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eruption observed at Boulder. Three soundings shortly after
each of these events were not included in the trend data.
Figure 2a shows the Mauna Loa Observatory Nd:YAG lidar
20–25 km integrated backscatter data from 1994, when the
lidar began operating, to early 2009. The data have been
analyzed using the technique of Thoning et al. [1989] to
smooth the data, remove the seasonal variation, and deter-
mine the trend curve and growth rate (determined by differ-
entiating the deseasonalized trend curves). There is a biennial
component in the deseasonalized trend in Figure 2a, likely
related to the quasi-biennial oscillation (QBO) in tropical
winds, as will be discussed later. From 1994 to 1996 the
decay of aerosol from the 1991 Pinatubo eruption dominates
the data [Barnes and Hofmann, 1997]. From 1996 to 2000
there was a slightly decreasing trend at Mauna Loa,
possibly due to remnants of the Pinatubo eruption. How-
ever, after 2000 there is a decidedly increasing aerosol
backscatter trend. The magnitude of the aerosol backscatter
trend at Mauna Loa Observatory varies with altitude. The
maximum trend occurs in the 20–25 km region with an
average value of 4.8% per year, and about 3.3% per year
for the total column for the 2000–2009 period (the
standard error in determining these trends is about ±5%
of the trend value). Figure 2b, for the 20–25 km range at
Boulder, indicates an increasing average trend of 6.3% per
year for the 2000–2009 period.
[7] It is important to note that the seasonal increase in

aerosol backscatter (summer to winter) is about 2.5 times
larger than the backscatter magnitude of the 2000–2009
trend. Therefore, the trend would be difficult to detect by
any method that cannot resolve the seasonal variation. We
are not aware of other surface-based or satellite lidar or
satellite limb extinction instruments that have reported
observing the background aerosol seasonal variation or a
long-term trend. Finally, since 1996, the peak-to-peak mag-
nitude of the detrended, smoothed annual cycle at Mauna

Figure 1. Seasonal average aerosol backscatter ratio profiles at (a) Mauna Loa Observatory and (b) Boulder, Colorado.
The backscatter ratio is defined as the ratio of the total backscatter (aerosol plus molecular backscatter) to the molecular
backscatter. A ratio of 1.0 indicates pure atmospheric molecular scattering. The inset in Figure 1a shows the seasonal cycle
amplitude versus time.

Figure 2. Integrated backscatter for the 20–25 km altitude
range at (a) Mauna Loa Observatory and (b) Boulder,
Colorado.
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Stratospheric Aerosols: 
Seasonal cycles?          Sources Long-term trends?  

Effects on Climate?
Clouds over the Greenland Icecap:

Effects of Crystal Orientation on Radiation Budget?  
Arctic Cloud Microphysics

Research Questions

Observations Modeling

Lidar WACCM/CARMA

Pleiades Supercomputer
(NASA AMES)

Boulder Lidar (R. Neely III)

How Will I Answer These?



Current GMD Lidars

American 
Samoa

Boulder
Mauna Loa
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NOAA/ESRL/GMD
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The
Cloud, 
Aerosol
Polarization 
And 
Backscatter
Lidar

Ed Stockard



• Integrated Characterization of Energy, Clouds, Atmospheric state, and 
Precipitation at Summit (ICECAPS)

• Clouds affect the Mass and Energy Budget of the Greenland Ice Sheet 

• How do clouds impact the Greenland Ice Sheet?

• Source:  Precipitation => Mass Budget

• Sink:  Radiation => Energy Budget

• Significant sea level rise is predicted from a melting Greenland Ice Sheet

Why did we put this lidar at Summit?

Last Ice Age Present Future?
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Figure 2. CAPABL system layout.

• Triple linear polarization 
measurement(Parallel, 
Perpendicular, 45o Polarizations)

• 30m spatial and 5s temporal 
resolution

• 24/7 automated operations with 
remote access. 

• Controllable via iPhone (Come 
find me if you want to see this.)

• Installed at Summit                
Camp during May 2010

Transmits Single 
Linear Polarization

Transmitter

Computer
and
DAQ

Receiver

Rotates between
Parallel, 45 and 
Perpendicular

Polarization States

Doubled Nd:YLF 
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Diode Pump
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What Am I Measuring?
46o Halo

22o Halo

Upper Tangent Arc

Sundogs

Circumzenith 
Arc

Parhelic Circle

Courtesy of Chris Cox

Quantifying Particle 
Orientation



Sundogs

Adapted from: http://www.atoptics.co.uk/

+ ! 2 x 45o Polarization





• CAPABL produces:

• Total Linear Polarization Ratio

• Better cloud phase 
measurement by not 
assuming random 
orientation                   
( less than 2% error)

• Particle Orientation

• Backscatter

• Extends GMD’s 
Stratospheric Lidar 
Network.

• 98% Data Collection Time 
Over the last 11 months



Boulder
Lidar

• Finish Automation

• Improve Backscatter Retrieval



Currently Controllable via iPhone 



Samoa 
Lidar

• Automate

• Incorporate backscatter record 
into current trend analysis



Summary
• 2011 Research Goals

• Summit
• Publish instrument Paper on new techniques

• Boulder
• Finish Automation

• Samoa
• Automate
• Increase Data collection to at least twice weekly 

profiles

• Updated Lidar Database 
• Accessible to Public 
• NetCDF format 

• Updated Backscatter Retrieval Algorithm

• Finish and Publish Trend Analysis
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Angle of Beam from 

Polarization

Ability to measure oriented ice crystals 
is dependent on pointing angle of lidar.

Diattenuation
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Preliminary Results: April 23, 2011



Lidar Retrieval Error
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How Do I Measure That?



Answer: Polarization LIDAR

!t/2

!r

1.3 Lidar Remote Sensing of Stratospheric Aerosols Chapter 1: Introduction

Figure 1.7: Depiction of typical raw lidar data collected in Boulder, CO. Two

profiles are collected with this instrument in order to create a single profile from

2km to 35km. Separate upper and lower profiles are needed due to the large

dynamic range needed to examine the entire altitude range. The exponential

nature of the atmosphere is clearly evident in both profiles. Adapted from

http : //www.mlo.noaa.gov/programs/gmdlidar/mlo/gmdlidar mlo.html.

N(λ, z) = NL(λ)[β(λ, z)∆R]
A

z2
exp[−2

� z

0
α(λ, z�) dz�][η(λ)G(λ, z)] +NB(λ, z)(1.1)

The backscatter and extinction coefficients may be separated into molecular and

aerosol components as seen in equations (2) and (3). The extinction coefficient

has an additional term which accounts for extinction due to absorption by

different trace molecules in the atmosphere.

βScatter(λ, z) = βaerosol(λ, z) + βmolecule(λ, z) (1.2)
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What is Polarization?

This is the basic quantity that I measure

Light
Wave



How do we measure 
polarization with this lidar?

Transmit Highly
Polarized Light
From LIDAR

Particles

1



Light Scatters 
back to LIDAR 
off of Particles

What is the light’s 
polarization now?

Rotating 
Polarizing Optics

Parallel Perpendicular45

2

3

4



Transmitter

Receiver

Rotating 
Polarizing Optics

Detector Parallel

Perpendicular

45

Laser
Summary

Telescope



How does CAPABL work?
Triple linear 
polarization 
measurement

30m spatial 
and 5s 
temporal 
resolution

24/7 automated 
operations with 
remote access. 

Controllable via 
iPhone 
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Why Polarization?
Depolarization =

How much has my transmitted 
polarized light been screwed up?

Parallel
PerpendicularDepolarization=

Parallel
Perpendicular

Parallel
Perpendicular

Liquid

Ice

= Small

= Large(>.08)

Depolarization ranges from 0 to 1
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Why Measure 3 Polarizations?
Diattenuation =

Do the particles prefer 
one polarization over the other?

Diattenuation =
Perpendicular + Parallel

2 x 45 - 1

Does Perpendicular + Parallel = 2 x 45? 



Diattenuation and 
Oriented Particles

The 45 Polarization should be a linear 
combination of the parallel and perpendicular 

polarizations. 

+ =
If this is not true something funny is going on 



Oriented Particles

+ !



Data form Last Week



Why Have I 
Been Tilting CAPABL?



Angle of Beam from Zenith

Polarization

Ability to measure oriented ice crystals 
is dependent on pointing angle of lidar.
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Results: April 23, 2011



We measure 3 planes of polarization to 
improve cloud property retrievals.
• CAPABL is a triple linear polarization lidar described by the stokes vector lidar equation:

Where                       are our observables and

• When scatters may be assumed to be randomly oriented the depolarization ratio is derived 
as:

                                               where                                       is the randomly oriented 

                                                                                                      

• When scatters are not randomly oriented the depolarization ratio is derived as:

                                           where                                           is the oriented 
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1. Introduction

Polarization in lidar is best described using the Stokes Vector Lidar Equation (SVLE) which

relates the received and transmitted light through polarization properties of the scatterer

and instrument. This is most generally written as

�N = OMRX

��
G(R)

A

R2
∆R

�
Tatm(�ks, R)F(�ki,�ks, R)Tatm(�ki, R)MTX

�STX + �SB

�
, (1)

where �STX is the Stokes vector describing the laser polarization state, MTX is the Mueller

matrix description of the transmitter, Tatm(�k,R) is the Mueller matrix description of the

atmospheric transmission to the scatterer for wave vector �k, F(�ki,�ks, R) is the scattering

phase matrix (or Mueller matrix) of the scattering medium at range R and for incident

and scattered wave vectors �ki and �ks respectively, ∆R is the integration range bin, A is the

collection aperture, G(R) is the geometrical overlap function, MRX is the Mueller matrix

description of the receiver, and �SB is the Stokes vector of the background at the input of

the receiver. The output projection matrix O defines each polarization channel in �N which

represents the received intensity or photon counts on each channel and is given by

�N =




N1

N2
...



 , (2)

1

the optical system, but because F(�ki,�ks) is the only matrix exhibiting diattenuation, �Dsca is

the original diattenuation vector of the scattering phase matrix. Thus direct measurement

of diattenuating terms can be done without system error contribution regardless of the

magnitude of depolarization or retardance in the receiver.

This method of measuring diattenuation is insensitive to retarding and depolarizing effects

in the receiver optical system. However it does have the limitation of not being able to

quantify the polarization ratio δ and depolarization d which are important quantities when

scatterers are not oriented. Also we note that when the linear diattenuation of the scatterer

is misaligned by 45
◦

to the two transmit polarizations, diattenuation cannot be accurately

measured through only two transmit polarizations. To avoid this issue on zenith aligning

plates, the lidar may be tilted into the plane of one of the transmit polarizations. This

will cause θf to be 0
◦

or 90
◦

which will produce an accurate total linear diattenuation

measurement for the particular case.

3.B. Parallel-45-Perpendicular (P45P)

For greater versitility in polarization measurement, we would like to be able to measure

both polarization ratio and diattenuation simultaneously. When diattenuation is zero, our

interpretation of the recorded data can unambiguously assume that the scatterers in question

are randomly oriented.

To achieve this objective, we add an additional receiver polarization channel to the typical

parallel perpendicular polarization measurements. The receiver new channel is at 45
◦

to the

transmit polarization, so we now have

�N =




N||

N45

N⊥



 , (20)

where the subscript indicates the receiver polarizer position and thus O is given by

O = o




P(0

◦
)

P(45
◦
)

P(90
◦
)



 , (21)

where P(θ) is the Mueller matrix of a linear polarizer at orientation θ and

o ∝




1 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 1 0 0 0



 . (22)

We define the polarization coordinate frame such that horizontal polarization is transmitted.

The principle axes of the scatterers are then misaligned to the polarization plane of operation
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Abstract

1 Polarization Measurement

A polarization lidar system is described using the Stokes Vector Lidar Equation
which relates the transmitted Stokes vector to the received photon counts on
each polarization channel. All optical components are included to provide for
the possibility of modification of polarization by the optical system.

�N = OMRX

��
G(R)

A

R2
∆R

�
Tatm(R)F(�ki,�ks, R)Tatm(R)MTX

�STX + �SB

�
,

(1)
where �N is a vector the photon count measurements, O is the output matrix,
MRX is the receiver Mueller matrix, Tatm is the atmospheric transmission
Mueller matrix, F(�ki,�ks, R) is the scattering phase matrix for incident and
scattered wavenumbers �ki and �ks and range R and MTX is the transmitter
Mueller matrix.

δ =
N⊥
N�

(2)

The transmitter in CAPABL makes use of three silver mirrors, resulting in
substantial cumulative phase shift upon transmission. For any retarding system,
there always exists a linear input polarization that produces a linear output
polarization. To ensure, transmission of only linear polarization, we operate in
only this one polarization mode.

CAPABL makes three polarization measurements by modifying the phase
shift of the receiver LC variable retarder. Thus the photon count measurement
vector has the form

�N =




N(0)
N(π

2 )
N(π)



 (3)

where the argument of N is the phase shift imposed by the LC variable retarder.
The output matrix O consists of a measurement matrix o reflecting that

only intensity is measured by the detector and a projection matrix which is the
combination of the LC variable retarder and polarizer for all three measure-
ments.

O = o




P(0◦)VWP(0)
P(0◦)VWP(π

2 )
P(0◦)VWP(π)



Q(0◦) (4)

1

With the scattering matrix expressed in Eq. (9) the depolarization ratio
would take the form

δ =
x1 − x2

x1 + x2 + 2y1
. (10)

δ =
x1 − x2

x1 + x2
. (11)

In general, however, there is an angular displacement between the scattering
matrix and incident polarization, θf . For horizontally transmitted polariza-
tion, this means that the scattering matrix above is represented in the SVLE
as

F�(π, θf ) = R(θf )F(π)R(−θf ), (12)

where R(θ) is a rotation matrix of angle θ. Thus the linear depolarization
ratio will be a function of the angle θf and given by.

δ =
x1 − x2 cos2 2θf − x3 sin2 2θf

x1 + 2y1 cos 2θf + x2 cos2 2θf + x3 sin2 2θf
. (13)

Thus, the depolarization ratio becomes an ambiguous term in the presence
of variation in scattering properties and incident polarization, as illustrated
in Figure ??. Moreover, without reconstruction of the phase matrix parame-
ters, the depolarization ratio may not be a consistent measurement between
different lidar systems.

The occurance of oriented scatterers presents a clear problem for inter-
pretation of lidar results. For this reason, simply being able to identify these
occurances becomes necessary, and for this purpose, we propose measuring
the diattenuation of scatterer phase matrices.

4 Diattenuation Meausrement

For full characterization of an arbitrary scatterer, the entire phase matrix
must be measured. To do so, four Stokes vectors must be measured. Each
full Stokes vector requires a minimum of four intensity measurements [23,32].
Clearly the most general approach for characterizing the scattering phase
matrix places heavy demands on the lidar system. Individual measurements
must either be acquired through splitting non-orthogonal polarization modes
or polling individual polarization positions. In both cases SNR suffers and
integration times must increase.
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We introduce here two polarization methods for determining if scatterers
are oriented that have been developed using the SVLE. Each method has dis-
tict advantages which depend on the particular system design and operation,
but both offer an opertunity for further study of oriented scatterers.

3 Scattering Matrices

The backscatter phase matrix for a medium of randomly oriented axially
symmetric scatterers is truly depolarizing and takes the form [20–22]

F(Θ = π) =





1 0 0 0
0 1− d 0 0
0 0 d− 1 0
0 0 0 2d− 1



 . (6)

Note that �ki and �ks have been replaced in F with Θ, the angle between
the incident and scattered wave vectors, since random scatterer orientation
makes the medium macroscopically isotropic.

If all other Mueller matrices in Eq. (1) are proportional to the identity
matrix, we apply the SVLE formed in Eq. (3), (4) and (5). We find the
depolarization ratio is given by the following relation to the phase matrix
element d,

δ =
d

2− d
. (7)

This is consistent with the relationship between the depolarization ratio and
the parameter d reported in [22]. Thus, for this case, it is possible to convert
between the depolarization ratio and the full scattering matrix.

The matrices of oriented scatterers such as those observed in cirrus clouds
have a backscatter matrix of the form [7]

F(π) = β





x1 y1 0 0
y1 x2 0 0
0 0 x3 y2

0 0 −y2 x4



 . (8)

F(π) = β





x1 0 0 0
0 x2 0 0
0 0 x3 0
0 0 0 x4



 . (9)

4

is the total linear 
depolarization ratio

backscatter matrix.

backscatter matrix.
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matrix and incident polarization, θf . For horizontally transmitted polariza-
tion, this means that the scattering matrix above is represented in the SVLE
as

F�(π, θf ) = R(θf )F(π)R(−θf ), (12)

where R(θ) is a rotation matrix of angle θ. Thus the linear depolarization
ratio will be a function of the angle θf and given by.

δ =
x1 − x2 cos2 2θf − x3 sin2 2θf

x1 + 2y1 cos 2θf + x2 cos2 2θf + x3 sin2 2θf
. (13)

Thus, the depolarization ratio becomes an ambiguous term in the presence
of variation in scattering properties and incident polarization, as illustrated
in Figure ??. Moreover, without reconstruction of the phase matrix parame-
ters, the depolarization ratio may not be a consistent measurement between
different lidar systems.

The occurance of oriented scatterers presents a clear problem for inter-
pretation of lidar results. For this reason, simply being able to identify these
occurances becomes necessary, and for this purpose, we propose measuring
the diattenuation of scatterer phase matrices.

4 Diattenuation Meausrement

For full characterization of an arbitrary scatterer, the entire phase matrix
must be measured. To do so, four Stokes vectors must be measured. Each
full Stokes vector requires a minimum of four intensity measurements [23,32].
Clearly the most general approach for characterizing the scattering phase
matrix places heavy demands on the lidar system. Individual measurements
must either be acquired through splitting non-orthogonal polarization modes
or polling individual polarization positions. In both cases SNR suffers and
integration times must increase.
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How Do We Determine Orientation of Scatterers 
in CAPABL Polarization Measurements?

• By measuring N45, we qualitatively determine if the scatters exhibit orientation 
through a quantity known as diattenuation:

When particles are not oriented: 

• Diattenuation allows us to unambiguously infer the form of the scattering matrix.

4.2 Parallel-45-Perpendicular (P45P)

For greater versitility in polarization measurement, we would like to be able

to measure both polarization ratio and diattenuation simultaneously. When

diattenuation is zero, our interpretation of the recorded data can unambigu-

ously assume that the scatterers in question are randomly oriented.

To achieve this objective, we add an additional receiver polarization chan-

nel to the typical parallel perpendicular polarization measurements. The

receiver new channel is at 45
◦

to the transmit polarization, so we now have

�N =




N||
N45

N⊥



 , (22)

where the subscript indicates the receiver polarizer position and thus O is

given by

O = o




P(0

◦
)

P(45
◦
)

P(90
◦
)



 , (23)

where P(θ) is the Mueller matrix of a linear polarizer at orientation θ and

o ∝




1 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 1 0 0 0



 . (24)

We define the polarization coordinate frame such that horizontal polarization

is transmitted. The principle axes of the scatterers are then misaligned to

the polarization plane of operation such that the scattering matrix in the

SVLE is given by Eq. (12). Here we should note that the term y1 accounts

for the total linear diattenuation of the scatterer, and a nonzero value in this

position indicates the scatterer is not randomly oriented. We now define a

qualitative assessment of this linear diattenuation

Dq =
2N45

N|| + N⊥
− 1 =

y1 +
1
2(f22 + f33) sin 4θf

f11 + y1 cos 2θf
. (25)

A nonzero value for Dq may be assumed to indicate the presence of an ori-

ented scatterer. If y1 is zero, the scattering matrix will take the form in Eq.

(6) where f22 = −f33( y1 = 0 and x2 = −x3 ) so that the numerator becomes

zero. If the proper angle θf is chosen and |f22 + f33| ≥ |2y1|, the value of Dq
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In addition to this qualitative assessment of diattenuation in the scatterer depolarizing

randomly oriented scatterers can also be measured using traditional lidar approaches. Using

the notation of [15], we can write

f22 = 1− d = 1− 2N⊥

N|| + N⊥
. (24)

Unlike the previous method, this diattenuation measurement method is sensitive to system

effects in the receiver. Thus a good polarization design and assessment of the optical system

must be performed in order to use this method. Another clear limitation is that it does not

offer quantitatively accurate diattenuation measurements except when θf = ±45◦, and thus

may be confining as research progresses and quantitatively accurate diattenuation data is

desired.

4. Results

For the ACP diattenuation measurements, we installed a cross polarized laser system in the

ARCLITE lidar at Kangerlussuaq, Greenland (67.0◦N, 309.1◦E). The laser system consists

of two cross polarized lasers that pass through a beam combiner. Each individual laser fires

at a rate of 15 Hz, thereby firing at a total rate of 30 Hz with alternating polarizations. The

ARCLITE receiver has substatial retadance which is corrected using a polarization com-

pensator, and uncorrected depolarizing effects. For this reason ACP diattenuation measure-

ments are most appropriate for this optical system. The system was originally configured

to make depolarization measurements using a fixed polarizer in the receiver and alternating

cross polarizations in the transmitter. Thus the modification to perform ACP diattenuation

measurements is as simple as removing the polarizer from the receiver.

P45P diattenuation measurement was incorperated into a refurbished NOAA lidar called

CAPABL (previously DABUL). The detail of this design is outlined in [?]. The transmitter
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Abstract

1 Polarization Measurement

A polarization lidar system is described using the Stokes Vector Lidar Equation
which relates the transmitted Stokes vector to the received photon counts on
each polarization channel. All optical components are included to provide for
the possibility of modification of polarization by the optical system.

�N = OMRX

��
G(R)

A

R2
∆R

�
Tatm(R)F(�ki,�ks, R)Tatm(R)MTX

�STX + �SB

�
,

(1)
where �N is a vector the photon count measurements, O is the output matrix,
MRX is the receiver Mueller matrix, Tatm is the atmospheric transmission
Mueller matrix, F(�ki,�ks, R) is the scattering phase matrix for incident and
scattered wavenumbers �ki and �ks and range R and MTX is the transmitter
Mueller matrix.

δ =
N⊥
N�

(2)

The transmitter in CAPABL makes use of three silver mirrors, resulting in
substantial cumulative phase shift upon transmission. For any retarding system,
there always exists a linear input polarization that produces a linear output
polarization. To ensure, transmission of only linear polarization, we operate in
only this one polarization mode.

CAPABL makes three polarization measurements by modifying the phase
shift of the receiver LC variable retarder. Thus the photon count measurement
vector has the form

�N =




N(0)
N(π

2 )
N(π)



 (3)

where the argument of N is the phase shift imposed by the LC variable retarder.
The output matrix O consists of a measurement matrix o reflecting that

only intensity is measured by the detector and a projection matrix which is the
combination of the LC variable retarder and polarizer for all three measure-
ments.

O = o




P(0◦)VWP(0)
P(0◦)VWP(π

2 )
P(0◦)VWP(π)



Q(0◦) (4)
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With the scattering matrix expressed in Eq. (9) the depolarization ratio
would take the form

δ =
x1 − x2

x1 + x2 + 2y1
. (10)

δ =
x1 − x2

x1 + x2
. (11)

In general, however, there is an angular displacement between the scattering
matrix and incident polarization, θf . For horizontally transmitted polariza-
tion, this means that the scattering matrix above is represented in the SVLE
as

F�(π, θf ) = R(θf )F(π)R(−θf ), (12)

where R(θ) is a rotation matrix of angle θ. Thus the linear depolarization
ratio will be a function of the angle θf and given by.

δ =
x1 − x2 cos2 2θf − x3 sin2 2θf

x1 + 2y1 cos 2θf + x2 cos2 2θf + x3 sin2 2θf
. (13)

Thus, the depolarization ratio becomes an ambiguous term in the presence
of variation in scattering properties and incident polarization, as illustrated
in Figure ??. Moreover, without reconstruction of the phase matrix parame-
ters, the depolarization ratio may not be a consistent measurement between
different lidar systems.

The occurance of oriented scatterers presents a clear problem for inter-
pretation of lidar results. For this reason, simply being able to identify these
occurances becomes necessary, and for this purpose, we propose measuring
the diattenuation of scatterer phase matrices.

4 Diattenuation Meausrement

For full characterization of an arbitrary scatterer, the entire phase matrix
must be measured. To do so, four Stokes vectors must be measured. Each
full Stokes vector requires a minimum of four intensity measurements [23,32].
Clearly the most general approach for characterizing the scattering phase
matrix places heavy demands on the lidar system. Individual measurements
must either be acquired through splitting non-orthogonal polarization modes
or polling individual polarization positions. In both cases SNR suffers and
integration times must increase.
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such that the scattering matrix in the SVLE is given by Eq. (10). Here we should note that

the term y1 accounts for the total linear diattenuation of the scatterer, and a nonzero value

in this position indicates the scatterer is not randomly oriented. We now define a qualitative

assessment of this linear diattenuation

Dq =
2N45

N|| + N⊥
− 1 =

y1 + 1
2(f22 + f33) sin 4θf

f11 + y1 cos 2θf
. (23)

A nonzero value for Dq may be assumed to indicate the presence of an oriented scatterer. If

y1 is zero, the scattering matrix will take the form in Eq. (6) where f22 = −f33 so that the

numerator becomes zero. If the proper angle θf is chosen and |f22 + f33| ≥ |2y1|, the value

of Dq may have a zero value even though y1 is not zero. This instance, however, is unlikely
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offer quantitatively accurate diattenuation measurements except when θf = ±45◦, and thus

may be confining as research progresses and quantitatively accurate diattenuation data is

desired.
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CAPABL (previously DABUL). The detail of this design is outlined in [?]. The transmitter
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4.2 Parallel-45-Perpendicular (P45P)

For greater versitility in polarization measurement, we would like to be able

to measure both polarization ratio and diattenuation simultaneously. When

diattenuation is zero, our interpretation of the recorded data can unambigu-

ously assume that the scatterers in question are randomly oriented.

To achieve this objective, we add an additional receiver polarization chan-

nel to the typical parallel perpendicular polarization measurements. The
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to the transmit polarization, so we now have
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where the subscript indicates the receiver polarizer position and thus O is

given by

O = o




P(0

◦
)
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where P(θ) is the Mueller matrix of a linear polarizer at orientation θ and
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We define the polarization coordinate frame such that horizontal polarization

is transmitted. The principle axes of the scatterers are then misaligned to

the polarization plane of operation such that the scattering matrix in the

SVLE is given by Eq. (12). Here we should note that the term y1 accounts

for the total linear diattenuation of the scatterer, and a nonzero value in this

position indicates the scatterer is not randomly oriented. We now define a

qualitative assessment of this linear diattenuation

Dq =
2N45

N|| + N⊥
− 1 =

y1 +
1
2(f22 + f33) sin 4θf

f11 + y1 cos 2θf
=

y1

x1
. (25)

A nonzero value for Dq may be assumed to indicate the presence of an ori-

ented scatterer. If y1 is zero, the scattering matrix will take the form in Eq.

(6) where f22 = −f33( y1 = 0 and x2 = −x3 ) so that the numerator becomes

zero. If the proper angle θf is chosen and |f22 + f33| ≥ |2y1|, the value of Dq
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From the oriented backscatter 
matrix:

We introduce here two polarization methods for determining if scatterers
are oriented that have been developed using the SVLE. Each method has dis-
tict advantages which depend on the particular system design and operation,
but both offer an opertunity for further study of oriented scatterers.

3 Scattering Matrices

The backscatter phase matrix for a medium of randomly oriented axially
symmetric scatterers is truly depolarizing and takes the form [20–22]

F(Θ = π) =





1 0 0 0
0 1− d 0 0
0 0 d− 1 0
0 0 0 2d− 1



 . (6)

Note that �ki and �ks have been replaced in F with Θ, the angle between
the incident and scattered wave vectors, since random scatterer orientation
makes the medium macroscopically isotropic.

If all other Mueller matrices in Eq. (1) are proportional to the identity
matrix, we apply the SVLE formed in Eq. (3), (4) and (5). We find the
depolarization ratio is given by the following relation to the phase matrix
element d,

δ =
d

2− d
. (7)

This is consistent with the relationship between the depolarization ratio and
the parameter d reported in [22]. Thus, for this case, it is possible to convert
between the depolarization ratio and the full scattering matrix.

The matrices of oriented scatterers such as those observed in cirrus clouds
have a backscatter matrix of the form [7]

F(π) = β





x1 y1 0 0
y1 x2 0 0
0 0 x3 y2

0 0 −y2 x4



 . (8)

F(π) = β





x1 0 0 0
0 x2 0 0
0 0 x3 0
0 0 0 x4



 . (9)
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