N
N

N

HAL

open science

ADM-Aeolus retrieval algorithms for aerosol and cloud
products
P.-H. Flamant, J. Cuesta, Marie-Laure Denneulin, Alain Dabas, Dorit Huber

» To cite this version:

P.-H. Flamant, J. Cuesta, Marie-Laure Denneulin, Alain Dabas, Dorit Huber.
trieval algorithms for aerosol and cloud products. Tellus A, 2008, 60A (2), pp.273.

0870.2007.00287.x . meteo-00293943

HAL Id: meteo-00293943
https://meteofrance.hal.science/meteo-00293943v1
Submitted on 9 Oct 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

ADM-Aeolus re-
10.1111/j.1600-


https://meteofrance.hal.science/meteo-00293943v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Tellus (2008), 60A, 273-286
Printed in Singapore. All rights reserved

© 2007 The Authors
Journal compilation © 2007 Blackwell Munksgaard

TELLUS

ADM-Aeolus retrieval algorithms for aerosol and cloud
products

By PIERRE FLAMANT!, JUAN CUESTA!, MARIE-LAURE DENNEULIN?, ALAIN DABAS?
and DORIT HUBER?, !Laboratoire de Météorologie Dynamique/Institut Pierre Simon Laplace, Ecole
Polytechnique, 91128 Palaiseau, France; *Météo-France, Toulouse, France; *Deutsches Zentrum fiir Luft- und

Raumfahrt, Oberpfaffenhofen, Germany

(Manuscript received 15 January 2007; in final form 4 September 2007)

ABSTRACT
ADM-Aeolus, the wind Lidar under development at ESA, is a High Spectral Resolution Lidar that additionally provides
separated information on particles (Mie channel) and molecules (Rayleigh channel). Lidar signals will be accumulated
in vertical range bins in order to reach sufficient signal-to-noise ratio for reliable wind estimates. The vertical range bin
integration may vary from 250 m near the surface up to 2 km in the upper troposphere and lower stratosphere. Significant
attenuation in a range bin changes the nature of the retrieval problem. The commonly used Lidar inversion techniques
appear to be inadequate to process bin-accumulated signals. This paper presents the ‘L2A processor’, conceived to use
ADM-Aeolus signals to provide information on aerosol and cloud layers optical properties. The altitude, geometrical
depth, optical depth, backscatter-to-extinction ratio and scattering ratio are to be retrieved. The L2A processor algorithms
provide a new formulation to the inverse problem for various filling cases of a range bin and it includes a credibility
criterion (CC) in order to select the best filling approximation. The effective vertical resolution can be two to four
times better than the ADM-Aeolus range bins. The basic concept, the processing algorithms, numerical examples and

sensitivity tests are here presented.

1. Introduction

The Atmospheric Dynamics Mission ADM-Aeolus is the fourth
of ESA’s Earth Explorer Missions! (ESA, 1999; Stoffelen et al.,
2005). ADM-Aeolus is scheduled for launch in mid 2009 and has
a projected lifetime of 3 yr. ADM-Aeolus is a pulsed Lidar op-
erating in the UV range at 355 nm. It has the capability to profile
the dynamical, structural and optical properties in the lower at-
mosphere. Its primary objective is to demonstrate the capability
to measure wind profiles from space using ALADIN, a Doppler
Wind Lidar (DWL). According to the basic instrumental design,
ALADIN on ADM-Aeolus is a High Spectral Resolution Lidar
(HSRL) that implements two separate channels for the detection
of the laser light scattered by molecules and particles (Shipley
et al., 1983; Imaki et al., 2005). The two channels enable the
retrievals of wind from particle free atmosphere (air molecules
mostly) and cloud/aerosol layers, respectively. For a HSRL con-
figuration provides with two independent Lidar signals from (i)
molecules and (ii) particles, it enables also to retrieve unam-
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biguously the optical properties of clouds and aerosols, contrary
to standard elastic backscatter Lidar (SEBL). This capability to
perform monitoring of cloud/aerosol layer optical properties is
essential in the framework of the present paper in the continu-
ation of the CALIPSO joint NASA/CNES mission launched in
April 2006 (Winker et al., 2003). However, vertical resolution
of ADM-Aeolus signals is coarse (from 500 to 2000 m). This
limitation implies the development of a new inversion technique,
the so-called L2A processor, which is the main issue addressed
in this paper.

As an introduction to the present paper, the difference between
HSRL and SEBL is outlined below. A SEBL collects and detects
together the laser light scattered by molecules and particles. The
SEBL signal strength s(R) as a function of range R is

s(R) = K R7?[B,(R) + B,(R)]
R
XeXp{—Z/ [am(y) + o, ()] dy}- (1)
0

The instrument constant K is function of the transmitted laser
energy, receiver telescope diameter, overall optical efficiency
and photo detector efficiency. The backscatter coefficient g
(in m~! sr!) and the extinction coefficient « (in m~') stand
for air molecules and particles with subscripts m and p, re-
spectively. The instrumental parameters and units are listed
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Table 1. Comparison of the main characteristics of the space borne Lidar ALADIN and CALIOP onboard ADM-Aeolus and CALIPSO platforms,

respectively
Mission ADM-Aeolus CALIPSO
Lidar ALADIN HSRL CALIOP SEBL
Nd-YAG laser operating wavelength(s) 355 nm 532-1064 nm
Transmitted energy per pulse 150 mJ 110 mJ (at both wavelengths)
Laser polarization Linear Linear
Pulse duration 30 ns 20 ns
Pulse repetition frequency 100 Hz 20 Hz
Receiver telescope diameter 1.5m Im
Receiver field-of-view (full angle) 18 urad x 30 the diffraction limit 130 prad x 200 the diffraction limit
Multiple channel receiver (a) Rayleigh: Dual Fabry—Perot interferome- (a) 532 nm // polarized

ter for light scattered by air molecules

(b) Mie: Fizeau interferometer for light scat- (b) 532 nm _L polarized

Receiver spectral bandwidth

Vertical resolution (range bin)
Horizontal resolution (on satellite track)

tered by particles

(a) 0.7 pm for Rayleigh channel

(b) 0.06 pm for Mie channel

500, 1000, 2000 m

3.8 km (measurement) 50 kmP® (observation)
void of 150 km every 200 km

(c) 1064 nm

(a) and (b) 35 pm (at 532 nm)

(c) Standard interference filter (at 1064 nm)
30 m

330 m (measurement) 26.4 kmP (observation)
continuous sampling

Pointing of line-of-sight 35° off-nadir

Orbit height
Lidar footprint at surface 9m

400 km (496 km range)

From O to 3° tilt off nadir (to cancel spurious
reflections)

705 km

92 m

4Horizontal resolution may be better depending on actual SNR.

YEstimation using actual CALIPSO 532 nm // level 1 signals to keep daytime SNR>3 and nighttime SNR>6.

in Table 1. Equation (1) is derived assuming single scattering
approximations (SSA). In presence of so-called multiple scat-
tering effects (MSE) in dense particle layers or due to strong
forward scattering by large particles, a MSE correcting factor
0 < n < 1isused and the exponential term writes 1 fOR a,(y)dy
for particles. However, even such a simple approximation for
MSE is a source of ambiguity in the retrieval of particle optical
properties. A large number of studies have been devoted to esti-
mate the importance of MSE on Lidar retrievals with respect to
SSA, as a function of the receiver telescope field-of-view (FOV),
extinction coefficient and range to the scattering layer (Nicolas
et al., 1997; Mitrescu, 2005).

A discussion in depth of MSE on Lidar retrievals is beyond
the scope of the present paper. However, one can say that in
many situations relevant to Earth radiation budget issues the
SSA applies on ADM-Aeolus retrievals. Among others, one is-
sue addresses the importance of thin cirrus clouds for they can
result in a cooling or warming effect depending on their optical
and microphysical properties and altitude (i.e. temperature). In
order to address the importance of MSE and the relevance of
SSA, we consider the following parameters for ADM-Aeolus:
emission wavelength & = 355 nm, range to the surface R =
500 km, receiver full FOV = 18 urad (see Section 2), and c),
= 0.5-2 km™!. First, based on the theory presented in Nicolas

et al. (1997), our numerical applications show that the SSA is
valid (n = 1) for aerosols and clouds with particle diameters d,, <
10 pm. For larger particles (e.g. cirrus clouds), it applies for
d, = 35 um and moderate extinction coefficient (<1 km™"). For
d, = 100 or 350 um, the SSA applies only for small optical
depth OD < 0.3 (e.g. thin cirrus clouds) that result in indepen-
dent forward scattering (i.e. only a small fraction of the forward
diffraction peak is contained in the receiver FOV).

It remains that for large particles and large OD the MSE are
significant and they need to be taken into account through 7 in
eq. (1). Because the particle size is not known a priori the retrieval
problem is complex for large particles associated to large OD.
The issue will be addressed in a future study using Monte Carlo
simulations. Additionally, no error propagation effects associ-
ated to MSE has been verified that result of the newly proposed
retrieval algorithm (see Section 5).

One single eq. (1) involves the two unknowns of interest 8, (R)
and o,(R). B,, and «,, can be computed from meteorological
information, that is, pressure p(z) and temperature 7(z), as a
function of altitude z as follows

4.09
550 ) 288
ﬁm(z) =1.38 x 10_6 _ & m—l sr—l7
A 1013 T(z)

(@)
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where A in nm is the probing laser wavelength (355 nm for
ADM-Aeolus). The molecular extinction coefficient is computed
according to B,,(z) = ko, (z), where k,, = 3/8 m = 0.118 (in
sr~!) is constant from the surface up to an altitude of 80 km. The
relative errors on molecular coefficients scale with uncertainties
on temperature (1 K = 0.3%) and pressure (1 hPa = 0.1%).
The coefficient a, (or B,) can be retrieved from eq. (1) and
S(R) as long as «,, and 8, may be connected together, in order
to deal with one single unknown. A linear relationship 8,(z) =
ko ,(2) based on scattering theory is usually used (Fernald et al.,
1972; Fernald, 1984). Even so, k, is an issue because it de-
pends on many parameters such as the composition of particle
mixture, particle size, shape, orientation and refractive index
(Carier et al., 1967; Evans, 1988; Ackerman, 1997; Noel et al.,
2001). In practice, k), values may span by one order of magnitude
(k, < k). It may vary as a function of range, but in practice a
mean value is used (Fernald et al., 1972; Fernald, 1984). For an
SEBL like CALIPSO, k, must be known a priori before signal
processing. Itis provided as an auxiliary data set. On the contrary,
ADM-Aeolus can provide with unambiguous solutions (see Sec-
tion 7).

The two basic HSRL equations for laser light scattered by
molecules and particles as a function of range are, respectively,

R
sm(R) = K,y RBu(R) exp {—2/ Lom(y) + ap(y)] dy}
0

(3a)

R
Sp(R) = Kp R72 ,Bp(R) exp {_2/(; [am(y) + ap(y)] dy} .
(3b)

Note molecules and particles attenuate the collected light in
the two channels, whereas scattering is due to either molecules
or particles. The variables in eqs. (3a) and (3b) have the same
meaning as in eq. (1). Equations (3a) and (3b) could involve a
MSE correcting factor for large particles with large OD as dis-
cussed previously. Equations (1), (3a) and (3b) stand for Lidars
operating from the ground, aircraft and space platforms.

ADM-Aeolus will provide with bin-accumulated Lidar mea-
surements in 25 range bins. It is worth to notice that a signif-
icant attenuation within a range bin changes the nature of the
HSRL equations and the solution. It calls for a new processing
algorithm. In this paper, we describe the ADM-Aeolus Level-
2A (L2A) spin-off products retrieval algorithms for cloud and
aerosol optical properties i.e. optical depth, k, and scattering
ratio (the ratio between the total backscatter by particles and
molecules and the molecular backscatter). The L2A algorithms
take into account the technical constraints with respect to ver-
tical and horizontal sampling (see Table 1). Product confidence
indicators are important items that will be provided with the re-
trievals. The ADM-Aeolus mission is presented in Section 2.
The scope and purpose of the L2A processor are presented in
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Section 3. Bin-accumulated HSRL signals are discussed in Sec-
tion 4. The L2A processing algorithm for the Rayleigh channel
is provided in Section 5. Examples illustrating the performance
of the proposed new algorithm are provided in Section 6. The
L2A processing algorithm for the Mie channel and synergism
between the Mie and Rayleigh channels are provided in Sec-
tion 7.

2. ADM-Aeolus mission

ADM-Aeolus will provide two simultaneous measurements
from molecules and particles (see eqs 3a and 3b) with further
bin-accumulation at CCD detector level. The current baseline
configuration for the 25 range bins will provide 1000 m vertical
accumulation through most of the lower atmosphere (from 2 to
16 km), 500 m below 2 km mostly in the atmospheric boundary
layer and 2000 m between 16 and 26 km in the stratosphere.
The two top range bins (#25 and #24) will be used for instru-
mental purpose and calibration, respectively. The ADM-Aeolus
instrument is viewing from a low-altitude (~400 km) polar orbit
in the direction perpendicular to the satellite track (Fig. 1). The
polar orbit facilitates global data coverage, required for numer-
ical weather prediction (NWP) and climate applications. There
is only information on the line-of-sight (LOS) at the local ele-
vation angle (~63°), which is close to east—-west except at high
latitudes (for comparison, CALIPSO is looking at nadir or a few
degrees off nadir). ADM-Aeolus will typically provide approx-
imately 50-km-average observations? in horizontal or at a better
horizontal resolution when the signal strength will be sufficient
(i.e. signal-to-noise ratio SNR > 10) separated by voids of 150
km data gaps. Such a duty cycle of 25% and resulting sampling
in the atmosphere is driven for science to ensure minimal error
correlation between consecutive wind observations (Stoffelen
et al., 2005) and satellite technical considerations to maximize
the information content while conserving the energy consump-
tion of ALADIN. The accuracy on the retrieved ADM-Aeolus
aerosol and cloud spin-off products will primarily depend on
SNR, which in turn is driven at instrument level by k,, and k,
(egs. 3a and 3b).

Regarding the aerosol/cloud products to be retrieved by ADM-
Aeolus, it is worth to say that even for a limited vertical resolu-
tion, but taking advantage of the HSRL capability, the continuity
of Lidar measurements from space after CALIPSO is essential.
A long term data base on aerosol/cloud products will help to
better understand the role of aerosols and clouds on Earth radia-
tive budget and climate change. Table 1 provides information for
comparison on the ALADIN and CALIOP Lidars, onboard the
ADM-Aeolus and CALIPSO platforms, respectively.

2The term ‘measurement’ is used for instrument data characterized by
horizontal scales of between 1 and 10 km, whereas ‘observation’ is used
for aggregated data at horizontal scales of 50 km.
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Fig. 1. Line-of-sight viewing geometry and proposed verticals distribution of the range bins for the ADM-Aeolus satellite, showing vertical
sampling by the particle (Mie) and molecular (Rayleigh) channels separately (see also Table 1).

The implementation of the ADM-Aeolus receiver is dictated
by the scattered light spectrum characteristics (see Fig. 2). It is
made of a narrow line associated to particles and a broad nearly
Gaussian line shape associated to molecules. The two spectra
are centred at the same frequency and the central frequencies
sweep together according to the Doppler frequency shift (as a
function of radial velocity). In order to split the two contributions
into two distinct spectra the ALADIN instrument implements a
narrow line shape Mie receiver (a Fizeau interferometer) and a
broader line shape Rayleigh receiver [a dual Fabry Perot inter-
ferometer (Chanin et al., 1989; Garnier and Chanin, 1992)]. The
molecular spectrum bandwidth varies with height in the atmo-
sphere, with temperature mainly and pressure to a lesser degree.
In the lower atmosphere a Brillouin doublet occurs on the two
sides of the broad Gaussian shape line that results in a Rayleigh—
Brillouin line shape (Boley et al., 1972; Tenti et al., 1974; Pan
et al., 2004). The impact of Rayleigh—Brillouin spectrum on the
optical property retrievals is limited and can be addressed satis-

factorily by calibration using a so-called Tenti S6 model (Tenti
et al., 1974; Flamant et al., 2005). The Mie receiver does not re-
solve the scattered spectrum by particles. The Rayleigh receiver
is made of two band-pass filters set on both sides of the broad
molecular spectrum (‘A’ and ‘B’ in Fig. 2). The relevant infor-
mation is the number of collected photons N and Ng in each
subchannel. The ratio [(Na — Ng)/(Na + Np)] is a function of
the Doppler frequency shift and it enables to derive the radial
wind velocity along the LOS. In order to maximize the optical
efficiency, the overall receiver design is rather complex based on
polarization discrimination effects before detection. The atmo-
spheric signal first enters the Mie receiver and subsequently the
Rayleigh receiver. An inherent cross-talk exists between the Mie
and Rayleigh channels, for on the one hand the dual Fabry—Perot
subchannels A and B may collect a fraction of the spectrum as-
sociated to particles (it will depend on signal strength and so on
scattering ratio), whereas on the other hand the Fizeau interfer-
ometer collect a fraction of the central portion of the molecular

Tellus 60A (2008), 2
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Av=v- v, (GHz)

Fig. 2. Scattered spectrum by molecules (broadband) and particles
(narrow line) and transfer function of the Dual-Fabry—Perot
interferometer (DFPI) implemented in the Rayleigh channel receiver. A
typical atmospheric spectrum is displayed by the black solid line. The
spectrum is centered about the central frequency of the transmitted laser
pulse (here taken as reference ‘0’). The transmission transfer functions
of two sub channels A (right) and B (left) of the DFPI are displayed as
deep grey (FP A) and light grey (FP B) solid lines, respectively. They
are representative of the nominal design of the Rayleigh channel
receiver. The deep grey and light grey shaded areas are proportional to
the useful number of photons Na and Np before detection. If the
spectrum is positively Doppler shifted (see the black dashed line) by
282 MHz associated to a 50 m s~! radial velocity in this example, Na
increases while Ng decreases and Na + Na stays nearly constant so the
Rayleigh response Rr = (Na — NB)/(Na + Ng) increases.

spectrum that can be regarded as one additional component to
solar background light (see Section 4). The cross-talk needs to
be taken into account by a proper calibration (see Sections 4
and 6). Moreover, light reflected from the Mie channel’s Fizeau
interferometer, that may enter the Rayleigh channel, needs to be
taken into account.

A narrow FOV for ADM-Aeolus is dictated by the perfor-
mance of the interferometers. A small FOV results in a footprint
of 9 m at surface and a footprint to range ratio of 1.8 x 107>
compared to 92 m and 13 x 10~ for CALIPSO. For spaceborne
Lidars, the importance of MSE on the retrievals scales with Li-
dar footprint (the smaller the better). In most cases, the MSE are
expected to be limited if not negligible for ADM-Aeolus (except
for the case of large particles and high OD; see Section 1). In this
respect, ADM-Aeolus has better performance than CALIPSO. A
narrow FOV still much larger than the diffraction limit precludes
signal fluctuations due to speckle effects.

3. L2A processor

The L2A algorithms are designed to retrieve the cloud and
aerosol optical properties at a 3.8-km (one measurement) to
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50-km scale (one observation). They are derived primarily to
form part of a piece of software that creates the ADM-Aeolus
Level-2A (L2A) data products, based on the calibrated measure-
ments (L1B) as inputs. Given the experimental nature of the
mission, it has been recognized that data processing needs to
have sufficient flexibility to explore the full potential of the mis-
sion. The L2A spin-off retrieval algorithms are likely to evolve
during the mission. The evolution is expected to be relatively mi-
nor, but of course any changes will be thoroughly documented.
The L2A software will be freely available for the atmospheric
community. As it stands today, the spin-off products do not need
to be processed in real time and the issue will not be discussed
here, but the software will be designed to be portable.

L1B data are the input to the L2A processor. For one active
period of approximately 50 km (Fig. 1), the L1B data set is a ma-
trix of [14 columns (j) x 24 rows (i)], obtained from on-board
analogue accumulation. Each of the N, = 14 columns is an
atmospheric profile at the measurement scale, acquired by ac-
cumulation of Ny, = 50 laser returns. The Nypge = 24 rows
correspond to the vertical range bins. Given the satellite ground-
velocity of ~7.6 km s~! and a pulse repetition frequency (PRF)
of 100 Hz, each one of the N,.; measurements integrates the at-
mospheric returns over a horizontal distance of 3.8 km. A 3.8-km
scale will give access on atmospheric heterogeneities within one
observation to identify those situations that may lead to aberrant
measurements or representativity errors in the retrievals (i.e. in-
stabilities in signal calibration, improper averaging of a highly
heterogeneous atmosphere, etc.). It could be further averaged up
to 50 km depending on signal-to-noise ratio (SNR). One orbit is
made of about 200 independent pieces of data.

Figure 3 presents the L2A algorithms. As a first step, a ‘Fea-
ture Finder’ algorithm based on Mie channel information, thatis,
light scattered by particles (narrow line spectrum), identifies the
range bins that contains particles and computes a scattering ra-
tio, using the narrow line component and molecular background
after subtraction of the solar background (first guess). This in-
formation will be used to make a distinction between (i) clear
air and (ii) cloud/aerosol layers. For each range bin i, measure-
ments at a 3.8-km scale will be used to derive the fraction of
cloud or aerosol layers (not discriminated at this point) in the
50-km observations. The ‘Processing Algorithms’ are designed
to retrieve for each range bin i the: (i) particle local optical depth
LOD,,; or equivalently a ‘mean’ extinction coefficient for par-
ticles «p,; , (i) backscatter-to-extinction ratio for particles k, ;
and (iii) scattering ratio R, ;. The auxiliary data sets on Fig.
3 will be used for signal processing on-ground. The very basic
needs, as outlined in Section 1 and further presented in Section
4, are the atmospheric temperature and pressure profiles for pro-
cessing of the Rayleigh channel signals and k™ for processing
of the Mie channel signals (in the event the Rayleigh channel is
not available). The meteorological variables i.e. pressure, tem-
perature, relative humidity, cloud cover, water/ice content, will
be provided by Global Circulation Models (GCM) analysis. A
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FEATURE FINDER

Occurrence of particle layers
based on Mie Channel

Particlesinrangebini? No Yes

Outputs

« Particle layer height and geometrical thickness
o Cloud/aerosol fraction over 14 granularities (50 km)
 Scattering ratio R, ;(1% guess)

Fig. 3. Basic concept of the L2A algorithm
to retrieve aerosol and cloud properties using

ADM-Aeolus data, geophysical variables
provided by GCM analysis and

microphysical properties for particles. A

granularity (7, j) is tagged with 2 indices i for

Auxiliary data
(el ey i PROCESSING Outputs
matology of k,
for different kinds | ——> —> | o Local optical depth LOD,
of particles ALGORITHMS . Backscatler-to-extinctior‘;‘lratio Ky
Optical properties Gy  Scattering ratio Rsca,i
Auxiliary data v l
Meteorological et Outputs
CLASSIFICATION Classification by range bin :
—> | e Aerosols
ALGORITHM o Clouds: liquid water or/and ice
(50 km) o Clear air
* No data

vertical (column) and j for horizontal (row),
respectively.

Table 2. Comparison of retrieval capabilities by ADM-Aeolus and CALIPSO according to on-board measurements

Mission Spatial sampling Particle layer detection Optical properties Scene classification
(Feature finder)
ADM-Aeolus Poor in vertical. Good. Mie channel Good. It uses full Limited. One/two pieces
HSRL It may be improved performs well even HSRL capability to of information provided by Lidar
with new L2A algorithm. at moderate SNR. derive LOD,, and k,. (LOD,, and k). No complementary
payload instrument.
CALIPSO Good. Continuous sampling Fairly good provided Fairly good. It includes Good. Several pieces
SEBL in horizontal and vertical. SNR is high enough.  colour ratio and depolarization of information by Lidar

But it may require
averaging in case of low SNR.

Otherwise, it may
require averaging.

ratio. But a priori knowledge

and synergism with

of kj results in ambiguity on LOD,,.

on-board IIR and WAC.

HSRL: high spectral resolution Lidar, SEBL: Standard elastic backscatter Lidar, IIR: infrared imager, WAC: wide angle camera.

database for k, at 355 nm is under progress at ESA, while a
database for k,, at 532 nm and 1064 nm is available for CALIPSO
(Cattrall et al., 2005). The link between the two databases will
be addressed at a later stage. A ‘Scene Classification Algorithm’
(SCA) at 50-km scale will provide with a classification of the at-
mospheric components detected in each range bin (see the list in
Fig. 3). Currently under development, it combines Lidar and me-
teorological information. Notice that ADM-Aeolus will provide
with limited information as presented on Table 2, so the SCA
does not rely on synergism with other on-board measurements.

The SCA is based on the backscatter-to-extinction ratio k, ;, for

pis
the values are quite different for aerosols and clouds (Carier et
al., 1967; Evans, 1988; Ackerman, 1997; Noel et al., 2001). In
addition, temperature is an efficient criterion to discriminate be-
tween liquid water and ice crystal clouds. Above 0 °C marks the
occurrence of liquid water clouds only and below —40°C only ice
clouds (Bailey and Hallet, 2004). Further discrimination may be
provided by the 3.8-km scale signal variability and the LOD,, ;.
The SCA will be upgraded using contemporary observations by
other satellites.

Table 2 is a comparison of performances for ADM-Aeolus and
CALIPSO according to the measurements performed by the two

missions. The CALIPSO payload combines three instruments:
CALIOP a SEBL, an Infrared Imager (IIR) and a Wide-Angle
Camera (WAQ).

4. Bin-accumulated signals

The ALADIN profiles will be built-up by analogue on-board
accumulation over 25 vertical range bins of 500-2000 m of depth.
Changing from Lidar range R to altitude z, the bin-accumulated
Rayleigh S, ; and Mie S, ; signals for the range bin i are

S = / " s dy (4a)

Ti-1

S, = / " s dy. (4b)

Zi—1
The altitudes z; and z; _; are the upper and lower boundaries
of range bin i. The relationship between z and R is z = (Ry —
R) cos 6, Ry is the range to the surface. In principle, the range
bins of the Rayleigh (m) and Mie (p) channels could be different,
as shown on Fig. 1, but it still needs to be defined according to
current studies under progress at ESA. Here, they are set equal

Tellus 60A (2008), 2
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for the sake of simplicity and for synergism between the two
channels in order to derive k,; (see Section 7). Now, starting
from eqs (3a), (3b), (4a) and (4b) can be written for the range
bin i as follows

279

factors in eqs (5a) and (5b), instead of two, and both Rayleigh
(Sin,i) and Mie (S,;) signals account for scattered light by
molecules (B,,) and particles (8,). However, for the new set
of two equations linking the bin-accumulated signals to the two

Zi Bn(») variables of interest (i.e. light scattered by molecules and parti-
Smi = Kn(W) Ty jsatit T sav / dy ( R y )2 cles) is linear, it can be solved analytically. In practice, the un-
Zi-1 0~ =3
cosd wanted contribution is subtracted (Mie from Rayleigh, Rayleigh
x exp| — / 2 (ot (x) + @2, (x)] dx (52) from Mie). From on, provided the additional instrumental com-
4y COst plexity is properly calibrated, the mathematical problem goes
back to initial eqs (5a) and (5b). The new processing algorithm
Spi = Kp() Ty psaust Tofoa / dy B,(y) . is presented 1r.1 Section 5. An exa.mple of retrievals accounting
i ( Ro — ﬁ) for cross-talk is presented in Section 6.
yoo9 In order to illustrate that the significant attenuation within
X exp[— / o5 [otn(x) + 0 (x)] dx} . (56) 4 range bin changes the nature of the problem and calls for a
Zi—1 =

The instrumental factors K,,(v) and K,(v)depend slightly on
the Doppler frequency shift v, that is, radial velocity (Flamant et
al., 2005). This effect will be taken into consideration by a proper
calibration on the ground before launch (work under progress at
ESA). The factors T, sa,i and T [sa,i) are the two-way transmis-
sions from the satellite (at height 7o = 400 km) to z;, the upper
boundary of the ith range bin of interest, as follows

new processing algorithm, we present numerical simulations of
ADM-Aeolus signals in Fig. 4. It considers a cirrus layer between
10 and 12 km and aerosols in the atmospheric boundary layer
between 0 and 2 km (see panel a). Bin-accumulated signals result
in step like profiles, as displayed on panel (3b) for the Rayleigh
channel and on panel (3c) for Mie channel. The range bins for
each channel are distributed as shown in Fig. 1. We notice that
changes in the range bin depth (z; — z;_ ;) result in discontinuities
in the profiles (see Rayleigh and Mie profiles at 16 km and at 2.5

ho o .
Tm,[sal,i] = CXp|:— / am(y) d)’] (6a) and 9 km’ respeCtIVEIy)'
z cosd Figure 5 presents in more details the bin-accumulated signal
, in the Rayleigh channel with only a cirrus cloud (10-12 km).
0 2 i - . . .
T, sy = exp[— / 0,y (y) dy:| ) (6b) The l?ln accumulated signals without anq with the c1r.rus cloud
y cost are displayed as black and grey dashed lines, respectively. For

In the upper atmosphere, 6 may be considered as constant. In
the lower atmosphere, the local elevation anglef; will be pro-
vided by range bin as L1B data. It is assumed that range bin #1,
the closest to the surface, does not contain a surface echo. The
additional complexity will be taken into account at a later stage
of the L2A processor.

The inherent cross-talk between the Rayleigh and Mie chan-
nels, mentioned in Section 2, introduces four new instrumental

comparison, the corresponding range resolved molecular signal
without and with the cirrus cloud are shown as solid black and
grey lines, respectively. The dashed grey line shows a significant
attenuation in the two successive range bins.

Using a normalized integrated two-way transmission
(NITWT;,), a simple solution can be derived between an ob-
servation S, ;|obs and a calculated bin-accumulated signal for

molecules only S, ;|ca. From the range bin i, it expresses

T
25 25 (- 25
1
i
20 20 T 20
Rl |
£ £ R — )
<15 <15 Ty, <15
[ (] -1 Q
© © ! T° | R ———
2 2 . 2 P
Z 10 Z 10 E' E= IR [ R Tt n
3
5 5 ! 5
_r
I——J __.I
0 - 0 ; 0~
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amY  xi0” S, (AU) s, (AU)

Fig. 4. Simulated bin-accumulated HSRL signals in arbitrary units (AU) as a function of altitude. Panel (a) atmospheric condition: a cirrus cloud is
present between 10 and 12 km whereas the atmospheric boundary layer height is 2 km. The total extinction coefficient («), + «;,) is displayed as a

solid line and «;, as a dotted line. Shaded grey areas outline the location of the two particle layers. Panel (b) bin-accumulated signal in Rayleigh

channel S, ; and panel (c) range-accumulated signal in Mie channel S, ;.
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E Fig. 5. Comparison of bin-accumulated and
L range resolved Rayleigh channel signals

i without (black) and with (grey) a cirrus

b cloud between 10 and 12 km. Dashed lines

= are the accumulated molecular signal S, ; in
4 vertical range bins and continuous lines are
the range resolved molecular signals s, (z).

6 —: T Simulations consider signals at 355 nm.
al 1 Shaded grey area outlines the location of the
i ] cirrus layer. Despite S, ; and s,,(z) are
21 I different (different units), they are plotted
0+ ; J‘ J‘ : | 7 with the same scale for convenience. A
0.5 0.6 0.7 0.8 0.9 1 normalizing factor of (z;—z; —1) was applied
Sm’i (dashed) sm(z) (continuous) (A.U.) 0 Sp.i-
as The difference between z; and z; is small for low LOD,,; =
S i lobs L ,'71 a,(x) dx (see Fig. 5). Neglecting the residual molecular

NITWT; = m : 0 attenuation and approximating z; = z;, eq. (9b) writes

At any time, using the L1B like-data and the auxiliary mete-
orological information (i.e. pressure and temperature profiles),
the quantity NITWT; may be calculated. Furthermore, we may
explicit the numerator and the denominator of eq. (7) using the
so-called ‘mean value equation’, as follows

Sm.i|0bs = / Sm(y)lobs dy = Sm(zk) |obs

Zi—1

X / dy = sm(Zk)|obs (zi —zi-1) (8a)
Zi—1
Silca = / Sm(y)lcal d)’ = Sm(zD)|cal
Zi—1
X/ dy = Sm(zl)|cal(zi - Zi—l)- (Sb)

Zi—1

The altitudes z; and z; are unknown and they verify z;, ;| <z <
z;and z; _; <z <z.Inthe example of Fig. 5, these conditions are
clearly observed. In the step-like profiles, the mean values in each
range bin match the continuous profiles at a certain unknown
altitude. For the range bins without particles, it results that z; =
z;. However, when particles affect the atmospheric transmission,
then z; # z;. Using eqs (8a) and (8b) in eq. (7), it comes

Sm (Zk)|ubs

Sm,i |ubs
NITWT,; = = .
Sm (Zl)|cal

Sm,i |cal

(9a)

Note s,,(zx)|obs 1S NOt accessible to the measurement for ADM-
Aeolus. Now, using eq. (3a) with altitude z instead of range R
and 0; = 0, eq. (9a) becomes

Bulz) (Ro— 2\

m 0 — S0

NITWT, = é") (R °‘fk"’> Ty st
m\<1 0~ el

cos 6;

2 Zk Zk
XeXp{— [/ ap(y) dy+/ an(y) dy“'
cost; | J, , 4

(9b)

2 Tk
NITWT; = T, jsat.iy eXp{_cos ) [/ ay(y) d)’:“ . (%)
1 Zi—1

This equation does not involve the local optical depth LOD, ;
nor a mean extinction coefficient o, ; and z; is unknown. A so-
lution requires an additional assumption on the range bin filling.
For a homogeneous particle layer filling entirely a given range
bin [i.e. o, (zi—1 <z < z) = «,,;, using Taylor expansion for
small LOD,, ;, one can show that z; = (z;+z;-1)/2. Accordingly,
eq. (9c) becomes

~ 2 (zi —zi-1)
NITWT; = T} iy exp[_ s %%} ) (9d)
And the mean extinction coefficient is
cos 6; T, rsati
ap = L | ] (%)
(zi — zi=1) NITWT;

A simple solution (eqs 9d and 9e) has been derived according
to the three assumptions: (i) low LOD,, ;, (ii) homogeneous par-
ticle layers and (iii) total filling of the range bins. In that case, the
particle transmission (see eq. 9c) looks like a standard transmis-
sion, but for half the range bin only (i.e. between (z; + z;-1)/2
and z; _;). The quantity T, ;s may be computed in successive
steps from the useful top range bin #23 using eq. (6b). In the
next section, a new processing algorithm is proposed that does
not require assumptions on attenuation nor complete filling of
the range bins.

5. Processing algorithm for Rayleigh channel

In this section, a new solution for the Rayleigh channel is pro-
posed. It considers (i) any value of local optical depth LOD,, ;,
(ii) partial filling and (iii) homogeneous particles layers. It will
be shown later that partial filling considerations could improve
the effective vertical resolution by a factor two to four.
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We derive the new solution starting from eq. (7), written as

Kin(v)
NITWT, = K—(U)Tp,[sat,i]
[ s el e ]
07~ Cos6;
i s enpl - [ 0]
cost;

(10)

Limited variations over a range bin of the molecular and range
squared terms enable to take them out of the integrals at the
numerator and denominator. It results

NITWT,
p.[sat,i]

1 % 2 Y
= dy exp|— o,(x)dx |.
(zi — zi=1) /;,-,1 Y p|: cos 6; ,/z[,l p(0 ]

For the particular case of total filling of a range bin by a

an

particle layer of constant extinction coefficient o, ;, eq. (11)
may be solved analytically to give

NITWT; = [1 —exp(—2SLOD,)].

I
2 SLOD,;

p.[sat,i]

(12a)

where SLOD,, ; is the particle slant local optical depth as SLOD
pi = @ — zi-1) &y i/cos 0;.

For partial filling by one single homogeneous layer between

altitudes z, and z;, such that z; _; <z, <z, <z, eq. (11) writes

(zi — 2p) (zp — 2a) !
(zi —zi-1) (2 —2i-1) 2SLODy 141
X [l — exp(—ZSLODp.[d~b])]

(24 — 2i-1)
I exp[2SLOD, ]

NITWT; =

p.[sat,i]

(12b)

If z, =z, and z, = z;, eq. (12b) is identical to (12a). Implicit
egs (12a) and (12b) may be solved by successive iterations in
order to minimize the difference between the right- and left-hand
terms. Using the left hand term as reference, the difference can
be positive or negative, corresponding to a small underestimation
or overestimation of the local optical depth, respectively. For a
single homogeneous particle layer, between any z, and z;, within
the boundaries of range bin 7, the Rayleigh channel retrieval of
the local optical depth LODY, is finally,
LOD®, = SLOD,, |, cos 6;.

pii

(12¢)

The LOfoJ. retrieved from eqs (12b) and (12¢) depends not
only on the slant optical depth SLOD,, 1,4 but also on the lo-
cation of the particle layer in the range bin. Considering two
extreme cases, a very thin layer located either at the top: z, = z;
and z, = z; (see eq. 13a) or bottom: z, = z;_; and z, = z; _; (see
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eq. 13b) of a range bin, one can write

NITWT; = exp[—2 SLOD,,10p | (13a)

p.[sat,i]

NITWT; = 1. (13b)

p.[sat,i]

Despite the local optical depth are equal, the two eqs (13a) and
(13b) are quite different. An incorrect assumption on the filling
of the range bins (e.g. total filling when particle layers are thinner
than the range bins) may then result in significant bias. More-
over, the right-hand term of eq. (13b) is nearly equal to unity, for
only a very small fraction of the signal is attenuated. It results in
an apparent contradiction between the Feature Finder Algorithm
that indicates the presence of a significant particle layer in the
range bin while the Rayleigh Processing algorithm could indi-
cate a negligible particle local optical depth. The combination
of the two pieces of information tells us that it is a thin layer at
the bottom of the range bin. In future works, cross-information
algorithms will be implemented in the L2A processor.

In order to limit the number of solutions to be tested, we divide
the range bins into four subbins and we consider only one layer
by range bin. The various filling cases (FC) to be used in this
study are displayed on Fig. 6. They correspond to seven cases:
an entire range bin or total filling (#1), top and bottom halves
(#2 and #3), upper top, mid-top, mid-bottom and lower bottom
quarters (#4, #5, #6 and #7).

Once the Feature Finder algorithm has identified the range bins
containing particles, the best approximation among the possible
FC is to be determined. In order to make a decision, a so-called
CC is used. From eq. (12b), we define it as,

CC,‘ ==

NITWT;, (14a)

p.lsati]
where T), [sa,ij and NITWT; are calculated using eqs (6b) and
(7), respectively. The CC; computed in range bin i is intended
to certify all FC; 1, and LOD,,; 4, retrieved in the above range
bins (from the upper most bin #24 down to i + 1). The NITWT;
may be computed directly from L1B observed and simulated
signals. On the contrary, the estimation of T, | ; relies on the
previously retrieved particle optical depth in the range bin i+1
and above. From eq. (6b), the two-way particular transmission

Fig. 6. Filling cases (FC) considered for numerical simulations: total
filling and various partial fillings of a range bin by one homogeneous
particle layer (seven cases).
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from the satellite to z; equals

23

T (sari) = €Xp [— Z

WS cos Ok

LODP'{| + T fsar,241- (14b)

For the range bins i + 1 to #23, the local optical depths LOD , &
were obtained by iteratively solving eq. (12b) for the chosen FC;.
We may then only calculate CC; for the range bin i, once we had
calculated LOD,, - ;4 for the chosen FC.;, in the range bin
i+1 and above. LOD,, 54 and LOD,, »5 are assumed to be equal
to zero. Then, T, [sa;247 is Obtained by using range bin #24 for
calibration of S, ;|cac, that is, the ratio between S, 24|obs and
Sin24]cal 1s the normalizing factor T, [s24) (s€e eq. 5a). Range
bin #25 was previously used for instrumental purpose during
L1B processing.

Retrievals will provide with the filling case FC; and the local
optical depth LOD,, ; for each range bin i. For a given profile
S.i lobs» €ach one of the filling cases are tested following a tree-
like structure. The procedure starts at the upper most range bin i
where particles where detected by the Feature Finder algorithm,
where it calculates LOD, ; for all possible FC; and verifies CC; _,
in the range bin below. Depending on CC,;_; and for an uncer-
tainty &, three possible decisions may be taken:

(1) On-going condition:1f CC;_; < 1 — ¢, the so farretrieved
LOD,; and chosen FC, are considered as a possible solution.
Processing goes on to the following range bin (i.e. it will calcu-
late LOD,, ; _; for all possible FC;_; and CC;_, to make a new
decision).

(ii) Rejection condition: If CC;_; > 1 + ¢, the assumed fill-
ing cases from the top range bin down to range bin i include
at least one wrong FC and so wrong LOD,,. It underestimates
the two-way transmission (eq. 6b). Then, the entire profile is
rejected: all the chosen FC.; above range bin i are discarded.
Then the procedure starts again in the upper most range bin with
anew FC.

(iii) Acceptance condition: If CC;_; = 1 £ ¢, the optical
depth is declared correct and the entire profile (down to LOD,, ;)
is accepted as a partial solution (i.e. between #23 and 7).

Next, processing continues in the following range bins con-
taining particles (i.e. i—2 or below), as identified by the Feature
Finder algorithm. It provides with a solution down to the surface
(i = #1). The error propagation due to numerical and physical
approximations, as well as signal noise, is to be considered in
the value of ¢ (a few percents).

Preliminary numerical tests using the procedure outlined
above are presented in the next section. Furthermore, analyti-
cal and numerical tests concerning the impact of MSE on the
new retrieval algorithms have been as well done. They showed
that MSE in one range bin do not result in error propagation
that may impact the retrieval into the next range bins and so on.
In future works, the performance in case of MSE will be tested
using Monte Carlo simulations for the Lidar signals.

6. Preliminary tests on Rayleigh Channel new
processing algorithm

To test the performance of the new processing algorithm, nu-
merical tests considering L1B like data simulated with low noise
(high SNR) for 50-km bin-accumulated signals were used. Only
digitalization and range bin position uncertainties were taken
into account. Three examples will be presented. First, we sim-
ulated the Lidar signals considering two consecutive range bins
#20 and #19 completely filled by particles (i.e. FC#1) and three
optical depths (0.06, 0.30 and 1.00), equally split between the
two range bins. As a sensitivity test, we processed the Lidar sig-
nals assuming various filling cases different from the input (see
Table 3).

Table 4 compares the retrieved total optical depths (OD =
LOD,, 5 + LOD,, i9) for each of the five test cases. The OD
was only correct when the proper filling cases were used (see
Table 3). In Test #4 (two thin particle layers at the bottom and at
the top of each range bin), the biases were compensated and the
OD approached the inputs.

In a second example, the L1B like data were simulated with
a particle layer in range bin #20 with LOD, 50 = 0.30 and
FC,y = #7. Filling case #7 is the more difficult to address. In
a blind test, the L1B like data were processed according to the
seven filling cases of Fig. 6 and CC; computed in range #19
and #18. First, the processing algorithm started in bin #20 with
FC,p =#1 (complete filling) and then tried the seven filling cases
in bin #19. Second, it tried FCyy = #2 and then the seven fill-
ing factors in #19, and so on until filling case #7 was tried in
bin #20 and the seven filling cases in #19 as before. Table 5
presents the results. Only the best results for range bin #19 are
displayed.

Table 3. Filling cases (see Fig. 6) in range bins #20 and #19 used to
test the sensitivity of the Rayleigh channel processing algorithms. Test
case #1 corresponds to the filling cases considered for simulation of the
bin-accumulated signals and the other four columns to incorrect filling
assumptions

Range bin Test #1 Test #2 Test #3 Test #4 Test #5
#20 FC #1 FC #2 FC #3 FC #4 FC #5
#19 FC #1 FC #3 FC #2 FC #7 FC #6

Table 4. Total optical depth (OD) retrieved when the processing
algorithm assumed the five different test cases presented in Table 3.
Signals were simulated considering the filling cases of Test #1

Input Output

Test #1 Test#2 Test #3 Test #4 Test #5
OD =0.06 0.060 0.091 0.046 0.054 0.107
OD =0.30 0.30 0.48 0.23 0.28 0.59
OD = 1.00 0.99 2.12 0.82 1.04 3.12
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Table 5. Example of ‘Processing Algorithms’ results applied to L1B like data simulated with a particle layer in the range

bin #20, with LOD, 59 = 0.30 and filling case #7 (input case). Processing considered the seven filling cases presented on
Fig. 6. Only the best results for range bin #19 are displayed. The on-going, rejection and acceptance conditions are

indicated by ‘=Go’, ‘=Stop’ and ‘=O0K’, respectively.

Range bin Input Outputs
Processing Algorithms (Rayleigh channel) Feature Finder
#20 FCyo #7 #1 #2 #3 #4 #5 #6 #7 Particles
LOD, 2  0.30 0.07 0.14 0.04 0.04 0.05 0.09 0.32
#19 FCig - #4 #4 #4 #4 #4 #4 - Empty
LOD, 19 0 0.28 0.19 0.30 0.31 0.29 0.25 -
CCyo 1 0.527 0.673 0.527 0.525 0.546 0.599 1.039
=Go =Go =Go =Go =Go =Go =0K
#18 CCys 1 1.11 1.07 1.12 1.13 1.12 1.09 - Empty
=Stop =Stop =Stop =Stop =Stop =Stop
OD 0.30 0.35 0.33 0.34 0.35 0.34 0.34 0.32

The CC; inrange bin #19 (#18) was the NITWT o (NITWTg)
corrected for attenuation by particles in range bin #20 (#19).
The NITWT; equalled 1 in the absence of particle layers. The
acceptance condition was only met for FCy#7 column, used
to simulate the Lidar signal. Filling case 7 was the most dif-
ficult to handle as said before and at best CCy9 = 1.036. The
new processing algorithm for the Rayleigh channel performed
well and it enabled to retrieve (i) the optical depth (+6%),
(ii) the right range bin filled with particles and (iii) the filling
case.

As said before, the apparent contradiction between informa-
tion provided by the Feature Finder and processing algorithms
can be used to improve the overall processing and Scene Classi-
fication (to be conducted as a future work). Table 5 shows that
the Feature Finder would have indicated a particle layer in range
bin #20 and no particles in #19 and #18, whereas the processing
algorithm based on wrong FCyy assumption retrieved most of
the optical depth in range bin #19.

The third test is presented in Fig. 7. It is a comparison be-
tween L1B like data with and without cross-talk in panels (a)
and (c), respectively, for a cloud layer (in grey) between 5.35
and 6.85 km and OD = 0.30. As shown, the particle layer was
sampled in three range bins with filling cases #4, #1 and #7,
respectively. The retrievals are, respectively, displayed in pan-
els (b) and (d). The input is the shaded grey area. Before pro-
cessing, the Rayleigh channel signal in panel (c) was corrected
from cross-talk by the procedure mentioned in Section 4, in-
cluding noise in calibrations. The retrievals using the ‘simple
solution” which only considers total filling (eq. 9d) is displayed
as solid thin line. The wrong filling assumption in the upper
range bin propagated a bias that could reach more than 40%
for the following range bins. Retrievals using the new process-
ing algorithms (eq. 12b) are displayed as dashed line. They
both matched the input extinction coefficient profile used as
input.
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7. Processing algorithm for Mie channel and
synergism between the two channels

The Mie channel is used for the Feature Finder and the signal
Processing Algorithms (Fig. 3). In this section, we present the
processing algorithm for the Mie channel in the absence of in-
formation from the Rayleigh channel (Section 7.1) and then the
synergism between the two channels when the setting of the
range bins are identical (Section 7.2).

7.1. Mie channel standing alone

One starts from eq. (5b). Using B,; = k, ;,;, where k,; is a
mean value over range bin i, it comes

‘i o,(y)
Sp.i = Tp.[sm,i]Tm,[sm.i] Kp(v)kp,i/ dy —r —
Zi—1 (R() - L)

cos

y
xexp{—é/‘ [am(x)—{—oz,,(x)] dx}. (15a)

Taking out the molecular and range squared terms as before,
a standard solution (Platt, 1973) is derived with new variable
U= fy,, a,(x)dx and dU = a,(y) dy. The analytic solution is

exp(—SLOD,, ;)
Sp.i = Tp,[sat,i] Tm,[sal,i] fﬁl)z Kp(v)
[RO - 2 cos b; ]

kp.i
X €Os 0; % [1 —ex(—2SLOD,, )], (15b)

where SLOD,,; and SLOD,,; are the local optical depth, re-
spectively, for molecules and particles and 6; is provided
as L1B data. Following the same reasoning of eq. (9d) for
molecules, the factor exp(—SLOD,, ;) considers only half the
two-way transmission. As the Mie channel stands alone, &, ;
needs to be known a priori. In case of MSE, a correcting
factor () occurs in eq. (15a) in front of o, as discussed
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in Section 1. It applies twice in eq. (15b):(k,;/2n) in-
stead of (k,;/2) and [1 —exp(— 2n SLODp.i)] instead of
[1 —exp(—2SLOD p,i)]' However, for small SLOD, a first-order
Taylor expansion shows that the two MSE correction factors n
cancel and have no impact on the SLOD; ,, retrieval. Equation
(15b) can then be written as

exp(— SLOD,, ;)
[Ro _ (z,-+z,-,1)]2
(15¢)

2 cosb;
and the Mie Channel local optical depth retrieval LODf_i is
(Z,‘ +Z;7|)

2

) [Ro— > cosB: ]

p 27 1 exp(SLOD,,;).
Kp(v) kp,i Ty 1sat,i1 Do, sac,in

Sp,i = p.[sat,i] Tm,[sat,i] Kp(v) kp,i LODpyi

LODY. =

p.i

(16a)
In the general case, we may solve eq. (15b) to obtain
Lot = (—980 Ny Z 2 S
2 2 cost; Kp(v) k}'}
(Z/Jrl,', ) 2
[RO - 2<:0s9,-l ]
= exp(SLOD,,) (16b)
Tp,[sal,i] Tm.[sat,i]

As before, the molecular transmission 7, s, is calculated
using auxiliary meteorological data, that is, pressure and temper-
ature profiles. The transmission for particles is computed from
previous range bins (from #23 to i + 1).

The retrieval of LOD); depends on the choice of k3% from
an auxiliary data set (see Fig. 3). Also, for the transmission for
particles T}, sa,ij is computed using LOD in previous bins, then

(eq. 9d) are shown as solid thin lines.

the errors in the choice of k;‘,f‘,." and the inherent MSE (i.e. in case
of large particles and high OD) may result in bias propagation
through the retrieved profiles (this point will be further addressed
in a future study). As mention in Table 2, it is a source of ambi-
guity for CALIPSO or any SEBL retrievals, operating from the
ground or in the air. Moreover, a determination of K,(v) in abso-
lute value is needed. Notice that K,(v) and k, ; are inextricably
connected in eqs (15) and (16). K,(v) needs a careful calibration
on ground before launch (work in progress at ESA). In space, it
could be done using calibrated surface returns (but reflectance
needs to be known) and strong cloud returns (k,, is rather stable
and well known for dense water clouds).

7.2. Synergism between Rayleigh and Mie channels

In order to derive a mean k,; for each range bin i, we may
combine the two independent LOD,, ; retrieved from Rayleigh
and Mie channels. Using the Rayleigh retrieval LODI;J. in eq.
(15b) enables to calculate the ‘Rayleigh + Mie’ mean kng over
range bin i as follows

2cos6

2 S, [RO B M]Z

cos 9[ Kp(v) Tp,[sat,i]ﬂn,[sat.i]
exp(SLOD,,.;)
1 — exp(— 2 SLODX )’

R+M __
kp,i -

(17a)

In case of MSE in bin i, the retrieval of kﬁer should not
be biased for small LOD because the two channels share the
same FOV. Considerations for larger LOD and occurrence of
significant MSE will be addressed in a future study.
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When kﬁTM is known, the mean scattering ratio for the range
bin i may be derived by

R
RR+M =1 +kR+M LODPvi

ca i ; 17b
sca, i p.i LODm, ( )

Equation (17b) can be written in LOD or SLOD as well.
The scattering ratio derived using (17b) will be compared to
the value derived using the Feature finder algorithm (see Sec-
tion 3). In presence of MSE the scattering ratio (see eq. 17b)
should not be biased. In principle, the MSE correcting factors
for backscatter-to-extinction ratio and particle local optical depth
cancel.

8. Summary and conclusion

This paper is intended to demonstrate the potential of ADM-
Aeolus to derive spin-up products for clouds and aerosols us-
ing a high spectral resolution Lidar in the UV. We show that
even if ADM-Aeolus is designed for wind application mainly,
it can fulfil the objective satisfactorily. The proposed ADM-
Aeolus L2A processor aims at retrieving the optical parame-
ters of aerosol and cloud layers: (i) local optical depths or mean
extinction coefficient by range bin, (ii) backscatter to extinc-
tion ratio and (iii) scattering ratio. The theoretical basis and
first numerical tests were presented in the present paper. The
algorithms usually used for range resolved signals are not ap-
plicable to ADM-Aeolus because of the coarse vertical reso-
lution of the instrument. A new approach has been developed
that does correctly account for the vertical bin accumulation and
the possibility that a cloud or aerosol layer may partially fill
a range bin. The practical implementation of the processor re-
quires precise calibration of ADM-Aeolus [characterization of
instrumental parameters k,(v) and k,(v) and cross-talk parti-
tioning]. These issues are under progress at ESA. The impact
of the multiple scattering effects on the retrieval of local opti-
cal depth in a range bin has been discussed, but a more detailed
analysis using Monte Carlo simulations of the Lidar signals is
left to future works for completeness. Future upgrades the L2A
processor will include an exhaustive set of partial filling cases.
The apparent contradiction between the Feature Finder algorithm
information and processing algorithms retrievals requires addi-
tional study. Cross-information processing will be addressed in
future works. The optical products provided by ADM-Aeolus
will extend the databases obtained by CALIPSO measurements
and bridge the gap between CALIPSO and EARTH-CARE, the
Lidar/Radar mission that ESA is preparing in the framework of
Earth-Explorers program.
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