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Received: 19 December 2012 – Published in Atmos. Chem. Phys. Discuss.: 22 January 2013
Revised: 7 June 2013 – Accepted: 9 July 2013 – Published: 6 September 2013

Abstract. Spaceborne reflectance measurements from the
POLDER instrument are used to study the specific di-
rectional signature close to the backscatter direction. The
data analysis makes it possible to derive the extinction-to-
backscatter ratio (EBR), which is related to the inverse of
the scattering phase function for an angle of 180◦ and is
needed for a quantitative interpretation of lidar observations
(active measurements). In addition, the multidirectional mea-
surements are used to quantify the scattering phase function
variations close to backscatter, which also provide some indi-
cation of the aerosol particle size and shape. The spatial dis-
tributions of both parameters show consistent patterns that
are consistent with the aerosol type distributions. Pollution
aerosols have an EBR close to 70, desert dust values are on
the order of 50 and EBR of marine aerosols is close to 25.
The scattering phase function shows an increase with the
scattering angle close to backscatter. The relative increase
∂ lnP/∂γ is close to 0.01 for dust and pollution type aerosols
and 0.06 for marine type aerosols. These values are consis-
tent with those retrieved from Mie simulations.

1 Introduction

Atmospheric scattering contributes to the top-of-the-
atmosphere (TOA) reflectance. The directional signature –
that is, how the reflectance varies with the viewing geometry
– depends on the scattering phase function of atmospheric
particles: molecules, aerosols and cloud droplets. This signa-
ture can be used for an estimate of the scatterer size distribu-
tion (Deuźe et al., 2000; Bŕeon and Doutriaux, 2005; Mayer
et al., 2004) and shape (Herman et al., 2005). Of particular in-

terest is the backscattering direction that shows some specific
signatures, in particular the well-known glory (Spinhirne and
Nakajima, 1994) or the antisolar maximum (Sherwood et al.,
2005).

Accurate scattering phase functions are needed to relate
the measured atmosphere reflectance to the atmospheric load
in aerosol and clouds (i.e., their optical thickness). For the in-
terpretation of lidar returns in terms of extinction, it is neces-
sary to know the extinction-to-backscatter ratio (EBR), also
referred to as the lidar ratio, i.e., the inverse of the product
of the single-scattering albedo and the phase function for the
180◦ scattering angle (Young and Vaughan, 2009).

For spherical particles such as water droplets, or aerosols
that are small with respect to wavelength, the Mie theory
enables calculation of accurate scattering phase functions.
However, no such accurate and efficient method exists for
non-spherical particles, in particular because their real shape
is not properly known. There have been attempts to ap-
proximate the shape of non-spherical particles as spheroids
(Mishchenko et al., 1997), hexagonal crystals (C.-Labonnote
et al., 2001) or more complex shapes (Macke et al., 1996).
Such simulations show that the EBR for non-spherical dust
particles is significantly larger than that of spherical particles
with the same size distribution (e.g., Dubovik et al., 2006;
Veselovskii et al., 2010).

Empirical phase functions for non-spherical particles are
also available derived from laboratory measurements (Volten
et al., 2001). These scattering matrices are given as a func-
tion of angle in the range 5–173◦ at the wavelengths of
441.6 and 632.8 nm and for several irregularly shaped min-
eral aerosol particles such as Saharan sand. Unfortunately,
there is no information on the largest scattering angles due
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to the difficulty of having the light source and the detector
in the same direction. One objective of the present paper is
to fill this gap: based on satellite measurements of the atmo-
sphere reflectance, we analyze the phase function variations
in the range 170–180◦.

The PARASOL satellite was launched in December 2004
to be part of the A-Train series of satellites (Tanré et
al., 2011; Anderson et al., 2005). The platform carries the
POLDER radiometer (Deschamps et al., 1994), which was
flown earlier onboard the ADEOS-I and II satellites. It pro-
vides global systematic measurements of the spectral, di-
rectional and polarization characteristics of the solar radi-
ation reflected by the Earth–atmosphere system. The wide
two-dimensional field of view permits observation of the
backscatter direction continuously over the tropics and mid-
latitude regions. It is therefore well suited to study the re-
flectance backscatter signature as was shown for land sur-
face targets in Bŕeon et al. (2002). In this paper, we focus
on the signatures generated by aerosol scattering. We have
processed 4 yr of PARASOL observations acquired in the
backscatter direction (several thousands cases), which pro-
vides a large amount of statistical data of directional signa-
tures.

Section 2 describes the data analysis method. Section 3
shows the results and provides some interpretation. Section
4 discusses the results and provides conclusions.

2 Data and method

The POLDER instrument is composed of a wide field-of-
view lens, a filter wheel and a detector. The filter wheel
permits radiance measurements in eight spectral bands from
440 (blue) to 1020 nm (near IR). The detector is a two-
dimensional CCD array with 242× 274 independent sensi-
tive areas. One snapshot provides an image of a portion of
the Earth of size roughly 1900×1400 km2, similar to what a
camera with a wide field-of-view lens would provide, with a
spatial resolution on the order of 6 km. The pixels in the im-
age are viewed with various zenith angles and azimuths. The
zenith angle at the surface varies between 0◦ at the image
center to 50◦ crosstrack and 60◦ forward and aft.

One snapshot is acquired, for each spectral band, every
20 s. There is a large overlap of the areas observed by succes-
sive snapshots. Thus a given target is observed from varying
directions as the satellite goes along its orbit. The reflectance
of a target in the instrument swath is acquired between 12
and 16 times depending on its position with respect to the
satellite subtrack. In most cases, depending on the solar po-
sition with respect to the satellite, there is one pixel that is
observed exactly (at the POLDER pixel angular resolution)
in the backscatter geometry. This pixel is where the shadow
of the satellite would be seen if it were much larger. The
viewing geometry corresponds to a scattering angle of 180◦,
which is the same as for a lidar observation. The view zenith

angle (VZA) is different however; it is generally close to zero
for a lidar (the current CALIPSO observations have a VZA
of 3◦), while POLDER VZA for backscatter pixels is equal
to the local (target) sun zenith angle.

We have processed the full set of spaceborne
POLDER/PARASOL measurements available at the
time of this study. For each sequence of acquisition (one
sequence every 20 s), we identified the surface pixel that is
observed in the backscattering direction. This pixel is also
observed from a number of other sequences/directions that
are used to measure the directional signature for a wide range
of scattering angles (see Fig. 1). These directions can be
used for an estimate of the aerosol scattering phase function
over this range. The spectral and directional signatures of the
reflectance provide the necessary information to constrain
both the aerosol optical thickness and the aerosol model in
an inversion procedure (Deuzé et al., 2000).

In practice, the aerosol inversion procedure uses a set of
bimodal aerosol models. The optical depth and the radii of
the fine and coarse modes are inverted based on a best fit
between the measurements and the radiative transfer simula-
tions. A non-sphericity index is also adjusted for the coarse
mode. The output of this operational inversion is an aerosol
model and a spectral optical depth. The quality of the fit be-
tween the measurements and the modeling is quantified in
a quality index. The optical depth retrievals have been vali-
dated against sun photometer measurements (e.g., Bréon et
al., 2011).

The set of aerosol models used for the inversion is wide
but limited. It is based on log-normal number distributions
with a unique refractive index, and there is a single empiri-
cal model for non-spherical particles. As a consequence, the
inverted model and its scattering phase functions are only an
approximation of the reality. The residual between the mea-
surements and the modeling can be used to correct the scat-
tering phase function. For this correction, one assumes that
the reflectance generated by multiple scattering is fully accu-
rate, and one corrects the single-scattering term.

The single-scattering contribution to the reflectance can be
modeled analytically

Rss(µs,µv,φ) =
1−exp

[
−τ

(
1
µs

+
1

µv

)]
4 (µs+µv)

ω P(γ )

≈
ω τ P (γ )
4 µs µv

,
(1)

whereτ is the aerosol optical depth,ω is the single-scattering
albedo,µs andµv are the cosine of the solar and view zenith
angles, respectively, andγ is the scattering angle that can be
computed from the zenith angles and the relative azimuth:

−cos(γ ) = µsµv +

√(
1− µ2

s

)(
1− µ2

v

)
cosφ. (2)

The main assumption is that the modeling provides a
good approximation of the reality. It can therefore be used
to estimate second-order terms, including scattering by
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Fig. 1. Typical geometry by PARASOL multidirectional observa-
tions for a pixel that is observed in the backscatter direction. The
black circles show the view angle by steps of 20◦, the straight plain
line shows the principal plane and the dashed line shows the perpen-
dicular plane. The green ellipses show the scattering angles by steps
of 10◦. Each symbols indicates the viewing geometry of one of the
14 successive observations. The red symbol shows the observation
acquired in the near-backscatter direction.

atmospheric molecules, surface contribution and multiple
scattering. The measurement–model misfit is affected to the
single-scattering contribution only. One can then make a cor-
rected estimate of the scattering phase function

Paer(γ ) = P mod (γ ) +
4 µs µv

ω τ
[Rmes(µs,µv,φ)

−R mod (µs,µv,φ)], (3)

wherePmod is the scattering phase function of the retrieved
aerosol model,Rmod is the TOA reflectance computed for
the retrieved aerosol model and optical depth, andRmes are
the measurements. Note thatRmes is acquired in an atmo-
spheric window, relatively free of atmospheric absorption,
and that the small absorption has been corrected as described
in Deuźe et al. (2000).

Equation (3) derives from several hypothesis and assump-
tions. The first assumption is that the retrieved aerosol model
Pmod is a fairly good description of the “true” aerosol. This is
assured by the measurement–model fit over the 12–16 avail-
able viewing directions that provide a strong constraint. An-
other hypothesis is the linearization used in equation (2) and
the correction of the phase function based on the single-
scattering hypothesis. These hypotheses are valid for low op-
tical depths. Note that the error generated by this simplifi-
cation only applies to the aerosol model correction from the
initial retrieval. The validation of POLDER aerosol retrieval

Fig. 2. Phase function retrieved from PARASOL measurements for
the same pixel as in Fig. 1. Red (blue) is for the 670 nm (865 nm)
band. Note that, for the largest scattering angles, there are two mea-
surements for similar values of the scattering angle. These corre-
spond to measurements acquired before and after the backscatter
observations.

has shown thatRmod is a close approximation toRmesso that
the correction toPmod remains small.

The operational processing of POLDER data includes the
derivation ofPaeras described above. This is done for all pix-
els for which there is a successful aerosol retrieval, although
this parameter is not included in the operational product that
is widely distributed. We have had access to the restricted
product, and have extracted all pixels that include one obser-
vation in the backscatter direction.

In the following, we analyze the values ofPaer(γ ) close
to backscattering (γ ≈180◦). One parameter of interest is the
value of the phase function forγ = 180◦. This value is of
particular interest to relate to lidar observations. Rather than
the phase function itself, the lidar community uses the lidar
ratio, which is the EBR 4π/(ωP (180)). We therefore show
our results expressed as the EBR.

In addition, we analyze how the phase function varies
close to backscattering. Mie simulations indicate that the
scattering phase functions increases sharply as the angle in-
creases towards 180◦ (see examples in Fig. 3). POLDER
multidirectional measurements can be used to confirm this
observation. We make use of the measurement sequences
preceding and following that acquired in the backscatter ge-
ometry (difference in time of≈ 20 s). We want to quantify
the relative variation of the phase function per degree. The
derivative of the phase function is approximated from two
succeeding measurements using that observed at backscatter
and either the preceding or the following ones:

www.atmos-chem-phys.net/13/8947/2013/ Atmos. Chem. Phys., 13, 8947–8954, 2013
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V =
1

Paer

∂Paer
∂γ

∣∣∣
γ=180◦

=
∂ ln(Paer)

∂γ

∣∣∣
γ=180◦

≈
lnPaer(180)−lnPaer(γ )

180−γ
.

(4)

3 Results

Figure 3 shows the results of simple Mie simulations. The
scattering phase function is shown for five log-normal size
distributions with a fixed width and a range of modal ra-
dius. For the smallest aerosol, the phase function is almost
flat (black line) and its value at backscatter is≈ 0.66. For
intermediate aerosol sizes (modal radii of 0.1–0.3 µm) the
phase function at backscatter is fairly flat and the backscatter
value is close to 0.2. For larger aerosol (modal radius of 1
µm and larger) the phase function shows large increases to-
wards backscatter and reaches a value larger than 0.7. These
backscatter values correspond to EBR between 19 and 63,
which are in the typical range of reported values (e.g., Do-
herty et al., 1999; Burton et al., 2012), although lidar values
up to 110 are reported for the polluted outflow from India
(Franke et al., 2003). As for the slope at backscatter, Fig. 3
shows that scattering phase functions show irregular varia-
tions. As a consequence, the slope computed from two di-
rectional samples, one at 180◦ and the other at another an-
gle between 170 and 175◦, will depend on the latter. There
is nevertheless a clear tendency for an increase ofV from
the fine-mode aerosols to the largest particles. Typical values
vary between 0 and 0.1.

In a recent paper, Burton et al. (2012), hereafter referred
to as BU12, report on high spectral resolution lidar measure-
ments acquired in a wide range of conditions. They show typ-
ical values of the lidar ratio and other aerosol optical param-
eters as a function of the aerosol type. Maritime aerosol has
a lidar ratio of 17–27 (25–75 % statistical range) at 532 nm,
dust’s range is 45–51, that of smoke is 55–73 and the ur-
ban range is 53–70. Similarly, M̈uller et al. (2007) sum-
marize a large number of Raman lidar observation over a
wide range of aerosol types. The typical 532 nm lidar ratio
is 20–26 for marine particles, desert dust’s is 50–60 and ur-
ban/industrial range from 45 to 60, although larger values
(50–80) are found for air masses originating from India. For
the processing of the spaceborne CALIPSO observations, six
aerosol types have been defined, and a priori values of the li-
dar ratio are used for each of them (Omar et al., 2009). These
are clean continental, clean marine, dust, polluted continen-
tal, polluted dust and smoke, with 532 nm (1064 nm) EBR
of 35 (30), 20 (45), 40 (55), 70 (30), 55 (48) and 70 (40),
respectively (Trepte, 2013).

Figure 4 shows seasonal maps of the lidar ratio derived
from POLDER measurements at 670 nm. We only show
cases when the retrieved optical depth is larger than 0.1 and

Fig. 3.Results of Mie simulations for a log-normal size distribution
of width 0.4 and various values of the modal radius (expressed in
µm). For these simulations, the wavelength is 0.6 µm and the refrac-
tive index is 1.4. The slope at backscatter has been computed over
the [173–180]◦ range as it is similar to POLDER angular sampling.

smaller than 0.4. The smaller optical depth values are ex-
cluded because one needs some aerosol signal. The largest
values are excluded as the multiple scattering becomes dom-
inant, and may prevent an accurate determination of the
single-scattering contribution. Because of these restrictions,
there are some white areas in the global maps with no valid
retrievals. On the other hand, there are also some very clear
spatial and temporal features, which indicates that there is
some information in the measurements. The smallest lidar
ratios are found over the open oceans, with typical val-
ues around 25. These are clearly consistent with the val-
ues reported by BU12 and Muller et al. (2007) for maritime
aerosols as well as the value of 20 used by the CALIPSO op-
erational processing for clean marine aerosols. At the other
extreme, the largest values are on the order of 75 and found
around the coast of India during the December–February sea-
son. This area is known to be loaded with pollution aerosols
from the India subcontinent. Again, these large values are
consistent with those reported in BU12 for the urban aerosol
and those selected for CALIPSO for the “polluted continen-
tal case”. They also agree with observation in this specific
region reported by (Franke et al., 2001) for air masses origi-
nating from the eastern and northern parts of India. EBRs on
the order of 60 are observed over areas where biomass burn-
ing aerosols are expected, such as the Gulf of Guinea during
the period December–February, and further south during the
period June–August. As for dust, this aerosol type is preva-
lent around the Sahara, including the Mediterranean, during
the summer season. For this area, our result indicates lidar ra-
tio close to 50, again very consistent with the BU12 values as
well as specific analysis of Saharan dust (Tesche et al., 2009)
but significantly larger than those used for the CALIPSO

Atmos. Chem. Phys., 13, 8947–8954, 2013 www.atmos-chem-phys.net/13/8947/2013/
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Fig. 4. Seasonal maps of the extinction-to-backscatter ratio (EBR)
as derived from the PARASOL measurements acquired in the
backscatter viewing geometry. The plot on the left shows the num-
ber of estimates per 1◦ latitude band.

processing (40). However, recent work (e.g., Schuster et al.,
2012) indicates that the selected value is too low and that
higher values should be used although regional variations
are observed. The uncertainty on the dust EBR results from
the refractive index variability (Schuster et al., 2012) and
the non-spherical nature of the particles (Veselovskii et al.,
2012). CALIPSO measurements are also affected by multi-
ple scattering (Wandinger et al., 2010), which is not the case
for ground-based or airborne measurements, because of the
respective size of the instrument field of view.

Therefore, over areas with well-defined aerosol types, the
POLDER retrievals of the lidar ratio are similar to the ex-
pected values. This analysis cannot be seen as a quantitative
evaluation of the POLDER product, but it nevertheless gen-
erates some confidence in the results.

Fig. 5.Same as Fig. 4 but for the phase function slope at backscatter
(see Eq. 4).

Figure 5 shows the derivative of the phase functionV

(see Eq. 4) for the same data points as in Fig. 4. This fig-
ure shows very clear spatial and temporal patterns, some of
which are not apparent on the EBR retrievals. This observa-
tion clearly indicates that there is some information on the
prevalent aerosol type that is not in the backscatter values.
The derivative varies between 0.01 and 0.07 deg−1, which
is similar to the values from the Mie simulations shown in
Fig. 3. The smallest values are found in coastal areas in re-
gions that are affected by urban, biomass burning or dust
type aerosols. Such low values of the derivativeV are con-
sistent with the Mie simulation results for small particles
(Fig. 3). Conversely, the largest values are found over the
open oceans. However, there is a clear zonal and seasonal
gradient and the large values ofV are not observed over the
tropics but only at mid and high latitudes. Regions affected
by dust show unexpected values. As rather coarse particles,

www.atmos-chem-phys.net/13/8947/2013/ Atmos. Chem. Phys., 13, 8947–8954, 2013
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one would expect slopes in the high range based on Mie
simulations. Values retrieved downwind of the Sahara are
smaller than 0.03, which is not consistent with the results
of Mie simulations such as those of Fig. 3. We hypothesize
that this inconsistency results from the non-spherical nature
of the dust particles. Our measurement of the slopeV could
be used to constrain the aerosol microphysics and in particu-
lar the non-spherical nature of the particles.

In general, there is an inverse relationship betweenV and
the EBR (Fig. 6). Regions with the largest EBR (> 50) show
V on the order of 0.02. For the smaller EBR (< 30), which
are mostly observed over the remote oceans,V is generally
greater than 0.04, with a significant range up to about 0.07.
The range seems to have a zonal and temporal dependency,
as illustrated in Fig. 5.

4 Discussion and conclusions

The POLDER instrument onboard the PARASOL satellite is
the only spaceborne instrument that provides measurements
of the phase function variation at and close to backscatter.
Although the MISR instrument (Diner et al., 1999) onboard
the Terra satellite does provide multidirectional observations,
its viewing geometry does not sample the backscatter direc-
tion. The measurements shown in this short paper are there-
fore unique, and it is the first time, to our knowledge, that the
POLDER measurements have been processed to analyze the
EBR and the directional signature of the measurements close
to backscatter.

An important question is the behavior of the passive algo-
rithm in the case of absorbing aerosols. The passive measure-
ments rely on scattered photons so that the POLDER retrieval
is sensitive to the scattering rather than the extinction optical
depth. The retrieval algorithm makes no attempt to retrieve
the single-scattering albedo. As a consequence, one may ex-
pect a low bias on the POLDER estimate of the EBR in the
case of absorbing aerosols. At 670 nm, the typical single-
scattering albedo range between 0.85 for smoke and some
urban pollution to 0.95 for dust (Giles et al., 2012). The ex-
pected bias is then between 5 and 15 %. This could easily
be improved through the use of appropriate aerosol models
in the POLDER inversion that explicitly account for the ab-
sorption.

Another limitation is the fact that the POLDER retrieval
provides a column-integrated value. In the case of multiple
layers of different aerosols (such as a smoke layer over a ma-
rine aerosol), the retrieved EBR is a weighted average of the
two layers values. Although the weighting is essentially pro-
portional to the optical depth of each layer (for the range of
optical depth that is selected here) the interpretation of the re-
trieved values would be difficult. Multiple aerosol layers are
certainly present in our database, but the presence of clear
patterns in the global distribution indicates they are not sig-
nificant.

Fig. 6. Two-dimensional histogram of the retrieved EBR (x axis)
and phase function slope at backscatter as shown in Figs. 4 and 5.

Although the POLDER instrument does provide measure-
ments in the antisolar (backscatter) direction, these obser-
vations are relatively rare. Let us recall that the POLDER
measurement principle is that of a very wide field of view
that acquires one shot for each spectral band every≈ 20 s.
For each such acquisition, there is one point on Earth that
is observed in the backscatter direction. As a consequence,
the backscatter sampling per day is 14.5 (the number of or-
bits) roughly north–south sets of observations, distant by 25◦

of longitude. Each observation set (i.e., each orbit) contains
measurements distant by≈ 140 km (the distance traveled by
the satellite during the 20 s). A large fraction of these mea-
surements are not suitable for the analysis developed in this
paper either because of cloud contamination or an insuffi-
cient aerosol load. As a consequence, the number of valid
observation (≈ 100 per day) is relatively small compared to
what is typically achieved through spaceborne remote sens-
ing. We have therefore limited the analysis to climatological
distribution, and made no attempt to relate the retrieved val-
ues to other concomitant measurements.

Nevertheless, the spatial and temporal structures of both
the EBR and phase function slope (V ) show clear patterns
that can be related to the known distribution of aerosol types
in the atmosphere. In addition, the retrieved EBR are very
consistent with the typical values measured with high spec-
tral resolution and Raman lidars in various environments and
the generally accepted values for various aerosol types (Do-
herty et al., 1999; Omar et al., 2009; Burton et al., 2012;
Muller et al., 2007). Therefore, although we could not offer a
quantitative validation of our estimates, they clearly contain
some information about the aerosol. These data can be used
to generate a climatology of aerosol EBR, which is neces-
sary to process the measurements of backscatter lidar such as
CALIPSO. Our observations generally confirm recent results
that the EBR used for dust is too low (Schuster et al., 2012).

Atmos. Chem. Phys., 13, 8947–8954, 2013 www.atmos-chem-phys.net/13/8947/2013/
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As for V , results of Mie simulations of the phase function
close to backscatter show a high sensitivity to the aerosol size
distribution. The general shape of the scattering phase func-
tion is also very sensitive to the non-spherical natures of par-
ticles such as dust. The retrievedV values could therefore be
used as a further constraint to characterize the microphysical
properties of the aerosols. However, because of the scarcity
of proper backscatter observations, this can be done only in
a climatological way.
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