. In de data-set van de studie is dat vooral het geval voor gebroken
wolken velden met niet teveel bewolking en lage optische dikte.
Hoofdstuk 4 borduurt verder op Hoofdstuk 2 en 3. Hier simuleren we multihoek, multi-golflengte, foto-polarimetrische waarnemingen met een 3D atmosfeer
model en een realistische wolkenverdeling uit een zogeheten large eddy simulatie
voor drie verschillende spatiële resoluties. De gesimuleerde waarnemingen verwerken we met de twee aerosol retrieval algoritmes uit Hoofdstuk 2 en 3; het algoritme dat alleen de aerosol parameters herleid en geen gedeeltelijke bewolking in
acht neemt en het algoritme dat ook wolkenparameters mee fit. Bij het verwerken
van de waarnemingen met het algoritme dat geen wolken meeneemt vinden we dat
het goodness-of-fit filter uit Hoofdstuk 2 goed presteert. Ook onderzoeken we de
invloed van 3D effecten, afkomstig van wolken nabij de waarnemingen, op de herleidde aerosol eigenschappen. Hier vinden we weliswaar afwijkingen in de herleidde
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aerosol eigenschappen, maar in het algemeen zijn deze afwijkingen echter kleiner
dan de benodigde nauwkeurigheid. Met het algoritme dat ook wolkenparameters
mee fit is het mogelijk om ook in een aantal gedeeltelijk bewolkte waarnemingen
correcte aerosol eigenschappen te herleiden. In Hoofdstuk 4 is vooral het geval
op de laagste spatiële resolutie van 6 × 6 km2 . Ook hier vinden we afwijkingen
in de herleidde aerosol eigenschappen welke in het algemeen kleiner zijn dan de
benodigde nauwkeurigheid.
Uit de studies gepresenteerd in dit proefschrift kunnen we concluderen dat;
(i) het vermogen om verstrooiing aan aerosol en wolkendruppels te onderscheiden
in multi-hoek, multi-golflengte, foto-polarimetrische waarnemingen gebruikt kan
worden om waarnemingen die vervuilt zijn met bewolking te filteren. (ii) Dat
er potentieel is om ditzelfde vermogen te gebruiken om gedeeltelijke bewolking
in acht te nemen in de atmosfeer modellen en correcte aerosol eigenschappen te
herleiden in gedeeltelijk bewolkte waarnemingen. (iii) Echter, om in meer gedeeltelijk bewolkte waarnemingen aerosol eigenschappen te kunnen herleiden en om
de nauwkeurigheid van deze herleidde eigenschappen te verbeteren is het van belang om in de toekomst ook 3D effecten in acht te nemen in de aerosol retrieval
algoritmes.
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