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ABSTRACT 

We introduce the Hybrid End-To-End Aerosol 
Classification (HETEAC) model for the upcoming 
EarthCARE mission. The model serves as the common 
baseline for development, evaluation, and 
implementation of EarthCARE algorithms. It shall 
ensure the consistency of different aerosol products 
from the multi-instrument platform as well as facilitate 
the conform specification of broad-band optical 
properties necessary for the EarthCARE radiative 
closure efforts. The hybrid approach ensures the 
theoretical description of aerosol microphysics 
consistent with the optical properties of various aerosol 
types known from observations. The end-to-end model 
permits the uniform representation of aerosol types in 
terms of microphysical, optical and radiative 
properties. 

1. INTRODUCTION 

The Earth Clouds, Aerosols and Radiation Explorer 
(EarthCARE) is a joint ESA/JAXA mission planned to 
be launched in 2018 [1]. The multi-sensor platform 
comprises a cloud-profiling radar (CPR), a high-
spectral-resolution cloud/aerosol lidar (ATLID), a 
cloud/aerosol multi-spectral imager (MSI), and a three-
view broad-band radiometer (BBR). Three out of the 
four instruments (ATLID, MSI, and BBR) will be able 
to sense the global aerosol distribution and contribute 
to the overarching EarthCARE goals of sensor synergy 
and radiation closure with respect to aerosols.  

The high-spectral-resolution lidar ATLID obtains 
profiles of particle extinction and backscatter 
coefficients, lidar ratio, and linear depolarization ratio 
as well as the aerosol optical thickness (AOT) at 355 
nm along the track of the satellite. The MSI provides 
AOT at 670 nm (over land and ocean) and 865 nm 
(over ocean) across a 150-km wide swath. From 
combined ATLID and MSI data, the columnar 
Ångström exponent for the 355/670/865-nm spectral 
range can be inferred along track.  

MSI observations will also be used to extend the two-
dimensional cross-sections from lidar and radar into the 
three-dimensional domain, which then will serve as 
input to broadband radiative-transfer models [2]. In this 
way, fluxes, heating rates, and radiances can be 
calculated and top-of-atmosphere (TOA) radiances and 
fluxes compared to those derived from BBR 
measurements.  The aim is to reach closure of 
measured and calculated TOA fluxes over each 10 km 
by 10 km scene with an accuracy of 10 Wm-2, with the 
final goal to substantially decrease the uncertainties in 
our knowledge of global radiative forcing. 

With respect to aerosols, the closure studies require a 
proper aerosol classification so that microphysical 
properties such as particle size (effective radius) or 
scattering and absorption efficiencies (single-scattering 
albedo) can be assigned to predefined aerosol types, 
which in turn can be identified from the measurements 
of their optical properties. Aerosol classification from 
space-borne observations is also required for 
quantification of anthropogenic versus natural aerosol 
loadings of the atmosphere, investigation of aerosol-
cloud interaction, as well as assimilation purposes and 
validation of atmospheric transport models which carry 
components like dust, sea salt, smoke and pollution. 

In order to facilitate a common aerosol classification 
and the consistency of all EarthCARE aerosol 
products, the Hybrid End-to-End Aerosol 
Classification (HETEAC) model is being developed. 
The model is based on a combined experimental and 
theoretical, i.e. hybrid, approach and allows the end-to-
end simulation of aerosol properties, from 
microphysical to optical and radiative parameters of 
predefined aerosol types. In the following, we describe 
the basic considerations and the current development 
steps in more detail. Section 2 gives an overview of the 
classification approach. Sec. 3 shows the experimental 
basis for the EarthCARE typing scheme, and Sec. 4 
presents a first attempt of the simulation of 
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microphysical properties. An outlook on the next steps 
of HETEAC developments is given in Sec. 5.   

2. AEROSOL CLASSIFICATION SCHEMES 

Different approaches for aerosol classification are 
available in the literature. For HETEAC, the heritage 
of previous attempts is considered, while at the same 
time the specific observing capabilities of the mission 
are taken into account.  

Previous aerosol classification schemes rely on 
experimental findings from passive and active remote 
sensing and use specific “optical footprints” primarily 
based on intensive, i.e. concentration-independent, 
optical properties but also on aerosol load, geographic 
location or altitude of occurrence. Such schemes have 
been developed in the context of the CALIPSO mission 
[3, 4], derived from dedicated lidar field studies [5, 6] 
or retrieved from passive remote-sensing observations 
[7].   

Usually, the classification schemes distinguish three 
groups of aerosol types: 1) so-called pure types like 
marine, smoke, pollution or dust aerosols, 2) mixtures 
of the former types, and 3) aerosol types that occur 
only in specific locations like the polar region or the 
stratosphere. A common understanding exists to define 
pure types of desert dust, marine aerosol and 
anthropogenic pollution. These types can usually be 
well discriminated due to their well-defined and clearly 
different optical appearance. Biomass-burning aerosol 
or smoke is an important player as well, but differently 
treated due to its variable nature. The optical and 
microphysical properties of smoke can be quite 
different depending on the kind of burnt material (e.g., 
Savannah or boreal fires, crop burning), the kind of 
burning (smoldering or flaming) and the time of 
transport (atmospheric processing of particles). There 
are also different ways to account for aerosol mixtures, 
e.g., mixtures of dust with biomass-burning, marine or 
pollution aerosols or mixtures of marine and pollution 
aerosols. 

In the CALIPSO retrievals six aerosol types, i.e. clean 
marine, clean continental, polluted continental, dust, 
polluted dust, and biomass-burning smoke, are 
distinguished. CALIPSO aerosol typing relies on lidar 
level-1 data, since the methodology has been 
developed primarily to select proper lidar ratios for 
level-2 data retrievals. Thus, selection criteria comprise 
integrated attenuated backscatter, approximated 
depolarization ratio, and vertical location of the layer 
as well as the kind of surface above which the 
observation is made.  

The EarthCARE aerosol classification scheme shall 
preserve the aerosol types of CALIPSO as far as 
possible in order to allow long-term global 

investigations over the lifetime of both missions. 
However, a more robust typing based on level-2 data 
will be applied. Due to the high-spectral-resolution 
lidar approach, ATLID retrievals do not require an a 

priori estimate of the particle lidar ratio, but provide 
this quantity together with the particle linear 
depolarization ratio as an observable. EarthCARE’s 
aerosol-type product can thus rely on measured 
intensive, i.e. concentration-independent, particle 
properties. ATLID observations are performed at 355 
nm. Up to now, there is no specific aerosol typing 
scheme available that considers a classification based 
on measurements at this wavelength. Therefore, as a 
first step, the experimental basis of aerosol typing at 
355 nm must be established.  

3. EXPERIMENTAL BASIS  

Figure 1 shows a collection of ground-based 
observations of lidar ratio and particle linear 
depolarization ratio at 355 nm from several field 
campaigns in different locations of the world. The 
different aerosol types (dust, smoke, pollution, marine 
aerosol, volcanic ash) and mixtures of them spread in 
this 2D-representation of intensive particle properties 
that will be measured with ATLID. It is obvious that a 
clear distinction between small, absorbing particles 
(high lidar ratio, small depolarization ratio = smoke or 
pollution), large spherical particles (small lidar ratio, 
small depolarization ratio = marine aerosol), and large 
non-spherical particles (moderate to high lidar ratio, 
high depolarization ratio = dust or ash) is possible. 
Mixtures of these types appear with intermediate 
values of lidar ratio and depolarization ratio. Thus, 
some estimate of the mixing state will be possible as 
well. Based on these findings, the next step is to find 
appropriate microphysical descriptions for the aerosol 
types that are consistent with the observations. 

4. SIMULATION OF MICROPHYSICAL 

PROPERTIES 

Starting with a very simple approach for the 
microphysical description, we assign a mono-modal 
particle size distribution and a (wavelength-dependent) 
complex refractive index to well-known basic aerosol 
components. Here, we follow the attempt of the aerosol 
project within the ESA Climate Change Initiative 
(Aerosol_cci) which focusses on the investigation of 
retrieval algorithms and products from passive satellite 
remote sensing. For the retrieval experiments an 
aerosol model based on four components is used [8]. 
These components comprise two fine modes, one 
strongly absorbing and one weakly absorbing, and two 
coarse modes, one with spherical particles representing 
sea salt and one with non-spherical particles 
representing dust. The mode radii and refractive 
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indexes are typical values obtained from long-term 
AERONET observations (see Table 1).  

Table 1: Microphysical properties of the components of the 
Aerosol_cci model and their optical properties at 355 nm. 
Italic numbers represent a variation that reproduces 
observational findings for Saharan dust, marine aerosol, 
pollution, and smoke (reff–effective radius, mR–refractive 
index, real part, mI–refractive index, imaginary part, S–lidar 
ratio, –particle linear depolarization ratio, 0–single-
scattering albedo). 

 Coarse 
mode: 
Dust 

Coarse 
mode: 
Sea salt 

Fine mode: 
Weakly 
absorbing 

Fine mode: 
Strongly 
absorbing 

reff, µm 1.94 1.94 0.14 0.14 

mR 1.56 

1.53 

1.40 

 1.36 

1.40 

1.45 

1.50 

1.55 

mI 0.005 

0.003 

0.0 0.003 0.043 

0.030 

Shape Dubovik’s 
spheroid 
distribution 

Spherical 

10% 

prolates 

with axis 

ratio 1.1 

Spherical 

100% 

prolates 

with axis 

ratio 1.1 

Spherical 

100% 

prolates 

with axis 

ratio 1.1 

S, sr 72.5, 

63.7 

13.3 

17.1 

78.3 

 63.0 

116.9 

74.6 

, % 22.8 

26.0  

0.0 

3.7 

0.0  

2.2 

0.0 

1.7 

0 0.81 

0.87 

1.00 

1.00 

0.98 

0.98 

0.81 

0.86 

In order to describe the scattering of non-spherical 
particles, we apply the spheroid model and the spheroid 
shape distribution (mixture of prolates and oblates with 

axis ratios between 0.3 and 3) introduced by Dubovik 
et al. [13]. Figure 1 shows the values of lidar ratio and 
linear depolarization ratio calculated for the 
Aerosol_cci components at 355 nm (filled stars). It can 
be seen that these components already relatively well 
represent the properties of Saharan dust (non-spherical 
coarse mode), sea salt (spherical coarse mode), 
pollution (weakly absorbing fine mode) and smoke 
(strongly absorbing fine mode). Some variation of the 
refractive-index values and the content of non-
spherical particles (see italic numbers in Table 1) shifts 
the theoretically calculated values close to the 
experimental ones (see open stars in Fig. 1). 

5. NEXT STEPS 

Starting from these promising results, the 
microphysical model will be further refined. In 
particular, we will combine the Aerosol_cci approach 
with the Optical Properties of Aerosols and Clouds 
(OPAC) database [14, 15]. OPAC allows the 
construction of aerosol types from a number of basic 
aerosol components with well-defined microphysical 
properties under consideration of hygroscopic particle 
growth, and it provides a comprehensive collection of 
refractive indexes of basic aerosol components over a 
wide wavelength range (0.25–40 µm). The latter is 
needed for the radiative-transfer calculations and the 
closure studies with BBR. In the new OPAC 4.0, three 
dust components (nucleation, accumulation, and coarse 
mode) are contained which are made up of non-
spherical scatterers of prolate shape. A size-dependent 
axis-ratio distribution following experimental results 

Figure 1: Ground-based observations and simulations of lidar ratio versus particle linear depolarization ratio at the ATLID 
wavelength of 355 nm. Measurements were performed with the Raman-polarization lidars POLIS (University of Munich, dots) 
and PollyXT (Leibniz Institute for Tropospheric Research, open squares) during SAMUM-2 at Cape Verde [9], at the EARLINET 
stations of Leipzig and Munich, Germany [10], in the Amazon Basin [11], and onboard Polarstern over the North Atlantic [12]. 
Simulations were performed using the components of Aerosol_cci (filled stars) and variations with different refractive index and 
shape distribution (open stars). 
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obtained by Kandler et al. [16] is considered. Our first 
investigations show that this shape distribution better 
represents the experimental data than the one proposed 
by Dubovik et al. [13].  

The experimental basis will be extended as well in 
order to consider the spectral behavior of extinction, 
backscatter and depolarization. The corresponding 
Ångström exponents are taken from multi-wavelength 
Raman lidar observations. Respective information for 
many of the observations shown in Fig. 1 is already 
available and more experimental data will be included. 
The consistency of the aerosol model over the entire 
ATLID/MSI wavelength range can be assured in this 
way. The HETEAC pure and mixed aerosol types shall 
finally be constructed from bi-modal size distributions 
representing the contribution of fine and coarse 
particles of different complex refractive index and with 
different shape distributions. 
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