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Abstract. The definition of an atmospheric database is an
important component of simulation studies in preparation of
future earth observing remote sensing satellites. The Aeo-
lus mission, formerly denoted Atmospheric Dynamics Mis-
sion (ADM) or ADM-Aeolus, is scheduled for launch end
of 2013 and aims at measuring profiles of single horizon-
tal line-of-sight (HLOS) wind components from the sur-
face up to about 32 km with a global coverage. The verti-
cal profile resolution is limited but may be changed during
in-orbit operation. This provides the opportunity of a tar-
geted sampling strategy, e.g., as a function of geographic
region. Optimization of the vertical (and horizontal) sam-
pling strategy requires a characterization of the atmosphere
optical and dynamical properties, more in particular the dis-
tribution of atmospheric particles and their correlation with
the atmospheric dynamics. The Aeolus atmospheric database
combines meteorological data from the ECMWF model with
atmosphere optical properties data from CALIPSO. An in-
verse algorithm to retrieve high-resolution particle backscat-
ter from the CALIPSO level-1 attenuated backscatter product
is presented. Global weather models tend to underestimate
atmospheric wind variability. A procedure is described to en-
sure compatibility of the characteristics of the database winds
with those from high-resolution radiosondes. The result is
a high-resolution database of zonal, meridional and vertical
wind, temperature, specific humidity and particle and molec-
ular backscatter and extinction at 355 nm laser wavelength.
This allows the simulation of small-scale atmospheric pro-
cesses within the Aeolus observation sampling volume and
their impact on the quality of the retrieved HLOS wind pro-
files. The database extends over four months covering all
seasons. This allows a statistical evaluation of the mission
components under investigation. The database is currently
used for the development of the Aeolus wind processing, the
definition of wind calibration strategies and the optimization
of the Aeolus sampling strategy.
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1 Introduction

A general methodology to test potential future (spaceborne
remote-sensing) instruments for their ability of observing at-
mospheric quantities is by simulation studies that include the
instrument hardware, a description of the atmospheric state
and data processing algorithms to retrieve the objective quan-
tity from the simulated measurement data. A prerequisite for
the realistic simulation of all aspects of data processing is
a realistic atmospheric description that includes atmospheric
processes at all scales as observed by the instrument. The
definition of the atmospheric database discussed in this pa-
per is related to ESA’s atmospheric dynamics mission, Ae-
olus, that aims to measure HLOS wind profiles from space
with a Doppler wind lidar (DWL) from atmosphere scatter-
ing particles and molecules that move with the ambient wind
(Stoffelen et al., 2005). Aeolus is a sun-synchronous dawn-
dusk polar orbiting satellite with a scheduled lifetime of three
years thus yielding global wind coverage for all seasons. The
Aeolus DWL has a single fixed beam operated perpendicular
to the satellite track direction and pointing at a 35 degrees
off-nadir angle towards the atmosphere. The return signal
from the atmosphere is divided in sequential time intervals
that determine the vertical (range gate) resolution of the re-
trieved wind profile. The instrument thus measures a profile
of single wind components along the laser beam line-of-sight
(LOS) rather than the full wind vector. In the original instru-
ment design the laser was operated in so-called burst mode
meaning that the laser is turned on and off over a 28 seconds
cycle in which the laser is active during 10 s and then turned
off for 18 s to yield good-quality measurements along a 50-
km track and no data in a subsequent 150-km gap. A single
wind profile is then obtained every 200 km from the 50-km
along track sampled data. Recently, it was decided to change
the laser operation to so-called continuous mode, i.e., a con-
tinuous pulsed laser operated at about half the frequency as
proposed for burst mode. The Aeolus DWL is a high spectral
resolution lidar (HSRL) that operates at 355 nm laser wave-
length (Flamant et al., 2008) to enable wind retrieval from
both atmospheric particles (aerosols and cloud droplets and
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ice crystals) and molecules (Tan et al., 2008). In principle
two wind profile solutions are obtained; one from the molec-
ular signal on the so-called Rayleigh detection channel and
one from the particle signal on the so-called Mie channel
(Marseille et al., 2003). In burst mode the laser is operated
at 100 Hz pulse repetition frequency yielding a fundamental
horizontal resolution of about 70 m. The on-board accumu-
lation for both channels is not fixed at the time of writing but
will typically be in the order of 14–50 pulses resulting in a
basic horizontal resolution of 1 to 3.5 km, the so-called mea-
surement length. One Aeolus observation is thus obtained
from 14–50 measurements that cover the 50 km observation
length. This oversampling in the along-track direction offers
the possibility to classify atmospheric segments, i.e., either
loaded with particles or particle-free, before accumulation to
observation level. The 3.5 km measurement length appears a
good compromise between sufficient signal-to-noise (SNR)
for classification and maximum oversampling, e.g., for the
identification of along-track wind gradients.

The vertical resolution is fixed to 24 bins for both the
Mie and Rayleigh channels with minimum and maximum
bin sizes of 250 m and 2000 m respectively. Intermediate bin
sizes must be multiples of 250 m. The maximum bin alti-
tude is 32 km which is mainly driven by SNR considerations
to yield Rayleigh channel winds that meet the mission LOS
wind quality requirement. The distribution of these bins may
be changed with a maximum of on average 8 times per orbit.
The switching moments can not be decided instantaneously,
but are preprogrammed and uploaded to the satellite every
week. This provides the opportunity of optimizing (target-
ing) the sampling for different climate regions. The defini-
tion of optimal sampling strategies thus requires climatolog-
ical knowledge on the distribution of atmospheric particles
and their correlation with the atmospheric dynamics, more in
particular the occurrence (geographical location and inten-
sity) of heterogeneous scenes with large optical and dynam-
ical variability within the Aeolus sampling volume. Such
scenes are most challenging for Aeolus to retrieve represen-
tative winds because they are prone to biases (height assign-
ment errors) that could be detrimental when used in numer-
ical weather prediction (NWP) models. An adequate sam-
pling may reduce such biases for instance by increasing the
Mie channel resolution in areas of relative large variability of
particle density.

From the considerations above the following requirements
apply for the atmospheric database:

– global coverage and covering all seasons,

– inclusion of the following atmospheric meteorological
parameters: zonal, meridional and vertical wind, tem-
perature and optionally specific humidity all as a func-
tion of height above mean sea level and pressure,

– inclusion of the following optical parameters: molec-
ular and particle backscatter and extinction at 355 nm

wavelength all as a function of height above mean sea
level and pressure,

– the parameter profiles must extend from the earth sur-
face up to an altitude of at least 32 km,

– the database horizontal resolution should be in the or-
der of a few km and less than a few hundred meters in
the vertical to simulate small-scale processes within the
Aeolus sampling volume of typically 50 km along track
and 1 km in the vertical.

An atmospheric database fulfilling these requirements en-
ables the testing of the Aeolus ground processing and to gen-
erate global statistics of the occurrence of heterogeneous at-
mospheric scenes as a function of season, climate region and
altitude. These statistics serve as input to define strategies for
an optimal positioning of the bins for the Mie and Rayleigh
channels. In addition to the primary geophysical parame-
ters defined above, ground albedo and surface elevation are
included enabling the assessment of opportunities for instru-
ment zero-wind calibration at the surface.

As such the database would provide valuable input to as-
sess the quality and coverage of winds obtained from the Mie
and Rayleigh channel in heterogeneous atmospheric condi-
tions. For instance, increasing the resolution of the Mie
channel (to 250 or 500 m) in regions of large wind shear and
cloud/aerosol variability will reduce height assignment errors
for Mie channel winds and improve the quality of winds from
the Rayleigh channel through a more accurate cross-talk cor-
rection, i.e., to correct for reflections from the Mie channel’s
Fizeau interferometer that enter the Rayleigh channel (Tan et
al., 2008), (Dabas et al., 2008). Statistics of the occurrence
and location of such events is obtained from the database and
used as input for optimizing the vertical sampling strategy.
Aeolus simulation tools like LIPAS (Marseille et al., 2003)
can simulate the impact of various sampling scenarios on
the quantity and quality of retrieved winds from the database
input. Another aspect is improving the characterization of
the stratospheric flow with Aeolus, i.e., either through an
improved tropospheric flow and upward propagating waves
into the stratosphere or through directly sampling the strato-
sphere. This aspect has recently been addressed in an opera-
tional NWP context through experiments at ECMWF for var-
ious sampling scenarios with a realistic distribution of simu-
lated Aeolus winds, based on the database input as described
in the remainder of this paper.

Existing databases or observing systems that measure
the combined dynamical and optical parameters with the
specified requirements are not available. Alternatively the
database may be constructed by combining data from dif-
ferent sources. Available data sets that may serve as input
for the atmospheric database include high vertical-resolution
(30–60 m) radiosonde data (Houchi et al., 2010) for the me-
teorological part of the database, but these have limited
spatial coverage in particular in the Tropics and Southern
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Hemisphere. Radiosonde data also do not provide explicit
information on the atmosphere optical parameters. Cloud re-
solving models, e.g. (Blossey et al., 2007) fulfill the high-
resolution requirements but are limited in time and generally
limited to the tropics and thus cannot fulfill the global cov-
erage requirement. The EARLINET network (Mattis et al.,
2004) of ground-based lidars over Europe provides high res-
olution data of the atmosphere optical properties over several
years, but is limited to Europe and more in particular to the
locations of the lidar instruments and lacks high-resolution
collocated wind and temperature observations. Many field
campaigns over the last decades have resulted in combined
high-resolution lidar and wind data, the latter from occa-
sional radiosonde launches. Although valuable for the study
of typical phenomena, field campaign data are limited to
the observation site and moreover radiosonde drift from the
launch location hinders exact collocation of atmospheric op-
tics and dynamics for ground campaigns. Advances in lidar
technology enable ship and aircraft campaigns to measure
typical phenomena such as boundary layers winds. An air-
craft campaign issued by the Deutschen Zentrums für Luft-
und Raumfahrt (DLR) near Iceland and Greenland yield
combined wind and aerosol/cloud measurements from a 2 µm
lidar, but limited to the field campaign period in November
2003 (Weissmann et al., 2007).

The Lidar-In-space Technology Experiment (LITE) in
September 1994 was the first experiment to yield a dataset of
lidar backscatter that nicely revealed the vertical structures
of aerosols and clouds at high resolution and with a large
coverage (Winker et al., 1996). LITE was however limited
to a 2-week period in September and its coverage limited to
+/−52 degrees latitude, thus missing the polar regions and
large parts of the mid-latitude (storm-track) regions. The
successor of LITE the Geoscience Laser Altimeter System
(GLAS) carried on the Ice, Cloud and land Elevation Satel-
lite (ICESat), launched on 13 January 2003, does provide
a global coverage of atmospheric aerosol and cloud data ex-
tending from the surface up to 41 km with a 172 m horizontal
and 77 m vertical resolution (Spinhirne et al., 2005). Instru-
ment degradation however limits the dataset of high-quality
measurements to the period 20 February until 18 November
2003.

With the advent of the successful Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO) mis-
sion it was decided to use these data for the optical part of the
atmospheric database. CALIPSO is part of the Aqua satellite
constellation (or A-train) and was launched in April 2006
(Winker et al., 2007). It is operational for almost 4 years
thus covering all seasons. CALIPSO combines an active
lidar instrument, the Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP), with passive infrared (IIR) and visi-
ble imagers (WFC) to probe the vertical structure and prop-
erties of thin cloud and aerosol over the globe at a nominal
horizontal and vertical resolution of 333 m and 30 m respec-
tively. CALIPSO is positioned in a sun-synchronous orbit at

a nominal altitude of 705 km and inclination of 98.2 degrees
thus yielding atmosphere optical properties with global cov-
erage. The level-2 cloud and aerosol products were not avail-
able at the time of the database development. Moreover, the
level-2 horizontal resolutions of 5 km (cloud) and predom-
inant 80 km (aerosol) (Omar et al., 2009) are too coarse to
simulate small-scale atmospheric processes (heterogeneity)
within the Aeolus measurement volume. Therefore we de-
veloped an algorithm to retrieve particle (aerosol and cloud)
backscatter and extinction at 3.5 km horizontal and 125 m
vertical resolution from the high resolution CALIPSO level-
1 calibrated attenuated backscatter product. This is further
discussed in section 2.

The ECMWF global model was selected to complete the
atmospheric database with meteorological parameters. These
include the three wind components, temperature and humid-
ity. To generate a database of combined CALIPSO optical
and ECMWF meteorological parameters the latter were in-
terpolated to the CALIPSO orbit track. This is further dis-
cussed in section 3. A general limitation of NWP models
is the lack of spatial variability as compared to the real at-
mosphere, i.e., they are a smooth representation of the real
atmosphere and the effective resolution is generally substan-
tially smaller than the model grid size (Skamarock, 2004),
(Frehlich et al., 2008). We come back to this issue in sec-
tion 4.1 where we compare model and high-resolution ra-
diosonde winds and present a method to add variability to
the model winds.

2 CALIPSO atmosphere optics

The CALIOP instrument on-board the CALIPSO satellite
is a two-wavelength polarization-sensitive lidar that pro-
vides high-resolution vertical profiles of aerosol and clouds.
CALIOP utilizes three receiver channels: one measuring the
1064 nm backscatter intensity and two channels measuring
orthogonally polarized components of the 532 nm backscat-
tered signal. CALIPSO travels 14.55 orbits per day with a
24.7 degrees longitudinal separation. The orbit repeat cy-
cle is 16 days. The nominal off-nadir angle of CALIOP
is 0.3 degrees. The lidars are operated at 20 Hz yielding
a nominal horizontal resolution of about 333 m. The fun-
damental vertical sampling resolution of the lidars is 30
meters, however on-board averaging reduces the horizon-
tal/vertical resolution at high altitudes to 1000 m/60 m be-
tween 8.2 and 20.2 km, 1667 m/180 m between 20.2 and
30.1 km and 5000 m/300 m between 30.1 and 40 km. The
CALIPSO level-2 cloud and aerosol products were not avail-
able at the time of the database development. In addi-
tion their horizontal resolution is too coarse to simulate
small-scale atmospheric processes at Aeolus measurement
resolution of typically 1–3.5 km. Therefore, we used the
high-resolution CALIPSO level-1 532 nm total calibrated at-
tenuated backscatter (i.e., the sum of the 532 nm parallel
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Fig. 1. CALIPSO raw calibrated level-1 532 nm attenuated
backscatter profile (left) and the corresponding database profile af-
ter averaging the raw data to 3.5 km horizontal and 125 m vertical
resolution (right) for a tropical scene showing an optically thin cir-
rus cloud layer at 14 km and an optically thick convective cloud
between 6 and 8 km. The dashed reference signal corresponds to a
synthetic particle-free atmosphere.

and perpendicular return signals). Before insertion into the
database and to be used for Aeolus studies we retrieve molec-
ular and particle backscatter at 532 nm followed by conver-
sion of these quantities to 355 nm, i.e., the Aeolus DWL laser
wavelength. A lidar inversion algorithm has been developed
for this purpose which is the subject of the next section.

2.1 CALIPSO lidar inversion algorithm

The objective of the lidar inversion algorithm presented in
this section is not to generate a level-2 aerosol and cloud
product, but to retrieve the atmosphere particle properties
(backscatter and extinction) from the CALIPSO level-1 at-
tenuated backscatter product. The result is needed and suffi-
cient for the database as a data source to simulate the distribu-
tion of particles and their optical properties inside the Aeolus
sampling volume and their correlation with the atmospheric
dynamics. A further characterization of cloud and aerosol
types, their particle size distribution, etc is of less relevance
for simulating Aeolus winds. Although the discrimination
between cloud and aerosol is not essential for the database
contents, the detection of particle layers from the attenuated
backscatter data is an important component of the algorithm.
This is discussed in the next section.

As a first step the resolution of the raw level-1 CALIPSO
532 nm total attenuated backscatter is reduced by averaging
horizontally and vertically to yield a dataset at 3.5 km hor-
izontal and 125 m vertical resolution, i.e., the resolution of
the database, see Fig. 1. These values are a compromise be-
tween reducing the measurement noise and maintaining the
high resolution needed to simulate Aeolus sub-volume pro-
cesses. When mentioning signal in the remainder of this pa-
per we mean the signal at database resolution unless other-
wise stated.

We further elaborate on the noise characteristics in the raw
and averaged signals that are needed later for the detection
of particle layers as part of the lidar inversion algorithm. The

signal noise is a superposition of instrument noise and photon
noise that is related to the signal strength. The signal noise
mean and standard deviation is obtained from the difference
of the raw signal and a reference noise-free signal represent-
ing a synthetic particle-free atmosphere. Details of the latter
are given in the next section. The left panel of Fig. 1 shows an
example of the raw and reference signals. The atmospheric
region above 30 km is generally free of particles. The noise
standard deviation in the raw signal,σn, above 30 km is ob-
tained from a large sample of data between 30 and 34 km
and equal to 7.07×10−8 (m−1 sr−1) for the periods consid-
ered in this study and discussed in section 2.1.4. This value
is not constant throughout the profile because of the altitude-
dependent on-board averaging and the non-constant photon
noise level as is clear from the raw signal in the left panel
of Fig. 1 that shows an increasing noise level when going
downwards in the profile (note the logarithmic scaling of the
x-axis). The 3500×125 m volume average is larger for the
averaged signal than for the raw signal at all altitude regions
except above 30 km. As a result, the noise standard deviation
of the averaged signal is reduced relative to the raw signal at
almost all altitude regions, yielding noise levels throughout
the profile that are proportional to the signal strength only,
see the right panel of Fig. 1 (and note the logarithmic scaling
of thex-axis).

The resulting profiles after averaging are processed indi-
vidually without using information from neighboring pro-
files. Attenuated backscatter, denotedβ ′ (m−1 sr−1), at
height z above mean sea level is related to backscatter,
β (m−1 sr−1), one-way transmission,τ , and extinction,α
(m−1), through

β ′(z) = [βm(z)+βp(z)][τm(z)τp(z)τO3(z)]
2 (1)

τk(z) = e−
∫ zsat
z αk(z

′)dz′/cos(φ̃) with k = {p,m,O3} (2)

with the indicesp,m,O3 denoting particle, molecule and
ozone respectively, where particles can be either aerosol
or cloud, andzsat the satellite altitude. In agreement with
the vertical coordinate used in the CALIPSO attenuated
backscatter data set we prefer for the vertical coordinate the
altitude above mean sea level,z, at the location where the
laser beam intersects the earth surface, rather than the range
distance from the satellite to the atmosphere,r. These are
simply related throughr = zsat− z when ignoring the laser
off-nadir pointing angle of the close to zero 0.3 degrees for
CALIOP, i.e., an underestimation of the range from the satel-
lite to the earth surface by 1.5× 10−3% or 10.6 m for a
705 km satellite altitude. Also, the cosine of the local inci-
dence angle at the earth surface is very close to 1 and there-
fore not applied in the transmission equation Eq. (2).

Molecular scattering falls within the Rayleigh regime.
Molecular backscatter and extinction at a given wavelength,
λ, are obtained from Rayleigh scattering theory and atmo-
spheric pressure and temperature. Extinction through scat-
tering is a function of altitudez above mean sea level and
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obtained from the product of the molecular number den-
sity, n(z) (m−3), and the molecular absorption cross-section,
σm(λ,z) (m2). The latter is a function of laser wavelength,
a depolarization factor of 1.061 and a refractive index, e.g.
(Penndorf, 1955), (Bodhaine et al., 1999). A fixed value for
σm of 5.2262419× 10−31 (m2) at 532 nm was used in the
retrieval algorithm. The molecular number density is ob-
tained from knowledge of the atmospheric temperature,T

(K), and pressure,p (Pa) through the ideal gas law,p(z) =

n(z)kT (z) with k = 1.381× 10−23 (JK−1) the Boltzmann
constant. Pressure, temperature and molecular number den-
sity profiles are available from the CALIPSO level-1 dataset.
Molecular backscatter,βm, and extinction,αm, are related
through a wavelength independent constant factor of 3/8π .
In formulas:

αm(λ,z) = σm(λ,z)
p(z)

kT (z)
; βm(λ,z)=

3

8π
αm(λ,z) (3)

It is noted that ozone extinction can not be ignored at 532 nm
wavelength. In a similar way as for molecules above, ozone
extinction is obtained from the product of the ozone number
density (m−3) and the ozone absorption cross-section (m2).
The former is a function of altitude and part of the CALIPSO
level-1 data set. A fixed value for the ozone absorption cross-
section of 2.728461×10−25 (m2) was used as obtained from
the MODTRAN 3.7 database. Figure 2 shows typical ozone
extinction and transmission profiles.

The ozone absorption cross-section at 355 nm is roughly
two orders of magnitude smaller than at 532 nm, meaning
that ozone extinction at 355 nm, i.e., the Aeolus laser wave-
length, is negligible.

To solve Eq. (1) it is discretized in equidistant bins of size
1z=125 m. Quantities inside the bins are assumed constant.
For bin numberi, centered at altitudezi , this yields:

β ′(i) = [βm(i)+βp(i)]T 2
m(i −1)T 2

p (i −1)τ2
m(i)τ2

p(i) (4)

with bin i positioned below bini − 1, i.e., bin 1 is at the
top of the atmosphere.Tm(i −1) is the total molecular and
ozone one-way transmission andTp(i −1) the total one-way
particle transmission from the top of the atmosphere until
the bottom of bini −1 andτm(i) andτp(i) are the one-way
molecular and particle transmission in the center of bini. To
discriminate between particle-rich and particle-free parts of
the atmosphere the measured attenuated backscatter profile
is related to an approximate attenuated molecular backscatter
profile,β ′

m, for a synthetic molecules-only atmosphere:

β ′
m(i) = βm(i)T 2

m(i −1)τ2
m(i) (5)

This profile is well determined by the atmospheric temper-
ature, pressure and ozone parameters. Defining the scatter-
ing ratio, ρ, as the ratio of total backscatter and molecular
backscatter,ρ(i) = [βm(i)+βp(i)]/βm(i), we can write for
the ratio,β ′′, of Eqs. (4) and (5)

β ′′(i) = β ′(i)/β ′
m(i) = ρ(i)T 2

p (i −1)τ2
p(i) (6)
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Fig. 2. Extinction (top) and one-way transmission (bottom) for
ozone (solid line) and a reference molecular profile (dashed line)
at 532 nm wavelength.

Eq. (6) is the basic equation for the detection of particle-rich
layers in the measured profile as explained in the following
subsection.

2.1.1 Particle layer optical properties

The second step of the retrieval algorithm, after averag-
ing the raw data, is to detect particle-rich layers within the
measured profile using Eq. (6) and to determine the layer
optical properties. The discussion closely follows (Young,
1995). Assume a particle-rich layer with the layer top and
bottom positioned in the bins denoteditop and ibot respec-
tively. Above the layer top and below the layer bottom the
atmosphere is assumed particle-free over a certain range, i.e.,
ρ(i) = τp(i) = 1 for i < itop andi > ibot. From Eq. (6)β ′′(i)

has a constant value ofT 2
p (itop−1) above the particle layer,

i.e., the total transmission of particle layers aloft, and a con-
stant value ofT̄ 2

p T 2
p (itop− 1) below the particle layer with

T̄ 2
p the two-way transmission of the particle layer under in-

vestigation, i.e., the ratio ofβ ′′ below and above the particle
layer. Inside the particle layerβ ′′ is related to the distribution
of particles that is generally non-constant. The layer top and
bottom can thus be found from the gradient of theβ ′′ profile
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that is close to zero outside and non-zero inside particle lay-
ers.

The detection of particle layers is done successively start-
ing from the top of the atmosphere. The first region in the
profile whereβ ′′ exceeds a pre-specified threshold value is
marked as a particle region. The layer top is found as the
first bin of a number of consecutive bins on top of the marked
region whereβ ′′ is constant and equal toT 2

p (itop−1). Go-
ing from the layer top through the layer, the layer bottom is
found whereβ ′′ becomes constant again and with a value less
thanT 2

p (itop−1).
The magnitude of the threshold value specifies the type of

particle layer that is detected. The current implementation
of the algorithm focuses on the detection of cloud layers.
Ice clouds in the upper troposphere are generally optically
thin with signal strength of the same order of magnitude as
aerosol layers in the lower troposphere. To discriminate be-
tween these layer types the atmosphere is split in two parts:
above 8 km where most of the ice clouds reside and below
8 km where most aerosol layers are found.

Threshold values for automatic detection of the particle
layer boundaries need to take into account the signal noise.
This was discussed in the previous section. For each profile
the signal noise standard deviation,σn, is obtained from its
difference with the reference signal in the region between 30
and 34 km. For the detection of particle layers the following
thresholding profile,ρt , applied toβ ′′ is defined

ρt (i) = 1+f (i)/βm(i) ; f (i) in (m−1sr−1) with (7)

f (i) = 6σn (zi > 8km) and 5×10−6 (zi < 8km) (8)

Bins for whichβ ′′ exceeds the threshold value are in the
cloud layer. Eq. (8) translates in the upper troposphere to a
signal exceeding the reference signal plus 6 times the noise
standard deviationσn above 30 km. This choice is motivated
by the assumption that photon noise is the dominating con-
tributor to the noise in the signal. From the reference sig-
nal in Fig. 1 it is seen that the signal strength increases by
a factor of about 16 between 30 km and the upper tropo-
spheric region between 11 and 17 km, where most tropical
cirrus clouds reside. Thus, the noise standard deviation in
the upper troposphere is about 4σn. The value of 6 in Eq. (8)
was found as a compromise of maximum probability of de-
tecting (thin) tropical cirrus clouds and to minimize the false
alarm rate from spurious (noise) peaks. Isolated bins exceed-
ing the threshold value are assumed noise outliers and not
treated as a particle layer. The value of 5×10−6 (m−1 sr−1)
for the lower troposphere enables the detection of (generally
optically thick water) clouds while ignoring aerosol layers.
More advanced thresholding strategies may be developed for
the detection and characterization of isolated lofted aerosol
layers. We stress again that the objective is not to gener-
ate a level-2 aerosol and cloud product, but to retrieve par-
ticle backscatter and extinction for adoption in the Aeolus
database. The retrieval of aerosol optical properties is fur-
ther discussed in the next section.

Having determined the particle layer boundaries and trans-
mission, the next step is to compute the backscatter and
extinction inside the layer. Hereto, the lidar ratio param-
eter Sp(i) (sr) for particles is introduced that is defined
as the ratio of particle extinction and backscatter,Sp(i) =

αp(i)/βp(i). The lidar ratio does not depend on the parti-
cle density but on particle properties such as the size dis-
tribution and shape. These properties are assumed homoge-
neous inside the layer and thus the layer lidar ratio is assumed
constant. Rearranging terms in Eq. (6) and substituting for
τp(i) = exp(−αp(i)1z/2) = exp(−Spβp(i)1z/2) (the fac-
tor 1/2 referring to the one-way transmission at the bin cen-
ter rather than the bin bottom) yields the so-called retrieval
function for bini:

[βm(i)+βp(i)]e−ηSpβp(i)1z
−c(i) = 0 (9)

with knownc(i) = βm(i)β ′′(i)/T 2
p (i −1).

For the high altitude CALIPSO orbit of about 705 km mul-
tiple scattering effects cannot be ignored (Winker, 2003).
Even for the very narrow field of view of 130 µrad for
CALIPSO, the large distance between the lidar and the tro-
posphere generates a relatively large spot size at the target
altitudes. To account for this effect the multiple scattering
factor η is introduced in Eq. (9). The value ofη can vary
between 1 and 0.5 thusη has the effect of reducing the ef-
fective optical depth such that these photons are treated as if
they had not been scattered at all (Hogan, 2008). The exact
magnitude of the multiple-scattering effect depends on the
number density, size distribution and shape of the cloud par-
ticles, and also on the lidar field of view and the distance of
the scattering volume from the lidar (Young, 1995). Typical
values used in the retrieval algorithm are detailed below.

The retrieval function has two unknowns,βp(i) and the
effective lidar ratioS∗

= ηSp. For a given value ofS∗, βp(i)

can be solved in principle although an analytical solution is
not available and the retrieval function is therefore solved it-
eratively. Properties of the retrieval function are discussed in
the Appendix. To solve Eq. (9) for the particle layer an ex-
haustive search is applied for integer valuesS∗ in the range
1 to 120. For each value the retrieval function is solved for
βp(i) inside the layeribot≤i≤itop. Next the corresponding

layer transmission,̂Tp(S∗) =
∏itop

i′=ibot
exp[−S∗βp(i,S∗)1z]

is computed. The solution for the particle layer is found for
S∗ with correspondingβp(i,S∗) for which T̂p(S∗) is clos-
est to the predetermined particle layer transmissionT̄p. This
procedure of layer detection and retrieval of its particle opti-
cal properties is repeated until the PBL is reached to enable
the detection of multiple particle layers in the measured pro-
file.

The procedure described above is applied only to isolated
particle layers above the PBL for which the particle-free
range above and below the layer is sufficiently large to de-
termine the layer transmission with sufficient accuracy. De-
spite the averaging of the raw data in the first step of the
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algorithm the remaining noise in the resulting profiles is still
substantial, see the right panel of Fig. 1. It was found that
a minimum 1 km particle-free range is needed, but more ac-
curate transmission estimates are obtained for larger ranges.
For non-isolated particle layers the algorithm can not com-
pute the layer transmission from the measured signal. Non-
isolated particle layers are found in atmospheric scenes with
(i) layers inside the PBL that is generally rich of aerosols, (ii)
layers that extend to the surface (e.g., through multiple scat-
tering in optically thick PBL clouds), (iii) too small SNR be-
low the layer (below optically thick clouds); in the algorithm
a threshold of 10% of the reference signal is used, or iv) too
small particle-free ranges either above or below the layer, i.e.,
less than 1 km (nearby underlying particle layers or when the
layer bottom is close to the surface). For these scenes that
allow no calculation of the particle layer transmission the al-
gorithm uses default lidar ratio values for clouds. It is then
assumed that the layer is a cloud layer which is generally true
for the selected threshold values in Eqs. (7, see also 8). We
adopted the lidar ratio values as described in the CALIOP
algorithm theoretical basis documents (ATBD), i.e., 18 sr for
water clouds, Pinnick et al. (1983), 24 sr for ice clouds and
21 sr for mixed water/ice clouds. Discrimination between
cloud type is based on atmospheric temperature, i.e., water
clouds above 0 degrees Celsius, mixed water/ice clouds be-
tween−20 and 0 degrees Celsius and ice clouds below−20
degrees Celsius. For ice cloudsη is well approximated by a
value of 0.7 (Winker, 2003). For water clouds exact knowl-
edge ofη is of less relevance because the laser beam will
generally only penetrate the cloud top because of its large
optical thickness. The SNR below isolated water clouds in
the free troposphere is therefore generally too small for cloud
transmission calculation. Also, multiple scattering of water
clouds in the PBL gives substantial signal below the cloud
bottom until the earth surface. For the algorithm it is suffi-
cient to detect water clouds and to set the effective lidar ratio
to a value that avoids divergence of the algorithm, see be-
low. The exact backscatter and extinction in the lower part of
the cloud and below the cloud is of less relevance for Aeolus
because the lidar beam can not penetrate deeply into water
clouds.

The retrieval algorithm is prone to divergence if the se-
lected value for the lidar ratio is too large. In that case
particle transmission is underestimated (or extinction over-
estimated) initially yielding excessive large backscatter val-
ues further down into the profile (for increasingi) and ulti-
mately no solution for the retrieval function. This becomes
clear from Eq. (9). If particle transmission is underestimated
thenTp(i) will eventually converge to zero andc(i) to infi-
nite, with no valid solution forβp. This is called divergence
of the retrieval function solution. The algorithm checks for
divergence by comparing the ratio of the retrieved particle
backscatter and the signal attenuated backscatter against a
pre-specified threshold value. A threshold value of 5 is used
in the algorithm for cloud layers that is not hampering large

backscatter solutions for optically thin ice clouds but is con-
servative for optically thick water clouds with small signal
values at the cloud bottom. The selected default lidar ra-
tio values above are tested on divergence inside the particle
layer. If divergence occurs then the lidar ratio value is de-
creased by 20% until divergence is avoided. The lidar ra-
tio is thus merely a tuning parameter to ensure robustness of
the algorithm. The SNR below optically thick clouds such
as cumulus or stratus cloud is generally too small to yield
a valid solution for the cloud lidar ratio, cloud transmission
and resulting cloud backscatter. This potential limitation is
not detrimental for the assessment of the 355 nm Aeolus laser
because the laser beam will not penetrate the lower part of the
cloud and the region below the cloud at this wavelength.

2.1.2 Aerosol optical properties

After having detected the cloud layers and the determina-
tion of their optical properties, the next step is to retrieve
the aerosol backscatter and extinction in the remaining re-
gions of the atmosphere. Hereto Eq. (9) is solved for bins
that were not detected in the previous step and with indices
p now denoting aerosols. For detected cloud bins in the
previous step the computed transmission values are used in
the computation ofc(i). Because the algorithm can not dis-
criminate between different types of aerosol a default value
for the effective aerosol lidar ratio was used that is typical
for clean marine and continental conditions with lidar ratio
values ranging from 20–35 (sr). The value of 35 sr, that is
typically used for clean background aerosol was selected as
default value (Omar et al., 2009). The aerosol solution is
sensitive to signal noise. The upper part of the atmosphere
is almost free of aerosol and the solution is dominated by
noise rather than aerosol presence with a possible exception
in the Tropics where deep convection may transport sea salt
and smoke (forest fires) to high altitudes up to the tropopause
while stimulating cloud formation. For low signal with zero
mean noise the retrieval results in negative aerosol backscat-
ter solutions for about half of the retrievals. These are set
to zero, thereby introducing a negligible bias. The positive
solutions are dominated by noise rather than aerosol pres-
ence. To avoid overestimation of extinction in the upper part
of the atmosphere, due to noise rather than aerosol solutions,
the aerosol lidar ratio is set to 0 above 8 km where the den-
sity of background aerosol is generally negligible. As for
the particle layers, the algorithm is checked for divergence
but with a different criterion, namely the particle backscat-
ter solution should be smaller than 10−3 (m−1 sr−1). In case
of divergence the aerosol effective lidar ratio is reduced by
20% until divergence is avoided. Such events are rare and
mainly related to aerosol scenes with overlying clouds and
an imperfect cloud transmission estimation.

The transmission of lofted aerosol layers with larger ef-
fective lidar ratio values than assumed by the algorithm is
overestimated. This is the case for smoke (from biomass
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burning), dust (e.g. from desert dust outbreaks), polluted dust
(dust mixed with biomass burning smoke) and polluted conti-
nental (urban industry) aerosol with average lidar ratio values
of 70, 40, 65 and 70 (sr) respectively (Omar et al., 2009). The
retrieval function always finds a solution forβp. However,
when the aerosol lidar ratio is underestimated the backscat-
ter inside the layer is underestimated and the layer trans-
mission is overestimated. The value forc below the layer
is then too small (or the computed signal below this layer
is too large) yielding an underestimate and possibly nega-
tive aerosol backscatter below the aerosol layer. The algo-
rithm will then compensate by an aerosol-free atmospheric
layer below the aerosol layer until the calculated total at-
mospheric particle transmission (Tp) agrees with the signal.
Vice versa, when the aerosol lidar ratio is overestimated, e.g.
for loft clean marine layers with an on average 20 (sr) lidar
ratio (Omar et al., 2009), the backscatter inside the layer is
overestimated and the layer transmission is underestimated
with too large values forc below the aerosol layer. The al-
gorithm will then add aerosols below the layer bottom, i.e.,
the algorithm compensates by increasing the layer thickness.
This is done until the calculated total atmospheric particle
transmission (Tp) agrees with the signal. But the algorithm
might also diverge in which case the lidar ratio is decreased.
In general, the magnitude of the retrieved aerosol backscat-
ter is sensitive to the lidar ratio value used in the retrieval
algorithm. A smaller/larger value than the inherently un-
known true value of the aerosol layer results in an under/over-
estimate of the retrieved aerosol backscatter that may be in
the order of 100% for large discrepancies. The validation in
section 2.1.4 will show that such large discrepancies are rare.

2.1.3 Wavelength conversion

For adoption in the Aeolus atmospheric database the re-
trieved molecular and particle backscatter and extinction at
532 nm needs conversion to the Aeolus laser wavelength of
355 nm. Molecular backscatter and extinction at 355 nm
is obtained from Eq. (3) similar as for 532 nm in the lidar
inversion algorithm but with a different value for the ab-
sorption cross-section. For wavelength conversion of parti-
cle backscatter and extinction theÅngstr̈om exponent power
law that expresses the spectral dependence of aerosol optical
thickness on the wavelength of incident light is used:

α(λ2) = α(λ1)

(
λ1

λ2

)Å

(10)

with Å the Ångstr̈om exponent and hereλ1 = 532 nm and
λ2 = 355 nm. TheÅngstr̈om exponent is often used as
a qualitative indicator of aerosol particle size, with values
larger than 2 indicating small particles associated with, e.g.,
combustion by-products, and values less than 1 indicating
large particles like sea salt and dust (Schuster et al., 2006).
Mattis et al. (2004) determine the̊Angstr̈om exponent as a

Fig. 3. Ångstr̈om exponent as derived from Mattis et al. (2004)
(solid) and Marseille et al. (2003) (dashed).

function of altitude from a multiyear 2000–2003 dataset of
a Raman lidar operated at 532 nm and 355 nm laser wave-
length over Leipzig, Germany. From their Table 2 and Fig. 3
the black solid curve in Fig. 3 was extracted based on an av-
erage value of 1.4 in the PBL, decreasing linearly to a value
of 0.8 between 5 and 8 km and then increasing to a value
of 1 in the upper part of the troposphere. They note that
the Ångstr̈om exponent shows a large variability of 0.5 and
0.8 standard deviation in the PBL and free-troposphere re-
spectively, depending on observed aerosol type and relative
humidity. In a comparative study of lidar aerosol mea-
surements at different wavelengths Vaughan et al. (1998)
parameterized the̊Angstr̈om exponent through̊A(β0(z)) =

−0.104× ln(β0(z))−0.62 (see also Marseille et al. (2003))
with β0 the aerosol backscatter at 10.6 µm as obtained from
flight campaigns over the North and South Atlantic in 1989,
(Vaughan et al., 1995). The corresponding dashed curve
in Fig. 3 is opposite to the Leipzig curve that may be ex-
plained by different compositions of aerosols for these dis-
tinct regions. The retrieval algorithm discussed in the previ-
ous sections does not distinguish between different types of
aerosols. We selected the̊Angstr̈om exponent profile from
the more recent dataset from Mattis et al. (2004) for the par-
ticle wavelength conversion.

From Eq. (10) the particle extinction at 355 nm,α355
p , is

obtained from the retrieved particle backscatter,β532
p , and

lidar ratio, S532
p at 532 nm. The particle backscatter,β355

p ,
at 355 nm then follows from a priori knowledge of the lidar
ratio,S355

p at 355 nm from

α355
p (z) = β532

p S532
p

(
532

355

)Å(z)

; β355
p (z) =

α355
p (z)

S355
p

(11)

The ratio of the lidar ratio at 532 nm and 355 nm is a func-
tion of particle size and shows a complex behaviour around
unity, but may vary from -50% to +70%. In addition the
relative humidity (RH) may change the size of hygroscopic
particles substantially by up to 40% for RH>70% (Flamant
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�

Fig. 4. Left, CALIPSO 532 nm total attenuated backscatter (km−1 sr−1) measured on 1 January 2007 at 00:22–00:49 UTC. The white
arrow at−4.32 degrees latitude, 12.12 degrees longitude points to the location of the raw data displayed in Fig. 1. Right, retrieved particle
backscatter (km−1 sr−1) from the inversion algorithm and converted to 355 nm wavelength. Black spots indicate regions where no particles
could be retrieved by the algorithm.

et al., 2008-II). Omar et al. (2009) shows typical variations
from unity of −56% (clean marine) to 133% (polluted con-
tinental) for 532 nm and 1064 nm wavelengths. Ackermann
(1998) shows that the lidar ratio at 532 nm and 355 nm is
similar, on average, for continental and maritime aerosol and
only shows a large discrepancy for desert dust with a dou-
bling of the value at 355 nm wavelength. Also Mattis et al.
(2004) finds on average similar values for the lidar ratio at
both wavelengths. Based on these results and noting that the
lidar inversion algorithm does not discriminate between dif-
ferent types of aerosols the lidar ratio at 355 nm was taken
identical to the value obtained at 532 nm.

2.1.4 Results

Four months of CALIPSO level-1 532 nm total attenuated
backscatter (release version 2.01) were processed with the
lidar inversion algorithm described in the previous sections.
These months include January, April, August and October
2007, thus covering all seasons. CALIPSO data observed in
daytime conditions were not used because of the additional
solar background signal from objects within the sensing vol-
ume and illuminated by the sun like water clouds and earth
surfaces with a large albedo. Only data observed at night-
time, with substantially larger SNR, were used to minimize
the noise contamination in the retrieved particle backscatter
profiles. In addition the CALIPSO nighttime atmospheric
conditions are in better agreement with those observed by
Aeolus at local dawn and dusk, see section 4. The total
dataset included about 1800 (half) orbits and the inversion
algorithm was operated automatically over the whole dataset
without manual intervention needed.

Figure 4 shows a typical example of the raw CALIPSO at-
tenuated backscatter and the retrieved particle backscatter at
355 nm for a half CALIPSO orbit. The first part of the or-
bit, on the left hand side of the figure, is in ascending node
then crosses the North Pole at 82 degrees and then descend-
ing until 61 degrees in the Southern Hemisphere. The scene
shows optically thin cirrus clouds at 73◦ N (descending node)

over Western Russia at 10 km altitude, between 48◦ N and
36◦ N over Eastern Europe and the Mediterranean at 10 km
altitude, between 29◦ N and 22◦ N over the African conti-
nent at 12 km altitude, between 2◦ S and 18◦ S in the Trop-
ics along the west coast of Southern Africa between 11 and
17 km altitude with an enhanced optical depth near 10◦ S, a
tenuous cirrus cloud at 22◦ S at 17 km altitude and between
42◦ S and 52◦ S around 9 km altitude. In the polar region in
the Northern part of Russia large cloud systems are found ex-
tending from the PBL to 9 kilometers altitude. Dense clouds
are found between 5 and 10 km in the mid-latitude regions.
Stratus clouds with cloud tops below 2 km are found over
the South Atlantic between 12◦ S and 34◦ S. Aerosols are
found up to 2 km altitude throughout the scene with more
pronounced events over the African continent between 38◦ N
and 18◦ N and a strong aerosol dust layer between 14◦ N until
8◦ S that reaches a maximum altitude of 5 km.

The retrieved particle backscatter in the right panel of
Fig. 4 reveals the prominent features as observed in the left
panel of Fig. 4. The signal below dense water clouds is gen-
erally too small and no particle backscatter is obtained from
the algorithm in these areas. Spurious isolated features above
the PBL are probably related to signal noise rather than at-
mospheric particles.

Figure 5 shows the clouds as detected by the algorithm
and their estimated effective lidar ratio. The threshold pro-
file, Eqs. (7,8), enables the detection of most of the cirrus
clouds including part of the tenuous cloud at 22◦ S, 17 km
altitude. The strong aerosol layer near the Equator is not
identified as a cloud layer because the threshold value in the
lower part of the atmosphere below 8 km was selected to de-
tect only the strongest signals from dense clouds. The orange
bar between the surface and 8 km corresponds to the imposed
default 35 (sr) lidar ratio value for aerosol. At some locations
this value has been reduced by the algorithm to avoid diver-
gence, in particular below or above dense clouds. Because
profiles are processed individually the lidar ratio values in-
side the clouds may differ. The small lidar ratio values for
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Fig. 5. Cloud and aerosol effective particle lidar ratio (sr) as ob-
tained from the retrieval algorithm for the scene in the left panel of
Fig. 4. Dark blue spots denote areas that are free of particles (upper
troposphere, stratosphere and below the earth surface). The orange
bar between the surface and 8 km corresponds to the imposed de-
fault 35 (sr) lidar ratio value for aerosols.

dense water clouds may not be realistic but is merely the re-
sult of forcing the solution within the boundaries imposed by
the divergence criteria to avoid excessive large backscatter
solutions in the lower part of the clouds.

Figure 6 shows statistics of the fraction of detected clouds
and the retrieved lidar ratio values as a function of altitude
and climate zone. This is the combined result from all sea-
sons. The climate zones are defined as follows: polar regions
70◦–90◦ N/S, midlatitude regions 40◦–70◦ N/S, subtropical
region 20◦–40◦ N/S and the tropics 20◦ N–20◦ S. The small
cloud fraction above the tropopause for the various climate
zones is explained by spurious noise artefacts in the signal
rather than real clouds, except for PSCs over the South Pole
area in August. Most of the PSCs over the North Pole area
are too tenuous to be captured by the cloud layer detection al-
gorithm. Here, it is noted that the application of the particle
layer detection scheme was limited to the lowest 20 km of the
atmosphere and thus not well tuned to process PSCs at higher
altitudes. These are treated as fully transparent aerosol by the
algorithm. The mean effective lidar ratio is generally close to
17 (sr) at high altitudes, i.e., close to the product of the mul-
tiple scattering factor of 0.7 and the default 24 (sr) lidar ratio
for ice clouds. The mean value decreases at lower altitudes
compatible with the decreasing default lidar ratio values for
mixed ice/water and water clouds.

We further elaborate on the tropical upper troposphere be-
cause the presence of cirrus clouds in combination with rela-
tively large wind-shears as discussed in section 3 makes this
region challenging for Aeolus for the retrieval of represen-
tative winds. Table 1 shows the main characteristics of the
cirrus clouds as obtained from the retrieval algorithm for the
winter (January 2007) period. Tropical cirrus clouds are de-
fined as clouds located between 20◦ N and 20◦ S with a min-
imum cloud bottom of 10.5 km. A total of 207268 cirrus
cloud layers covering a total of 4155360 125 m bins were
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Fig. 6. Cloud statistics derived from 4 months of CALIPSO 532 nm
total attenuated backscatter data. The bar lines denote effective
cloud lidar ratio (sr). The black solid line denotes the median value,
the thick gray bar the 25–75% percentile range and the small bars
the 10–25% and 75-90% percentile range. The numbers on the
right-hand side denote the fraction of cloud occurrence.

detected, where we note that multiple cloud layers may be
found in a single profile. Tropical cirrus cloud temperature is
generally between -40 and -80 degrees Celsius with a mean
value of about−60 degrees. The median value of 18 (sr) for
the lidar ratio in tropical cirrus cloud is in agreement with
the value of 19 (sr) reported in Young (1995). The retrieval
algorithm yields the parameters at 532 nm wavelength and
converts to 355 nm as explained in section 2.1.3. In general,
backscatter and extinction is larger at 355 nm than at 532 nm.
The larger scattering ratio at 532 nm is explained by the sub-
stantially smaller molecular backscatter at this wavelength.
The median cloud thickness is smaller than the difference
of the median cloud top and cloud bottom, because multi-
ple cloud layer can be found on top of each other. Tropical
cirrus cloud is optically thin in general with a two-way trans-
mission of more than 0.6 at 355 nm in 75% of the cases. This
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tropical cirrus clouds p10 p25 p50 p75 p90

log10βp at 532 nm (m−1 sr−1) −8.58 −6.54 −5.81 −5.26 −4.91
log10αp at 532 nm (m−1) −7.29 −5.26 −4.53 −4.06 −3.75
ρ at 532 nm 1.01 1.88 7.07 22.53 49.21
one−way transmission at 532 nm 0.65 0.84 0.94 0.97 0.99
log10βp at 355 nm (m−1 sr−1) −8.40 −6.36 −5.63 −5.09 −4.73
log10αp at 355 nm (m−1) −7.11 −5.08 −4.35 −3.89 −3.57
ρ at 355 nm 1.00 1.32 2.73 6.99 14.72
one−way transmission at 355 nm 0.53 0.78 0.91 0.96 0.99
effective lidar ratio at 532/355 nm (sr) 13.4 16.8 18.0 29.0 50.0
cloud top (km) 13.8 15.1 16.6 17.3 17.7
cloud bottom (km) 11.1 11.8 13.2 14.7 15.8
cloud thickness (km) 1.25 1.75 2.50 3.75 4.87

Table 1. Tropical cirrus cloud statistics for the winter (January 2007) period. Statistics are given by percentiles pi with i denoting the
percentage of data with values smaller than the table value.βp andαp denote ice cloud particle backscatter and extinction respectively,ρ is
the scattering ratio.

mean that Aeolus is well capable to penetrate the tropical
lower troposphere and yield good quality winds even below
tropical cirrus clouds, i.e., a 40% signal loss yields an in-
crease of the HLOS wind error standard deviation by a factor
of 1/

√
0.6= 1.3 below the cloud. The error of corresponding

(Rayleigh channel) winds is still within the mission require-
ment.

Similar tropical cirrus cloud statistics have been deter-
mined for the other seasons. Overall the results are com-
patible with a slightly larger median ice particle (log10)
backscatter of−5.47, a smaller median lidar ratio of 17 (sr)
and transmission of 0.90 in the summer. Median cloud top
altitudes are lower for all other seasons with values of 15.9,
15.3 and 15.6 km in spring, summer and autumn respectively.
Also the median cloud bottom altitudes are lower with values
of 12.8, 12.3 and 12.4 in spring, summer and autumn respec-
tively. The median cirrus cloud layer thickness is similar for
all seasons.

Figure 7 shows the combined statistics of the retrieved
aerosol (thus excluding clouds) backscatter at 355 nm for all
seasons in 2007 as a function of climate zone. This includes
more than 1 million profiles for all climate zones except for
the polar regions with 0.64 (NH-Pole) and 0.85 (SH-Pole)
million profiles. The red and black lines correspond to the
CALIPSO aerosol percentiles with the red line denoting the
median. For reference aerosol backscatter from two other
datasets are included in the figure. The green curve (with the
lowest particle backscatter values) is the reference model at-
mosphere (RMA) median profile as derived by (Vaughan et
al., 1995) and used as a reference for many Aeolus related
studies e.g. (Marseille et al., 2003), (Stoffelen et al., 2005).
The backscatter database of Vaughan is based on flight cam-
paign data with a lidar operated at 10.6µm in 1989 over the
Atlantic near Iceland, the UK, Azores and Ascension Island.
A scaling law was used to convert from 10.6µm to 355 nm
laser wavelength (Marseille et al., 2003). This 1989 period

has been characterized as an extremely clean period. The
statistics correspond to the background aerosol density, ex-
cluding clouds although the higher deciles show some cir-
rus. The purple curve with the highest particle backscat-
ter is the retrieved median aerosol backscatter profile from
LITE (Winker et al., 1996). The LITE period of Septem-
ber 1994 has been characterized as dirty, with an increased
aerosol density in the upper troposphere and stratosphere due
to the Pinatubo volcanic eruption in 1991. We note that the
Vaughan and LITE reference profiles in Fig. 7 are identical
in all climate zone panels, i.e., no effort was done to gen-
erate statistics for different climate zones for these datasets
since they serve mainly as a reference for the CALIPSO re-
sults. The reference profiles were only added to those climate
zones that were covered by the measurement campaigns.

The lower CALIPSO aerosol percentiles (10% and 25%)
are generally outside the bounds of the figures, meaning that
their values are either extremely small or zero for low aerosol
regimes where the signal is dominated by noise as explained
in section 2.1.2. Because of the large dataset the median
aerosol backscatter profiles show an overall realistic expo-
nential decrease of aerosol density with altitude. The de-
creasing numbers on the right hand side of the figure when
getting closer to the surface are explained by missing data be-
low dense clouds and/or orography. The median CALIPSO
profile is generally between the ”clean” RMA and ”dirty”
LITE median profiles throughout the atmosphere.

Figure 8 shows the median aerosol backscatter for the
different seasons. No backscatter profiles from nighttime
CALIPSO orbits are obtained for the Northern Hemisphere
Polar area in August and the Southern Hemisphere Polar area
in January, because these areas are lit by the sun in these pe-
riods. The CALIPSO aerosol product does not show a large
seasonal dependence except for the Southern Hemisphere
polar area in August with an increased aerosol loading above
10 km due to the presence of PSCs. CALIPSO aerosol is well

www.atmos-meas-tech.net/4/67/2011/ Atmos. Meas. Tech., 4, 67–88, 2011



78 G. J. Marseille et al.: Aeolus atmospheric database

10
−10

10
−9

10
−8

10
−7

10
−6

10
−5

10
−4

0

5

10

15

20

25

NH.Pole

particle backscatter (m−1sr−1)

al
tit

ud
e 

(k
m

)

287875
349840
430004
459467
474158
483200
575366
629449
644343
645148
645328
645330
645352
645470
645482
645482
645482
645482
645482
645482

10
−10

10
−9

10
−8

10
−7

10
−6

10
−5

10
−4

0

5

10

15

20

25

NH.Midlat

particle backscatter (m−1sr−1)

al
tit

ud
e 

(k
m

)

 477069
 829578
1020620
1098716
1133890
1142454
1245014
1372810
1502798
1540703
1544652
1545036
1545084
1545534
1545558
1545558
1545558
1545558
1545558
1545558

10
−10

10
−9

10
−8

10
−7

10
−6

10
−5

10
−4

0

5

10

15

20

25

NH.SubTrop

particle backscatter (m−1sr−1)

al
tit

ud
e 

(k
m

)

 497256
 677865
 852304
 880944
 911188
 917668
 938522
 941796
 984509
1028039
1054199
1079259
1091329
1092095
1092110
1092110
1092110
1092110
1092110
1092110

10
−10

10
−9

10
−8

10
−7

10
−6

10
−5

10
−4

0

5

10

15

20

25

Tropics

particle backscatter (m−1sr−1)
al

tit
ud

e 
(k

m
)

 719165
1002584
1244152
1255879
1306063
1338035
1389540
1306945
1208018
1181067
1245484
1443241
1594065
1599979
1600000
1600000
1600000
1600000
1600000
1600000

10
−10

10
−9

10
−8

10
−7

10
−6

10
−5

10
−4

0

5

10

15

20

25

SH.SubTrop

particle backscatter (m−1sr−1)

al
tit

ud
e 

(k
m

)

 565441
 665221
 927026
 943177
 948142
 935435
 941791
 959514
1011647
1061405
1081499
1089082
1092770
1094645
1094791
1094790
1094791
1094791
1094790
1094790

10
−10

10
−9

10
−8

10
−7

10
−6

10
−5

10
−4

0

5

10

15

20

25

SH.Midlat

particle backscatter (m−1sr−1)

al
tit

ud
e 

(k
m

)

 645552
 762524
1022563
1075346
1111609
1139771
1263053
1395102
1503117
1532561
1534159
1534039
1535106
1536750
1536834
1536834
1536834
1536834
1536834
1536834

10
−10

10
−9

10
−8

10
−7

10
−6

10
−5

10
−4

0

5

10

15

20

25

SH.Pole

particle backscatter (m−1sr−1)

al
tit

ud
e 

(k
m

)

117980
206279
406722
541751
554356
560628
727302
766052
775293
781557
795828
817006
837164
852892
853469
853469
853469
853469
853469
853469

Fig. 7. Backscatter statistics at 355 nm wavelength as a function of climate zones for the whole month of January 2007. The red and black
curves correspond to one month of retrieved backscatter data from CALIPSO; the red line denotes the median, the black solid lines denote
the 25% and 75% percentiles, the black dashed line denotes the 90% percentile. The green solid line denotes the reference model atmosphere
(RMA) median profile, see the text for details. The purple solid line corresponds to the median backscatter obtained from LITE. The bars
correspond to the 10–25%, 25–75% and 75–90% percentiles. The dash-dotted blue line shows molecular backscatter for reference. The
numbers on the right hand side of the figure show the number of data used for the CALIPSO aerosol statistics.

between the reference ”clean” and ”dirty” aerosol conditions
in the free troposphere and stratosphere. In the tropics a drop
in the aerosol density is observed between 8 and 15 km that
can be explained by an overestimate of cirrus cloud transmis-
sion. The algorithm then finds negative aerosol backscatter

solutions below the cirrus cloud. The aerosol content in the
PBL is generally smaller than for the reference curves that
can be explained by the conservative algorithm divergence
check criterion that prevents large backscatter retrievals in
aerosol-rich areas.
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Fig. 8. CALIPSO median aerosol backscatter (m−1 sr−1) at 355 nm wavelength for January (black), April (green), August (red) and October
(blue) 2007. The dashed lines represent the reference “clean” and ”dirty” median aerosol backscatter profiles and the dash-dotted line is
molecular backscatter similar as in Fig. 7. The reference curves are fixed for all climate zones.

The median aerosol scattering ratio is about 1.01 through-
out the troposphere increasing to 1.1 in the PBL. Because
PSCs above 20 km are treated as fully transparent aerosols
the aerosol scattering ratio over the South-Pole region in Au-
gust is substantial with a median value between 1.05 and 1.1
and a scattering ratio exceeding a value of 2 in 10% of the
scenes (not shown). The full transparency assumption yields
a slight underestimate of the retrieved ice particle backscatter
of PSCs.

Limitations of the lidar inversion algorithm have been dis-
cussed. These include imperfect knowledge of the aerosol li-
dar ratio that may locally under- or overestimate the retrieved
aerosol backscatter. The strong database requirement of high
resolution has the negative side-effect of substantial noise in
the signal to be processed. The aerosol retrieval is thus con-
taminated with noise. The estimation of isolated particle lay-
ers may also be contaminated through signal noise. Noise
filtering techniques prior to the backscatter retrieval could
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Fig. 9. ECMWF model wind statistics along CALIPSO orbits. Median zonal (black) and meridional (red) wind profiles (ms−1) for the
following climate zones: NH pole, NH mid-latitudes, NH Subtropics (top row from left to right), Tropics, SH subtropics, SH mid-latitudes
(middle row) and SH pole (bottom row, left panel). In addition, the standard deviation from the mean wind for the NH polar region (bottom,
middle) and Tropics (bottom, right). The symbols denote the various months: January (diamond), April (star), August (circle) and October
(crosses).

alleviate these problems but most probably at the expense of
losing real aerosol structures. It was thus decided to overesti-
mate the atmospheric aerosol variability rather than to under-
estimate it. No aerosol backscatter can be determined below
dense clouds. Despite these limitations the retrieved aerosol
and cloud statistics are compatible with available datasets
and the resulting dataset forms an extensive and high-quality
dataset for Aeolus related studies. The retrieval algorithm
may be improved by making use of the emerging (growing)
availability of CALIPSO level-2 products. In particular the
cloud-aerosol mask product and characterization of aerosols
and corresponding aerosol lidar ratio can be used as a-priori
knowledge in the retrieval algorithm.

3 ECMWF model parameters

The result from the previous section is a dataset of atmo-
sphere optical properties along the CALIPSO nighttime or-
bit at 3.5 km horizontal and 125 m vertical resolution. The
database is completed with meteorological parameters along
the CALIPSO orbit. Hereto model field parameters from
the European Centre for Medium-Range Weather Forecasts
(ECMWF) analyses are horizontally interpolated to locations
along the CALIPSO orbit and vertically to 125 m resolution,
consistent with the database resolution. The ECMWF model
horizontal resolution in 2007 is about 25 km with 91 vertical
levels (T799L91). The model vertical levels extend from the
surface up to 0.01 hPa, i.e., about 85 km. The vertical reso-
lution is not constant but reduces with altitude from several
tens of meters in the PBL to more than 2 km above 40 km.
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Fig. 10. Same as Fig. 9 but now for the median zonal (black) and meridional (red) absolute wind-shear (s−1). Thex-axis has a logarithmic
scale. The middle (NH polar region) and right (tropics) panel in the bottom row show the ratio of percentile profiles and the median profile
for (from left to right) the 10%, 25%, 75%, 90% and 100% (absolute maximum) percentile profiles.

ECMWF model analyses are archived daily at 6 hour res-
olution starting at 00:00 UTC. We perform no temporal in-
terpolation in between analyses, i.e., the atmosphere is as-
sumed frozen for 6 h around the analysis time. Analyses
closest in time to the CALIPSO observation times are used
for the spatial interpolation to the CALIPSO orbit. As a re-
sult the mean absolute time delay between ECMWF model
parameters and the CALIPSO optical parameters is 90 min
with a maximum delay of 3 h. Meteorological parameters
extracted from the ECMWF model analysis fields and used
in the database include: pressure, temperature, the 3 (zonal,
meridional and vertical) wind components and specific hu-
midity, all as a function of height above mean sea level. This
includes conversion from model to pressure levels, that is in-
herent in ECMWF processing software, and conversion from
pressure to height levels based on hydrostatic balance, the
equation of state and virtual temperature and taking into ac-
count orography.

An improved understanding and modelling of the atmo-
spheric dynamics is the main objective of Aeolus. Figures 9
and 10 provide and overview of the model dynamics along
the CALIPSO orbits for January, April, August and Octo-
ber 2007 as a function of the climate zones defined in sec-
tion 2.1.4. Figure 9 shows statistics of the zonal and merid-
ional wind components. The August statistics are miss-
ing in the NH polar region because of mission night-time
CALIPSO data for this region in this time of year. Simi-
larly the January statistics are missing in SH polar region.
The median meridional wind is close to zero throughout the
atmosphere for all seasons and climate zones. Zonal wind
maxima are mostly found near the tropopause in particular
in the mid-latitude and subtropical regions and at higher al-
titudes in the stratosphere. The zonal wind in the tropics
is generally small in the troposphere with maximum abso-
lute values found in the stratosphere. The strongest winds
are found in the SH midlatitude region in August with zonal
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wind speeds exceeding 80 ms−1 at 40 km altitude. For two
typical climates zones the standard deviation relative to the
mean wind is displayed in the middle and right panels in the
bottom row of Fig. 9. Both the NH polar and tropical re-
gion show a local maximum variability in both the zonal and
meridional wind components near the tropopause for all sea-
sons. This is also clear from the absolute vertical wind-shear
statistics of the horizontal wind components in Fig. 10, where
absolute vertical wind-shear (s−1) is defined as the absolute
value of the vertical gradient of the horizontal wind compo-
nent, i.e.,|∂u(z)/∂z| with u(z) the zonal or meridional wind
component at altitudez. Model maximum median wind-
shear values in the polar and mid-latitude regions are be-
tween 2×10−3 and 3×10−3 (s−1) and up to 5×10−3 (s−1) in
the subtropics and tropics. Of particular interest for Aeolus
is the occurrence of extreme wind-shear events. The middle
and right panel in the bottom row of Fig. 10 show the 10%,
25%, 75%, 90% and 100% percentile profiles relative to the
median profile. Interestingly, the ratio of the percentile and
median profiles is fairly constant throughout the atmosphere
for the 10, 25, 75 and 90 percentiles with values of 0.19, 0.45,
2.0, 2.7 respectively. The maximum wind-shear shows more
variability with ratio values ranging from 6 to 20. From these
results it is concluded that wind-shear values exceeding 0.05
(s−1), or 50 ms−1 over typical 1-km Aeolus range bins, are
occasionally found in the tropical upper troposphere that is
characterized by the presence of cirrus clouds, see Fig. 6 and
Table 1. Atmospheric scenes with large wind-shears in com-
bination with varying aerosol and/or cloud densities are most
challenging for Aeolus to retrieve representative winds.

4 Database representativeness for Aeolus dawn-dusk
orbit

The CALIPSO overpass at nighttime is at about 1:30 a.m.
local time, while Aeolus will travel in a dawn-dusk orbit
with local overpass times at 6 a.m. and 6 p.m. The ques-
tion is whether the atmosphere as observed by CALIPSO
and adopted in the database is representative for the atmo-
sphere that will be observed by Aeolus. Hereto, the diurnal
cycle of the atmospheric dynamics is considered in this sec-
tion with an emphasis on the 0–6 a.m. period. Two global
regions have been selected, both bounded at 70◦ N and 70◦ S.
In meridional direction, the first (Pacific) region is bounded
by 90◦ W and 105◦ W, covering parts of North and Central
America and the South Pacific, the other (Atlantic) region
is bounded by 15◦ W and 0◦ W, covering parts of Western-
Europe, West-Africa and the South Atlantic. The motivation
for these regions is the availability of ECMWF model fields
analyses at 00:00, 06:00, 12:00 and 18:00 UTC that corre-
spond to 6 p.m., 0 a.m., 6 a.m. and 12 a.m. local time for
region 1 and to 0 a.m., 6 a.m., 12 a.m. and 6 p.m. local time
for region 2.
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Fig. 11. ECMWF model mean absolute zonal wind-shear (s−1)
in the Pacific region 1 (left) and Atlantic region 2 (right) at 0 a.m.
(dashed), 6 a.m. (solid), 12 a.m. (dash-dot) and 6 p.m. (dot) local
time. The mean is taken over the 3-month 2007 winter period.

Figure 11 shows that the dynamical variability in the lower
part of the atmosphere substantially differs between day and
night. During the evening and night, the continent cools
thus reducing the convective turbulence. An inversion layer
may develop that decouples the PBL from the higher tropo-
sphere. The strong geostrophic wind (low-level nocturnal jet)
then gives a large wind-shear at the top of the PBL. Dur-
ing the morning, the sun heats the surface, triggering con-
vection. The resulting turbulence mixes the PBL and tropo-
spheric air, thus removing the inversion and associated noc-
turnal jet. This process is well visualized in Fig. 11 showing
that the mean zonal-wind shear in the PBL has its maximum
at 6 a.m. local time with slightly smaller values at 0 a.m. and
the smallest values at noon and 6 p.m. local time in the lowest
1.5 km. This result indicates that the boundary layer further
stabilizes after 0 a.m. The reduced wind-shear in the PBL at
noon and 6 p.m. indicates that the overnight stabilized PBL
disappears due to daytime turbulence over land. The strong
wind gradients near the surface with values up to 15×10−3

(s−1) are explained by friction and orography over the conti-
nents. Similar results were found for the summer periods for
both regions with on average less wind shear in the PBL than
in winter (not shown) that may be explained by an earlier
sunrise in the morning, stronger convection during daytime
and later sunset.

A closer inspection of the dynamics at 0 a.m. and 6 a.m.
in the PBL in both regions showed large similarity over the
oceans with noted differences mainly persisting over the con-
tinents (not shown). Figure 11 also shows that the diurnal
variations are mainly limited to the lowest 1.5 km. At higher
altitudes the mean flow is less sensitive to day and night and
local (land/sea) convective processes that evolve and decay
during the day and is mainly driven by the large-scale at-
mospheric motions. From these results we conclude that the
variability of the atmospheric dynamics along the CALIPSO
orbit, and adopted in the database, well represents the atmo-
sphere as will be observed by Aeolus in the free troposphere
and in the PBL over the oceans. The continental PBL is
generally further stabilizing after the CALIPSO overpass at
1:30 a.m. local time and thus the nocturnal jet at the top of
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Fig. 12. Locations of high-resolution radiosondes in the US sub-
tropical region between 20◦ N and 40◦ N and between 75◦ W and
110◦ W.

the PBL is slightly underestimated in the database as com-
pared to the situation at dawn. At dusk (6 p.m. local time),
the wind shear is generally substantially smaller than at dawn
and similar to the shear at noon on average. The most chal-
lenging dynamical scenes for Aeolus in the lower part of the
atmosphere are therefore found at dawn while at dusk the
remaining clouds from daytime convective processes pose a
challenge for Aeolus.

Here, we note that the tuning of the ECMWF model turbu-
lence scheme is to give maximum performance of medium-
range (5–10 days) weather forecasts, rather than short-term
(up to two days) forecasts. The model overestimates the PBL
mixing in stable conditions and as a consequence the noc-
turnal boundary layer low-level jet is underestimated (Baas,
2009). We further elaborate on ECMWF model shear repre-
sentation in the next section.

4.1 ECMWF model validation against high resolution
radiosondes

The simulated atmosphere of global NWP models is a
smooth representation of the real atmosphere. Despite the
gradual refinement of the model grid over the last couple
of decades, the ability to resolve atmospheric processes at
the smallest scales has improved to a lesser extent. In other
words, the effective model resolution is substantially coarser
than the model grid size (Frehlich et al., 2008), (Skamarock,
2004). As a consequence the vertical gradient of the horizon-
tal wind components, i.e., the model wind shear, is underesti-
mated with respect to the real atmosphere as will be observed
by Aeolus. This has been further investigated by compar-
ing wind observations from a network of high-resolution ra-
diosonde data in the US, see Fig. 12, with 12-hour ECMWF
model wind forecasts. These data sources are independent in
the sense that the radiosonde observations have not been as-
similated in the analysis that is used as forecast initial state.
The radiosonde data are averaged over 12 s yielding a vertical
resolution of about 60 m. (Houchi et al., 2010). Figure 13
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Fig. 13. High-resolution radiosonde zonal-wind profile (blue) ver-
sus ECMWF model background from a 12-h forecast (red). The
black profile is the adapted model profile, see the text for details.
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Fig. 14. Observation minus background statistics from high-
resolution radiosondes and ECMWF model 12-h forecast. Bias
(left) and standard deviation (right) for the zonal (black) and merid-
ional wind component (red).

shows a typical example of a radiosonde zonal wind profile
and its model counterpart. The model closely follows the ra-
diosonde curvature but lacks the small-scale structures. To
characterize the missing structures, one year (2006) of ra-
diosonde data from the 30 locations in the US, as displayed
in Fig. 12, have been used to generate observation minus
background, also denoted (o-b) or background departures,
statistics. Here, the background is the 12-h ECMWF model
forecast verifying at the same time as the radiosonde launch
and interpolated to the radiosonde launch location. Only ra-
diosondes launched at 12:00 UTC have been used which is
between 5 and 7 a.m. local time for the region under inves-
tigation. A total of 10950 radiosonde profiles were used in
this study. Figure 14 shows a positive bias in the lower part
of the atmosphere, indicating an underestimate of the model
flow in the PBL and lower troposphere, despite the generally
high model resolution of tens to hundreds of meters in the
lowest few kilometers near the surface; Houchi et al. (2010)
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Fig. 15.Zonal wind-shear standard deviation (s−1) for model winds
(red curve), radiosonde winds (blue) and adapted model winds
(black). The radiosonde wind and adapted model wind profiles
largely overlap.

found a 1.5–2 km effective vertical resolution throughout the
atmosphere. The maximum bias near 1–1.5 km is presum-
ably linked to the model underestimate of nocturnal low-level
jets as discussed in section 4. Also the standard deviation in
the right panel of Fig. 14 shows a local maximum near the top
of the PBL in the lower troposphere. In addition a maximum
is found near the tropopause level. At higher altitudes in the
stratosphere the (o-b) standard deviation increases substan-
tially through the presence of gravity waves in the observa-
tions that are suppressed in NWP models. It is not believed
that radiosonde drift from the launch location is the domi-
nating source in (o-b) at high altitudes because the drift was
generally found to be within the effective model resolution
(Houchi et al., 2010).

The (o-b) dataset has been further used to define a pro-
cedure to adapt the relatively smooth database wind profiles
by adding small-scale atmospheric structures. The adapta-
tion is based on the eigenvalue decomposition of the positive
definite (o-b) covariance matrix, also denoted the covariance
matrix of background departuresDb. Stoffelen et al. (2006)
show thatDb = HBH ′

+R with H the linearized observation
operator that relates model fields to observations,B is the
background error covariance matrix,R is the observation er-
ror covariance matrix and the prime denoting matrix trans-
pose. The random measurement errors of radiosonde obser-
vations are assumed unbiased with an error standard devia-
tion equal to one for raw data at 30 m resolution and 1/

√
2

for 60 m resolution data (Houchi et al., 2010). The random
part of R then equals 1/2 times the identity matrix.R also
includes a so-called representativeness error. These are es-
sentially the unresolved wind scales of the model and due to
3-D turbulence in the free troposphere. The background error

covariance matrix is related to the larger and model-resolved
atmospheric scales. The objective of the NWP analysis is to
analyze these scales and propagate them in the forecast. The
potentially correlated part ofR is therefore related to lack-
ing model small-scale atmospheric structures. MatrixDb is
obtained from the (o-b) dataset of radiosondes (o) and model
background (b). After subtraction of the random part ofR,
to reduce instrument noise in the model wind adaptation, an
eigenvalue decomposition of the resulting positive definite
symmetric matrix yieldsU3U′ with U the unitary matrix of
singular vectors and3 the diagonal matrix of strictly pos-
itive eigenvalues. The wind adaptation vector,δu, is then
obtained fromδu=U31/2δu with δn a noise vector from nor-
mally Gaussian distributed random numbers with zero mean
and standard deviation 1, i.e.,δu is a correlated noise vector
realization representing the combined large-scale and small-
scale model errors. For the definition of the wind adapta-
tion we are mainly interested in the latter, but a well defined
methodology to separate these errors is not available. High-
pass filtering or averaging techniques as proposed in (Houchi
et al., 2010) can be used for this puropose but this needs fur-
ther investigation. Considering the relatively low effective
spatial resolution of nowadays global models we assume the
small-scale model errors as the dominant error source. The
black line in Fig. 13 shows an example of an adapted model
wind profile using the above method.

Although the ECMWF model wind follows the mean flow
very well on average, Fig. 15 shows that the ECMWF model
underestimates the atmosphere wind variability. Here, the
red curve shows the ECMWF model zonal wind-shear stan-
dard deviation as obtained from one year of model wind data
at the radiosonde locations displayed in Fig. 12. The blue
curve shows the wind-shear standard deviation from the ra-
diosonde data which is on average a factor of 3.5 larger than
the model shear with a maximum value of 10 found in the
PBL between 1 and 2.5 km above the surface. The zonal
wind-shear standard deviation of the adapted winds (black
curve) is well in agreement with the radiosondes. Similar re-
sults apply for the meridional wind component (not shown).

These results show that the characteristics of the adapted
winds are in better agreement with the real atmosphere as
will be observed by Aeolus. Database model wind adapta-
tion is needed for a realistic assessment of the occurrence of
heterogeneous atmospheric scenes that are challenging for
Aeolus wind profile processing. The current implementation
of the model wind adaptations ignores correlation with opti-
cal structures. It is envisaged to further investigate this as-
pect using the combined information from temperature, hu-
midity and wind in high-resolution radiosonde profiles. The
database of high-resolution radiosondes is still under devel-
opment at KNMI. Ultimately, a global coverage may provide
wind adaptations as a function of global region.
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5 Summary and conclusions

The definition and contents of an atmospheric database as a
data source for various studies in preparation for ESA’s Ae-
olus mission has been discussed. The database is built up of
atmospheric backscatter and extinction at the 355 nm Aeo-
lus laser wavelength as retrieved from CALIPSO night-time
total attenuated backscatter data and completed with meteo-
rological parameters from the ECMWF model. The database
horizontal and vertical resolution of 3.5 km and 125 m re-
spectively is a compromise to enable the simulation of small-
scale atmospheric dynamical and optical processes inside the
Aeolus sampling volumes of typically 50 km along track and
1 km in the vertical on one hand and to retrieve atmosphere
optical properties with sufficient SNR from the CALIPSO li-
dar inversion algorithm on the other hand. The database has
a full global coverage from the surface up to 40 km altitude
and covers all seasons to simulate the seasonal dependence
of the observed quantities. Besides the primary wind prod-
uct this includes the characterization of aerosol and cloud
optical properties, the so-called Aeolus secondary products
(Flamant et al., 2008). The availability of a large database
allows a statistical evaluation of the Aeolus mission compo-
nents under investigation.

A lidar inversion algorithm has been discussed to re-
trieve aerosol and cloud backscatter and extinction from the
CALIPSO level-1 532 nm total attenuated backscatter prod-
uct at the database resolution. The objective of the algo-
rithm is not to generate a level-2 aerosol and cloud prod-
uct, but merely to retrieve the atmosphere backscatter and
extinction properties at 532 nm wavelength and to convert
these to 355 nm wavelength. The exact characterization of
the scattering constituents is of less relevance in this context.
The algorithm includes cloud detection and the calculation of
the cloud transmission for isolated cloud layers. An iterative
procedure is then used to calculate the cloud lidar ratio and
cloud backscatter from the best fit of the retrieval function to
the measured data inside the cloud layer. Aerosol backscat-
ter and extinction in the remaining part of the atmosphere are
obtained from solving the retrieval function and assuming a
constant value for the aerosol lidar ratio of 35 (sr) that is typ-
ical for background aerosol. An underestimate of the aerosol
lidar ratio in the algorithm results in an underestimate of the
retrieved aerosol backscatter and vice versa. For the selected
lidar ratio value this is the case for instance for atmospheric
events of substantial smoke (biomass burning), desert dust
and polluted continental aerosol. The retrieval function is
prone to divergence in case of incorrectly specified values for
the aerosol and/or cloud lidar ratio. The algorithm includes
divergence checks to improve its robustness and was applied
to 4 months of CALIPSO data without manual intervention
needed.

To validate the lidar inversion algorithm, statistics of the
resulting particle backscatter have been determined, includ-
ing statistics of cloud coverage and cloud and aerosol opti-

cal properties. Special attention was paid to tropical cirrus
clouds for which a mean lidar ratio of 18 (sr) was found in
agreement with values found in the literature. The transmis-
sion of tropical cirrus clouds is generally large with a median
value of 0.91 at 355 nm wavelength. This is important for
Aeolus to enable the retrieval of high quality winds in the
lower part of the tropical troposphere below cirrus clouds.
Retrieved aerosol backscatter profiles were generally well
bounded by results from flight campaigns over the Atlantic
in the 1989 period, that has been characterized as a relatively
”clean” period, and results from LITE in the 1994 period,
that has been characterized as relatively “dirty” in particular
in the stratosphere (1991 Pinatubo eruption heritage).

Meteorological parameters to complete the database were
extracted from ECMWF model field analyses, horizontally
interpolated to the CALIPSO orbit ground track and verti-
cally to 125 m, consistent with the database resolution. Wind
and wind-shear statistics along the CALIPSO orbit were
presented that are of relevance for further Aeolus studies.
The representativeness of the atmosphere as adopted in the
database, i.e., corresponding to the 1:30 CALIPSO local
overpass time at night, for the atmosphere as observed by
the Aeolus dawn-dusk overpass was verified. It was found
that the atmospheric dynamics in the boundary layer over the
continents is driven by local land-sea, radiative cooling and
convective processes and shows a clear diurnal cycle with
the development of strong wind shear (low-level jet) at the
top of the nocturnal boundary layer. It is shown that the at-
mosphere further stabilizes after 1:30 a.m. and the current
database winds somewhat underestimate the nocturnal jet. In
addition it was demonstrated that the ECMWF model under-
estimates the nocturnal boundary layer jet in an intercompar-
ison of model fields with high-resolution radiosonde data. A
clear diurnal cycle was not observed over the oceans and in
the free troposphere and the database here well represents
Aeolus measurements.

The global model winds are a smooth representation of the
real atmospheric flow. It was shown that model winds sub-
stantially underestimate the atmospheric wind variability. A
method was described to adapt the model winds by adding
observed atmospheric wind variability. The adaptation is
based on an intercomparison of model winds and radiosonde
winds obtained at a high vertical resolution of 60 m. Statis-
tics of observation minus model background clearly show
that the model underestimates the low-level jet at the top of
the nocturnal boundary layer. The adapted model winds are
more representative for the atmospheric dynamics as will be
observed by Aeolus and will result in a better assessment of
the occurrence of heterogeneous atmospheric scenes that are
challenging for Aeolus to process. These include heteroge-
neous atmospheric scenes with large optical and dynamical
variability.

The atmospheric database is currently used for many stud-
ies in preparation for the launch of Aeolus. These in-
clude the development of advanced L1B and L2B processing
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algorithms for the retrieval of wind products from the mea-
sured data. In addition the database is used to study zero
wind calibration opportunities from ground returns. Aeo-
lus offers the possibility of targeting geographic regions by
changing the vertical range gate binning in orbit, with a max-
imum of on average eight times per orbit. Studies are ongo-
ing to optimize the vertical sampling of Aeolus for the vari-
ous climate zones and as a function of season. This requires
the global distribution of atmospheric particles and their cor-
relation with the atmospheric dynamics. The database is a
unique data source in this respect. The recent change from
burst to continuous pulsed laser mode raises new scientific
questions on the optimal sampling and processing of mea-
sured data to yield maximum impact for NWP. The atmo-
spheric database will play an important role in the process of
answering these questions.

Potential improvements to the lidar inversion algorithm
can be made from the emerging availability of CALIPSO
level-2 products (Omar et al., 2009), (Young et al., 2009). In
particular the cloud-aerosol mask product and the characteri-
zation of aerosols and their corresponding aerosol lidar ratio
can be used as a-priori knowledge in the retrieval algorithm.
Besides the primary wind product the database can also be
used to test Aeolus level-2A algorithms for the detection of
clouds and aerosol layers and the characterization of their
optical properties, the so-called Aeolus secondary products
(Flamant et al., 2008).

Appendix A

Backscatter retrieval function

To retrieve particle backscatter from measured attenuated
backscatter, at altitudez, it was shown in section 2.1 that
the so-called retrieval function, Eq. (9), needs to be solved.
In its most general form the retrieval function is written as:

f (x) = (m+x)e−γ x
−c (A1)

where we excludedz for clarity. Here,m corresponds to
molecular backscatterβm (m−1 sr−1), γ = S∗1z/2 is the
product of the effective lidar ratioS∗ (sr) and half the bin
size1z/2 (m). Parameterc is discussed below. The solu-
tion x for f (x) = 0 is the particle backscatterβp (m−1 sr−1)
solution at altitudez.

From Eq. (9),c = βmβ ′′/T 2
p , with β ′′ the ratio of the

measured attenuated backscatter and the attenuated backscat-
ter for a particle-free (or molecules-only) atmosphere, see
Eq. (6), andTp is the total estimated one-way transmission
from particles between the satellite andz. Parameterc is thus
a function of (i) the known atmosphere molecular backscatter
and extinction (from known atmospheric pressure and tem-
perature), (ii) the measured attenuated backscatter and (iii)
the estimated total particle optical depth between the satel-
lite andz that in turn is a function of the total retrieved parti-

0

0

 x =
− γ−1− m  x’

γ−1 e−(1−γ m) − c

Fig. A1. Backscatter retrieval function,f (x), for c = m, see
Eq. (A1). The dotted line corresponds to the function maximum
at x̄ = γ −1

−m with function valueγ −1exp[−(1−γm)]−c. The
dashed lines correspond to the two solutionsx = {0,x

′

} for f (x) =

0.

cle backscatter at atmospheric levels abovez and parameter
γ . The retrieved particle backscatter profile is thus obtained
from a recursive procedure of solving Eq. (A1). The proce-
dure is initiated at high altitudes where virtually no particles
are found and the final result is sensitive to the parameterγ

used in the retrieval function both directly through the argu-
ment in the exponent and indirectly through parameterc.

Parameterx is the only unknown in Eq. (A1) but an an-
alytical solution forf (x) = 0 is not known and the solu-
tion is found iteratively. Figure A1 shows thatf (x) has
a global maximum atx̄ = γ −1

− m with function value
γ −1exp[−(1−γm)]− c. In the limit for x to infinite f (x)

goes to−c andf (0) = m−c. The retrieval function has ei-
ther no, one or two solutions depending on the value ofc. For
values ofc smaller thanm, as used in the figure, the function
curve is lifted while shifted downwards for values ofc larger
thanm. For large values ofc the total function curve drops
below zero and no solution for the retrieval function is found.
This is called divergence of the algorithm. Divergence occurs
when the value for the particle lidar ratio,S∗, in the algo-
rithm is substantially larger than in the real atmosphere. The
total particle transmission is then underestimated (smaller es-
timatedTp than in reality), yielding too large values forc
eventually causing divergence. The algorithm checks for di-
vergence and reduces the particle lidar ratio accordingly.

For the idealized situation of a particle-free atmosphere
and no signal noise,β ′′ equals 1 throughout the profile.Tp

equals one at the top of the atmosphere and thusc equals
m. Thenx = 0 is the obvious and physically realistic solu-
tion. There is however a second possible solution on the right
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hand side of̄x. For typical background aerosol withS∗
= 35

(sr), 1z = 125 (m) and a typical molecular backscatter of
4×10−7 (m−1 sr−1) at 532 nm wavelength at 15 km altitude,
γ equals 2188 and̄x = 4.6×10−4 (m−1 sr−1) yielding an un-
realistic scattering ratio value of about 1143. This calculation
implies that in case of two possible solutions for the retrieval
function the solution left from the function maximum is the
physically most reliable solution. The estimated total parti-
cle transmissionTp then stays unchanged at a value of one
and thusc equalsm when going further down in the profile.
The final result is the input zero particle backscatter profile.

Instrument noise contaminates the solution of the retrieval
function. To demonstrate the effect we again consider an
atmospheric region at high altitudes that is free of parti-
cles. From Eq. (4) and setting particle backscatter and
transmission terms to zero and one respectively yields for
the measured attenuated backscatterβ ′(i) = βm(i)T 2

m(i −

1)τ2
m(i)+n(i) with n denoting the signal noise contribution.

From Eqs. (5,6) we have forβmβ ′′
= 1+n(i)/[βm(i)T 2

m(i −

1)τ2
m(i)] and thus forc in the retrieval function Eq. (A1),

c = m+n/Tm where we removed the indexi for simplicity
and withTm the total two-way molecular transmission from
the top of atmosphere until and including bini. The situation
n = 0 was discussed above. For a negative noise realisation
of n, the function curve in Fig. A1 is lifted and the solution
for x will be either negative or right from̄x. Both solutions
are physically unrealistic and the solution is set to zero in
the algorithm. For a positive noise realisation ofn the func-
tion curve is shifted downwards and the solution forx will
be positive. The retrieval function can not discriminate be-
tween noise and particles and the solution is accepted. As
a consequence the estimated atmosphere particle transmis-
sion Tp decreases andc is larger thanm in the bins below,
yielding increasing backscatter solutions further down in the
profile. The noise contamination thus propagates through the
profile yielding physically unrealistic large backscatter val-
ues in the upper part of the atmosphere. The aerosol lidar
ratio is therefore set to zero in the lidar inversion algorithm
for atmospheric regions that are known to be free of aerosols.

Similar arguments apply in case of an incorrect specifica-
tion of the aerosol lidar ratio. As discussed in Sect. 2.1.2
an underestimate of the aerosol lidar ratio in lofted aerosol
layers yields an overestimate of the calculated layer trans-
mission, i.e., the value forc in the retrieval function is un-
derestimated (the function curve is lifted) resulting in nega-
tive aerosol backscatter values below the aerosol layer. Vice
versa, an overestimate of the aerosol lidar ratio yields an un-
derestimate of the layer transmission and too large values for
c (the function curve is shifted downwards) in underlying
bins potentially causing divergence of the algorithm further
down in the profile. The algorithm checks for divergence and
reduces the lidar ratio accordingly. In general can be stated
that an underestimate of the particle lidar ratio in the algo-
rithm results in an underestimate of retrieved mean particle
backscatter in the profile and vice versa.
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