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Accurate aerosol and cloud retrievals from space remain quite challenging and typically
involve solving a severely ill-posed inverse scattering problem. In this Perspective, we for-
mulate in general terms an aerosol and aerosol-cloud interaction space mission concept
intended to provide detailed horizontal and vertical profiles of aerosol physical characteristics
as well as identify mutually induced changes in the properties of aerosols and clouds. We
argue that a natural and feasible way of addressing the ill-posedness of the inverse scattering
problem while having an exquisite vertical-profiling capability is to fly a multistatic (including
bistatic) lidar system. We analyze theoretically the capabilities of a formation-flying con-
stellation of a primary satellite equipped with a conventional monostatic (backscattering)
lidar and one or more additional platforms each hosting a receiver of the scattered laser light.
If successfully implemented, this concept would combine the measurement capabilities of a
passive multi-angle multi-spectral polarimeter with the vertical profiling capability of a lidar;
address the ill-posedness of the inverse problem caused by the highly limited information
content of monostatic lidar measurements; address the ill-posedness of the inverse problem
caused by vertical integration and surface reflection in passive photopolarimetric measure-
ments; help relax polarization accuracy requirements; eliminate the need for exquisite
radiative-transfer modeling of the atmosphere-surface system in data analyses; yield the
day-and-night observation capability; provide direct characterization of ground-level aerosols
as atmospheric pollutants; and yield direct measurements of polarized bidirectional surface
reflectance. We demonstrate, in particular, that supplementing the conventional back-
scattering lidar with just one additional receiver flown in formation at a scattering angle close
to 170° can dramatically increase the information content of the measurements. Although the
specific subject of this Perspective is the multistatic lidar concept, all our conclusions equally
apply to a multistatic radar system intended to study from space the global distribution of
cloud and precipitation characteristics.

Published by Elsevier Ltd.

1. Introduction

that of the greenhouse gases [1-4]. However, the magni-
tude of this forcing remains highly uncertain because of

Tropospheric aerosols cause a significant radiative for- inadequate quantitative knowledge of global aerosol
cing of climate comparable, in the absolute-value sense, to characteristics and their temporal changes [4-10]. In fact,

the persisting uncertainties in the aerosol direct and
indirect radiative effects are so large that they preclude
definitive climate model evaluation by comparison with

* Corresponding author. Fax: +1 212 678 5622.
E-mail address: michael.i.mishchenko@nasa.gov (M.I. Mishchenko).

http://dx.doi.org/10.1016/j.jqsrt.2016.07.015
0022-4073/Published by Elsevier Ltd.

observed global temperature change and must be reduced
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Science
objectives

Retrieval requirements

Aerosol retrievals

1. Global distribution
of aerosol and cloud
properties

2. Aerosol effect on
radiation budget

* Spectral optical thickness
(£0.02 or £7%)

« Effective radius (£10%)

« Effective variance (+40%)

* Spectral behavior of the aerosol
refractive index (+0.02)

* Particle shape
» Single-scattering albedo (+0.03)

For two
components

hd

Cloud retrievals

* Optical thickness (+8%)

« Effective radius (+10%)

« Effective variance (+50%)

* Cloud phase/particle shape

3. Effect of
aerosols on clouds
and precipitation

Fig. 1. (a) Aerosol and cloud retrieval requirements follow from the overarching science objectives. (b) Orbital multistatic lidar system. The primary
satellite is equipped with a nadir-pointing backscattering lidar, while one or more secondary platforms carry additional receivers of scattered laser light.
The scattering angle @ # 180° characterizes the bistatic configuration formed by the transmitted laser beam and the receiver on a secondary platform.

by at least a factor of three [11,12]. Achieving this goal
requires a comprehensive global aerosol-monitoring pro-
gram with three major science objectives shown in the
left-hand panel of Fig. 1(a) [5]. The right-hand panel of
Fig. 1(a) (after [13,14]) lists the minimal set of aerosol and
cloud parameters that must be retrieved from space in
order to enable a sufficiently accurate quantification of the
aerosol effects on climate. The corresponding retrieval
accuracy requirements are dictated by the need to detect
changes of the aerosol direct and indirect radiative for-
cings estimated to be plausible during the next two dec-
ades and to determine quantitatively the contribution of
these forcings to the planetary energy budget [13,15].

The characterization requirements summarized in Fig. 1(a)
are quite challenging in terms of the number of retrieved
parameters and the respective retrieval accuracies. As a con-
sequence, the corresponding inverse remote-sensing problem
can be severely ill-posed.

In the case of passive observations, each measurement
typically integrates the scattering signal over the entire

atmospheric column and convolves it with the polarized
surface reflectance. The vertical resolution of passive
photopolarimetric retrievals is thus inevitably rather
crude. Furthermore, the analysis of passive data requires
exquisite radiative-transfer modeling, while a stable solu-
tion of the inverse problem necessitates the use of a
massively over-determined measurement dataset. The
latter means that the individual units of data must be
maximally independent in terms of their implicit infor-
mation content, while their number must significantly
exceed the number of unknown model parameters. This
requires collecting as many units of data as possible by
performing photopolarimetric observations of a scene
from many different angles and at many wavelengths [14].
Moreover, multiple scattering of light weakens the
resulting polarization [16,17], thereby necessitating an
extremely high accuracy of polarimetric measurements
(see, e.g., [18-21] and references therein).

Backscattering lidar observations employing a pulsed
laser beam [22] are capable of providing much finer
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vertical resolution than passive methodologies. However,
even high spectral resolution lidar (HSRL) observations in
three spectral channels typically yield only five units of
data per elementary scattering volume from which one
has to retrieve many more microphysical parameters of a
potentially multi-component aerosol population (Fig. 1(a)).
The ill-posedness of the resulting inverse problem has
been well documented [23].

The main premise of this Perspective is that a natural
and feasible way of addressing the ill-posedness of the
aerosol and aerosol-cloud retrieval problem while having
an exquisite vertical-profiling capability is to perform
multistatic (including bistatic) lidar observations from
space. We will show, in particular, that supplementing a
conventional backscattering HSRL system with just one
additional receiver flown in formation at a ~170° scat-
tering angle more than triples the number of units of data
while engaging elements of the scattering matrix much
more sensitive to particle microphysical properties than
the standard backscattering coefficient. Furthermore, this
methodology helps decouple the surface and atmospheric
contributions to the scattering signal and involves the
measurement of single (rather than multiple) scattering of
light by aerosol and cloud particles. As a consequence,
cumbersome solutions of the vector radiative transfer
equation are completely avoided, while the polarimetric
accuracy requirements can be substantially relaxed.

2. Bistatic lidar equation

Over the past three decades, monostatic lidars (both
elastic and HSRL) have contributed substantially to our
knowledge of atmospheric composition. Owing to exten-
sive research, the remote-sensing capabilities and limita-
tions of these instruments are now well understood (see,
e.g., [23-29] and references therein). In particular, there is
compelling evidence that inversions of monostatic lidar
observations cannot yield the entire set of the requisite
aerosol characteristics and the requisite retrieval accura-
cies, as discussed in the preceding section. Therefore, in
what follows we will focus on observation strategies
involving multistatic lidars.

In the rest of this paper, we will use the following
terminology. The term “bistatic lidar configuration” refers
to the situation wherein the direction of the transmitted
laser beam and the outward optical axis of the receiver are
not co-aligned, i.e., the angle between the transmitted
laser beam and the received scattered beam is not equal to
180°. The term “bistatic lidar system” refers to a combi-
nation of the conventional backscattering (i.e., monostatic)
lidar and one additional receiver whose outward optical
axis is not co-aligned with the direction of the transmitted
laser beam. The term “multistatic lidar system” refers to a
combination of the conventional monostatic lidar and
N >1 additional receivers whose outward optical axes
point in different directions and are not co-aligned with
the direction of the transmitted laser beam. Obviously, a
multistatic lidar system with N =1 is a bistatic system. The
general geometric layout of a bistatic radar configuration
and the corresponding equation were described in detail

by Rogers and Eccles [30] and later adapted (in a simplified
form) to lidar remote sensing by Reagan et al. [31,32].
In what follows, we will assume for simplicity that

® The Stokes parameters of both the transmitted and the
scattered laser light are defined with respect to the
scattering plane, i.e., the plane through the transmitted
and scattered beams.

® The transmitted laser beam is pointed in the nadir
direction (see Fig. 1(b)).

® All aerosol and cloud particles are either spherically
symmetric or statistically isotropic and mirror-
symmetric.

The first two assumptions imply that the scattering
plane coincides with the meridional plane of the scattered
beam. The third assumption implies that if the particles
are not spherically symmetric then (i) they are randomly
oriented and (ii) each of them has a plane of symmetry
and/or is accompanied by a mirror counterpart [33-36].

Then the Stokes column vector of the scattered lidar
return at the receiver,
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can be expressed in terms of the Stokes column vector of
the transmitted (incident) laser beam,

[inc
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yine

as follows:

I’?(@) = T1 T2(6) FV () I, 3)

where

® (@ is the scattering angle (i.e., the angle between the
incidence and scattering directions, Fig. 1(b)).

® T, is the scalar exponential attenuation factor corre-
sponding to the vertical light path from the laser to the
scattering volume.

® T,(®) is the scalar exponential attenuation factor cor-
responding to the slanted light path from the scattering
volume to the receiver (for a monostatic backscattering
lidar, ®=180° and T,(180°)=T,).

e FY(@) is the local scattering matrix per unit volume of
the atmosphere.

The Stokes parameters are defined according to [34,36]
assuming the exp(—iwt) time-harmonic dependence of
the electromagnetic field, where i=(—1)'/2, o is the
angular frequency, and ¢ is time. Implicit arguments in
all quantities entering Eq. (3) are the wavelength of
observations 1 and (with the exception of I'") the coordi-
nates of the scattering volume.
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Note that strictly speaking, the actual polarized reading
of the receiver is equal to the product of the right-hand
side of Eq. (3) and a factor that depends on the specific
geometry of the transmitter-receiver configuration in
Fig. 1(b) while being independent of any of the atmo-
spheric optical parameters [30,31]. We will assume that
this geometric factor is always known and can be omitted
for simplicity, thereby yielding Eq. (3).

In general, the volume scattering matrix has a particu-
late and a Rayleigh component:

kP KR

F'(0) =32 F(0)+ 32 F'(0), “)

where

® FP(0) is the 4 x 4 normalized particulate (aerosol and/or
cloud) scattering matrix [34,36].

e FR(9) is the normalized Rayleigh scattering matrix.

e k. and k¥, are the particulate and Rayleigh volume
scattering coefficients, respectively.

The (1, 1) elements of the particulate and Rayleigh scat-
tering matrices (i.e., the corresponding phase functions)
are normalized according to

%/0 d@Fﬁ’ﬁ@)sin@:%/o do FX,(@)sino = 1. )
The vertical profile of the Rayleigh scattering coefficient

k® . is usually assumed to be known.
The Rayleigh scattering matrix is given by [16,33]

1+ cos26 —sin’@ 0 0
FR(@)=§ —sin?0 1+ cos26 0 0 ’
4 0 0 2 cosO 0
0 0 0 2 cos@

©)

while the particulate scattering matrix has the following
block-diagonal structure [33-36]:

Ff(® Fy(®) 0 0
F?,(6) F5,(@ 0 0
Fp(@): 12( ) 22( ) > > , (7)
0 0 F5;(0) F5,(0)
0 0 —F5,(6) Fi(®)
with only six independent elements and with
F2,(180°) =0, F%,(180°)=0, (8)
F5.(180°) = — F5,(180°). 9)

In addition [34],
F5,(180°) = F?,(180°)—2F5,(180°), F5,(180°) > 0. (10)

Furthermore, in the case of spherically symmetric particles

F5,(@)=F}, (), (11)
Fh,(6) =F5,(0), (12)
F5,(180°) = F,,(180°) = —FY,(180°). (13)

It is easily seen that the volume scattering matrix also
has the structure defined by Eqs. (7)-(13). Specifically,

Fl1(©) F)©) 0 0
FV,(©) FY,(0) 0 0
v . 12 22
Fe= 0 0 ng(@) ngl(@) ’ a4
0 0 —Fi0) Fiuo)
F},(180° =0, F%,(180°)=0, (15)
F¥5(180°) = —FY,(180°), (16)

F4,(180°) = FY,(180°)—2F%,(180°), F4,(180°>0, (17)

and, in the case of spherically symmetric particles,

FY,(0) =FY,(0). (18)
F1,(0) = F§3(0), (19)
F¥3(180°) = F,(180°) = —FY,(180°). (20)

3. Multistatic system of lidar equations

Let us now assume that the multistatic lidar system in
Fig. 1(b) includes N >0 secondary receivers and thereby
yields N+1 simultaneous photopolarimetric measure-
ments for each scattering volume. We therefore have the
following multistatic system of lidar equations that
establishes the relation of the lidar observables to the
aerosol and/or cloud characteristics of the scattering
volume:

I°?(180°) =T} F¥(180°)I"™
I9(01) = T1T2(01) FY (0™ @1
I(6n) = T1T2(6n) F' (O0)I™.

The first equation of this system is the full polarization
version of the standard backscattering-lidar equation
[24,25,27].

The systems (21) written for different individual scat-
tering volumes are not mutually independent and are
coupled through the exponential attenuation factors T,
and T,(@). Indeed, these factors include an integral of the
particulate+gaseous extinction coefficient kY, = kP, +k8
over a vertical (T;) or a slanted (T,) path. In other words,
the systems (21) can be thought of as forming a “super-
system” of equations coupled through the factors T; and
T,(®@) either vertically (if N=0) or both vertically and
horizontally (if N>1). The horizontal coupling occurs
through the factor T,(®) and vanishes only if the atmo-
sphere can be considered horizontally homogeneous so
that

T2(0) = exp(In T;/ cos ©). 22)

Importantly, HSRL measurements can yield the
attenuation factors T% and T1T, (@) directly. This helps fully
decouple the systems (21) pertaining to different
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scattering volumes and thereby dramatically simplify the
formulation and solution of the inverse scattering
problem.

In general, the practical solution of a polystatic super-
system of lidar equations can be highly involved, especially
in the case of an elastic (non-HSRL) lidar (cf. the discussion
of monostatic lidar retrievals in [24,25,27]), and will not be
addressed specifically. Instead, we will analyze how dif-
ferent observation strategies can be used to maximize the
implicit information content of the lidar measurements
and thereby ameliorate the ill-posedness of the inverse
remote-sensing problem.

4. Polarization scenarios

In what follows, the transmitted laser beam will be
assumed to be fully polarized such that besides the
intensity I, only one other Stokes parameter (Q, U™,
or V") is nonzero and is equal to +I". It is then
straightforward to see that it is sufficient to consider only
the following three combinations of the transmitted and
the resulting scattered Stokes vector, where the subscripts
Q, U, and V serve to discriminate between the three
incident-polarization scenarios:

1] [[Fl1 @)+ Fl@™
. Iinc FV 12} FV 1) Iinc
8= |y |- @=Timye | 2@ 2@
L 0 | L 0
(23)
_Iinc h I F‘1/1 (@)Iinc
‘ 0 FY (@)
Iy = fine |2 (@) =T1T2(0) Fl@me | 24
| 0 | —FY, (o)™
_Iinc b I F¥1 (@)IinC
. 0 FY, (eI
IlI'lC — , lSCa @ — T T @ . 25
v 0 \4 ( ) 1 2( ) F&(@)Imc ( )
_Imc | _FZ4(@)IinC

Egs. (23) and (24) describe two alternative cases of a lin-
early polarized transmitted laser beam, while Eq. (25)
describes the case of circularly polarized laser light.

5. Elastic lidar

Let us first consider the case of a non-HSRL lidar. It fol-
lows immediately from Eqs. (15)-(20) that in the case of
spherically symmetric particles and a conventional mono-
static lidar (N=0, ® = 180°), the only measureable quantity
carrying useful information is the twice-attenuated

backscattering coefficient T2FY,(180°). Indeed, then

[ FY,(180°)1¢

(1807 = T2 F‘GU%O")""C , 26)
0

[ Y807 |
0
—FY,(180°)I™™
0

[(180°) = T? 27)

[ FY,(1809)1™ ]
0
0

| —F11(1807)1™ |

E(180°) = T? (28)

Measuring T2FY,(180°) at (typically) three laser wavelengths
triples the number of units of data and thereby increases the
amount of implicit information. Still this information is quite
limited and insufficient for a reliable solution of the inverse
scattering problem involving many more unknown para-
meters, as discussed in Section 1.

It follows from Egs. (23)-(25) that using just one extra
receiver at @; # 180° brings into play as many as three
additional nonzero scattering matrix elements. The actual
use of the quantities T, Tz(@)[F1V1(@)+F‘{2(@)] (Eq. (23)) and
T1T2((-))F1V1(@) (Egs. (24) and (25)) can be problematic if
the atmosphere is strongly inhomogeneous in the hor-
izontal direction, in which case Eq. (22) is invalid and the
systems (21) remain coupled horizontally. However, the
normalization of the second, third, and fourth elements of
the scattered Stokes column vectors in Egs. (23)—(25) by
the first element yields fully decoupled (both vertically
and horizontally) ratios [FY,(©)+Fy,(@)1/[FY,(@)+FY,(0)],
F33(0)/FY1(6), F1,(0)/F{,(6), and F34(6)/F},(€) (we still
assume spherically symmetric particles). This results in a
complete horizontal decoupling of the systems (21), which
can be expected to substantially simplify the solution of
the inverse problem. It is also obvious that the U and V
polarization scenarios (Egs. (24) and (25)) are much more
beneficial than the Q scenario (Eq. (23)) in that adding just
one receiver at @; # 180° serves to quadruple the number
of units of measurement data. Furthermore, we will
demonstrate in the following section that the ratios
FY3(0)/FY,(®), F\,(©)/FY,(®), and FY,(6)/F{,(®) can be
expected to be even more sensitive to the particle micro-
physics than the standard attenuated backscattering
coefficient. Using N > 2 additional receivers increases the
information content even further.

The full numerical solution of the super-system of
polystatic lidar equations could be iterative in nature and
proceed along the following broad outline (suggested by
the anonymous reviewer):

1. Assume for some Az (linked to the turbidity of the aerosol
layer, where z is the vertical coordinate) the microphysical
model of the underlying aerosol, which allows for the
estimate of the lidar extinction-to-backscatter ratio (or
other intensive properties needed for polarized lidar).
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2. Integrate the nadir-backscatter lidar equation over z,
thereby obtaining the transmission factors needed to
correct the lidar scattering returns for nadir geometry.

3. Using the measured polarization ratios within the pro-
posed system architecture, obtain improved micro-
physical parameters of the aerosol model.

4. Using the improved microphysical model, return to step
1 and recalculate the lidar extinction-to-backscatter
ratio, and then proceed iteratively to some convergence.

6. HSRL

The HSRL technique [37-39] uses spectral broadening
of the lidar return from the gaseous atmosphere, which
allows for the separation between the gaseous and parti-
culate returns. As a consequence, an HSRL measurement
can yield directly the product TT,(®) and, thus, the pro-
duct kP.F°(@). In particular, the measurements of the
particulate extinction coefficient k2, and the particulate
volume scattering matrix k5,FP(©) for all individual scat-
tering volumes (and thus the corresponding inverse pro-
blems) become fully decoupled. As a consequence, each
elementary scattering volume can be characterized by the
following set of optical observables:

kexe
kP FP(180°)

kEca Fp (@1 )

kls)ca Fp(@2) (29)

kspcan(QN).
Besides k., the only measureable quantity carrying
supplementary information in the case of a monostatic HSRL
and spherical particles is the particulate backscattering coef-
ficient kP F},(180°). An example of using the values of k2,
and k2, F?,(180°) measured at two HSRL wavelengths (typi-
cally 355 and 532 nm) and the value of the twice-attenuated
backscattering coefficient T3FY,(180°) at a third elastic
wavelength (typically 1064 nm) is the so-called “3p+2a”
technique [29,40-44]. With only five units of data per scat-
tering volume, this technique has been demonstrated to be
incapable of solving the ill-posed inverse particle-
characterization problem involving many more unknown
parameters than five [23].

Placing another receiver at @; # 180° and using either the
U or the V polarization scenario serves to engage as many as
four additional units of data in each HSRL spectral channel
per individual scattering volume containing spherically
symmetric particles: kb F,(6), k&, F5;(0), k&, F5,(6), and
kP F?,(0). Furthermore, the measurements in the additional
elastic channel engage the fully decoupled ratios
F%,(8)/FY,(8), F1,(©)/FY,(), and F4,(6)/FY,(6). The result-
ing number of units of data measured in the three spectral
channels now exceeds the number of unknown model
parameters discussed in Section 1, thereby likely making the
inverse scattering problem sufficiently well posed. Needless
to say, adding more receivers can be expected to make the
solution of the inverse problem even more stable.

The key advantage of the quantities F}, (@), F5;(0), F},(0),
and F5,(6) is that they can be extremely sensitive to particle
microphysics at certain scattering angles. To demonstrate
that, Figs. 2-5 show the results of Lorenz-Mie computations
for a gamma size distribution [16,34] of nonabsorbing sphe-
rical aerosols with refractive indices m varying between 1.35
and 1.6. Each ratio is plotted versus the scattering angle
©€[90°, 180°] and effective size parameter Xeg = 2aTeg /A,
where 1o is the effective radius [16,34]. The effective var-
iance of the size distribution is fixed at a value veg =0.2
characteristic of a moderately broad polydispersion of radii. It
is obvious that the sensitivity of all four ratios depicted in
Figs. 2-5 to particle microphysics is indeed quite strong at
side-scattering and near-backscattering angles. Note that
unlike the ratio F,(©)/F%,(180°), the ratios F;(0)/F%,(6),
—F,(6)/F%,(0), and F5,(6)/F}, () can change not only their
magnitude but also their sign, which makes them even more
sensitive to m and reg.

Fig. 6 further illustrates this sensitivity by providing the
vertical cross sections of the two-dimensional panels in
Figs. 2-5 corresponding to the scattering angle ® = 170°. This
angle appears to be near-optimal in the case of an orbital
lidar system involving only one additional receiver. The ran-
ges of variability of all four ratios in Fig. 6 are quite wide and
become even more impressive upon recalling that in the
case of a monostatic laser system, —F},(180°)/F},(180°) =
F%,(180°)/F},(180°) = 0 and F%,(180°)/ F},(180°) = — 100%.

7. Discussion and concluding remarks

The overall objective of this Perspective is to formulate
in very general terms an aerosol and aerosol-cloud inter-
action space mission concept intended to determine:

® The horizontal and vertical profiles of aerosol micro-
and macrophysical properties and how they change in
the vicinity of clouds; and

® Changes in cloud properties in the presence of aerosols.

Specifically, we have analyzed theoretically a multistatic
lidar mission as a formation-flying constellation of a
primary satellite equipped with a monostatic backscatter-
ing lidar (elastic or HSRL) and one or more additional
platforms each hosting a receiver of the scattered laser
light. If successfully implemented, this concept would:

e Combine the measurement capabilities of a passive
multi-angle multi-spectral polarimeter with the vertical
profiling capability of a lidar.

® Ameliorate the ill-posed nature of the inverse scattering
problem caused by vertical integration and surface
reflection in passive photopolarimetric measurements.

® Ameliorate the ill-posed nature of the inverse scattering
problem inherent in monostatic lidar retrievals and
caused by a highly limited amount of information
implicit in the measurements.

e Help relax polarization accuracy requirements.

e Eliminate the need for exquisite radiative-transfer mod-
eling of the atmosphere-surface system in data analyses.

® Yield the day-and-night observation capability.
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Fig. 2. Color contour plots of the ratio F, (6)/F},(180°) vs. effective size parameter and scattering angle for polydisperse spherical particles. The particle
refractive index m is real-valued and ranges from 1.35 to 1.6.
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Fig. 6. Ratios of the elements of the particulate scattering matrix.

® Yield direct characterization of ground-level aerosols as
atmospheric pollutants.

® Yield direct measurements of polarized bidirectional
surface reflectance.

As part of future research, we plan to perform a com-
prehensive sensitivity study to examine representative mul-
tistatic lidar systems. We will expand the methodologies
developed in [21,23] to quantify the information content of
the measurements afforded by each system depending on
the choice of spectral channels, polarizations, and viewing
angle(s). Both elastic and HSRL receiver options will be
explored and compared to determine whether an elastic
lidar can be sufficient for the mission or the HSRL capability
proves to be essential. This will help us identify optimal sets
of measurements capable of reliably constraining the physi-
cal properties of atmospheric particles discussed in Section 1.

Special attention must be paid to the case of nonspherical
aerosol and/or cloud particles. Even though the vast majority
of nonspherical aerosols (e.g., dust grains and carbonaceous
particles) are small enough to be randomly oriented, the
equalities (11)—(13) and (18)-(20) no longer hold. As a con-
sequence, the measurable quantities Fy,(180°), F;(180°),
F},(180°), F5,(180°), F5,(180°), and F14(180°) can carry useful

implicit information supplementary to that carried by
FY,(180°) and F?,(180°) (see [34,45-47] and references
therein). Of course, the complexity of modeling light-
scattering properties of morphologically complex particles
can often make this information difficult to extract.

Cirrus cloud particles belonging to a certain size/shape
range can be made preferentially oriented in the hor-
izontal plane by the aerodynamic force resulting from
nonzero settling velocity. This can, in general, change the
very structure of the cloud-particle scattering matrix.
Another complication is that now the scattering medium is
anisotropic so that the scalar transmission factor T,(©)
may have to be replaced by a 4 x 4 matrix propagator (see
Section 10.2 of [17]), especially if the scattering angle
substantially deviates from 180° [48-50]. This latter factor
can speak in favor of selecting @ values close to 180°. Of
course, another advantage of a near-backscattering value
of @ is that it minimizes the effects of horizontal inho-
mogeneity in elastic lidar observations and makes Eq. (22)
applicable in a wider range of atmospheric scenarios.

One could think of two technologically plausible types of a
multi-satellite lidar system affording multistatic measure-
ments. Both include a primary satellite equipped with a nadir-
looking backscattering lidar. The first (bistatic) system also
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includes a single secondary satellite with a state-of-the-art
receiver having an optical-quality glass-mirror telescope. The
secondary satellite may also host other instruments. The fea-
sibility of a fully controlled two-satellite system has been
successfully demonstrated by flying in formation the platforms
carrying the Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) [26] and the CloudSat radar [51] (see also [52]).
Similar systems are being considered for the future National
Aeronautics and Space Administration (NASA) Aerosol-Cloud-
Ecosystem (ACE) space mission (http://acemission.gsfc.nasa.
gov), which implies that the information content of aerosol
and cloud measurements could be increased dramatically at
the reasonable cost of putting another lidar receiver on the
second platform.

In the second system, each of the N>1 additional
receivers is deployed on its own platform (with no addi-
tional payload). Technologically, this could be possible to
achieve by combining relatively inexpensive identical
CubeSats with light-weight inflatable mirrors. The tech-
nology for such mirrors was patented by NASA and was
developed by the US Air Force (see, e.g., [53]), NASA's Jet
Propulsion Laboratory ([54]), and L. Garde, Inc (http://
www.lgarde.com).

There is no doubt that flying a multistatic (including
bistatic) lidar system in space will pose certain engineer-
ing challenges. However, recent progress in building
ground-based multistatic lidars [55-69] provides compel-
ling reasons for optimism.

Finally we note that although the specific subject of this
Perspective is the multistatic lidar concept, all our con-
clusions equally apply to a multistatic radar orbital system
intended to study the global distribution of cloud and
precipitation characteristics. In fact, one could think of a
bistatic lidar-radar system wherein the backscattering
lidar and the backscattering radar are carried by two
formation-flying satellites with an extra receiver of the
scattered laser light being placed on the radar satellite and
an extra receiving antenna being placed on the lidar
satellite.
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