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The polarization state of electromagnetic radiation is
completely characterized by four quantities related to the
signal powers in orthogonal polarizations. Examples are
the Stokes parameters Q,U,V and I, or, equivalently, the
measured covariances W; and W, of the signals in two
orthogonal polarizations and the magnitude and phase of
the complex cross-covariance W between the two signals.
Stokes parameters Q,U,V describe the polarized part of
the signal and correspond to the Cartesian coordinates
of the polarization state on the surface of the Poincaré
sphere (Figure 1). Each parameter corresponds to lin-
ear power differences in the three dimensional Poincaré
space, with Q = Wy — Wy, U=W, —W_, and V =
Wi — Wg. The total polarized power is the Pythagorean
sum I, = v/Q?+ U2+ V2 and corresponds to the radius
of the Poincaré sphere. The fourth Stokes parameter, I, is
the total power of signal, namely the sum of the polarized
and unpolarized signal components I = I, + Lunpolarized- It
accounts for the presence of an unpolarized component.
The linear relation between the Stokes parameters and
the polarization powers implies that superposition applies
in Poincaré space, which is important in interpreting dual-
polarization radar observations.
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Figure 1. The Poincaré sphere representation of the polarization
state.

For meteorological radars, the scattered signal from a
given volume of particles in range has an average power
that is the sum (i.e., superposition) of the powers from
each individual scatterer. This is an unusual property of
signals - normally power values do not superimpose. It re-
sults from the particles being randomly distributed in range
and constantly rearranging, so that the scattering is uncor-
related from one particle to the next. The important im-
plication for dual-polarization radar measurements is that
the polarization effects produced by the scatterers are also
additive, and superimpose in Poincaré space. The overall

polarization state of radar signals is therefore the superpo-
sition of the polarization effects of different types or classes
of particles.

An important issue of dual-polarization meteorological
observations is that the reflected signal has an unpolar-
ized component, in addition to the polarized component.
The unpolarized component results from any variations or
randomness in the scatterers, such as their size, shape
and/or orientation, and is highly useful in remotely sens-
ing the presence of randomness such as that associated
with graupel and hail. At the same time the effect of the
unpolarized component needs to be taken into account
in evaluating polarization observations. In terms of the
Stokes/Poincaré representations, for a given total reflected
power I the effect of some of the power being unpolarized
is to reduce the radius of the Poincaré sphere by the frac-
tional degree of polarization, p =1, /1.

It is interesting to note that the instantaneous return
from a given arrangement of scatterers is completely po-
larized, in that the two polarization signals each consist of
a sinusoid at the radar frequency fy, having some ampli-
tude A and phase ¢. If the particles were frozen in place
relative to one another, the phasor Ae’® would rotate uni-
formly at a rate corresonding to the Doppler velocity of the
particle assemblage. The polarization state for a fixed ar-
rangement of particles would be incompletely determined
and would have no unpolarized component. The fact that
the scatterers rearrange from one transmitted pulse to the
next causes the A—¢ phasor to rotate in a fluctuating man-
ner about the mean Doppler rate, thereby enabling the av-
erage power to be determined and also giving rise to an
unpolarized component.

For interpreting dual-polarization observations, it is
useful conceptually to categorize the particles into several
basic types or classes based on their polarization effects:
a) spherical particles, which do not depolarize, b) oriented
or aligned particles, which have differential reflectivity, dif-
ferential phase, and correlation effects, and c) randomly
shaped and/or oriented particles, which primarily introduce
an unpolarized component that further reduces the corre-
lation. The various effects combine additively power-wise
in Poincaré space to give polarization ‘trajectories’ along
radial beams through a storm, that can be visualized geo-
metrically and conceptually in the 3-dimensional Poincaré
space (e.g., Figs. 7 and 8).

The above categorization of particle types results from
different symmetries in their polarization effects. For hori-
zontally oriented particles such as liquid drops, the polar-



ization changes are rotationally symmetric about the Q or
H,V axis of the Poincaré sphere. The effects are there-
fore best measured in an H,V polarization basis and are
most naturally described in a spherical coordinate system
in Poincaré space, with the +Q or positive H,V Stokes axis
being the polar axis. Defining the polar angle to be 2q,
as in Figure 2, the effect of differential reflectivity Zpr is
to increase the horizontal power Wy relative to the vertical
power Wy, thereby causing Q to increase and the polar-
ization state to move toward the H polarization point by
decreasing 2. Differential attenuation has the opposite
effect of reducing the horizontal power relative to the verti-
cal, causing the polar angle to increase toward the V polar-
ization point on the back side of the sphere. The azimuthal
angle ¢ corresponds to the phase difference between the
H and V components and is therefore changed by differ-
ential propagation phase ¢4, and differential backscatter
d¢. Finally, the radial component of the polarization state
is reduced by the degree of polarization p, which is de-
termined from the pyy correlation coefficient of the covari-
ance measurements, termed ‘f’. The above changes are
in orthogonal or nearly orthogonal directions in Poincaré
space when equal- or nearly equal-power H and V polar-
izations are transmitted simultaneously, either as slant 45°
linear or circular oolarization.V
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Figure 2. The effect of scattering by horizontally oriented par-

ticles, which is rotationally symmetric about the Q or H,V axis.

Figure 3. The effect of scattering by randomly oriented particles,
which is rotationally symmetric about the V or LHC/RHC axis.
By contrast, the polarization effects of randomly ori-
ented or shaped particles, such as hail, are symmetric
about the vertical Poincaré axis, namely V or LHC,RHC
circular polarization axis of the Poincaré sphere (Figure 3).
The effects are therefore best described in an LHC,RHC

basis, and also in a spherical coordinate system in which
the polar axis is now the upward V axis. The scattering
reduces both the degree of polarization p and makes the
polarization state more linear by moving it toward the lin-
ear polarization equator. Whereas the polarization effects
of aligned particle scattering is characterized by 4 param-
eters (Zy, Zpr, Puv, and ¢4p), random scattering is char-
acterized by only two parameters - the average reflectivity
Savg and a quantity g, termed the sphericity parameter,
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(Scott, 1999; Scott et. al., 2001). The polarization state it-
self is affected only by g, which measures the departure of
the particle shapes from spherical. g is unity for spherical
particles and decreases to zero for increasingly elliptical or
variable shapes. Therefore, 0 < g < 1. Animportant result
is that the reduction in the degree of polarization is a factor
of two or more for circular polarization than for linear. This
results from the fact that circularly polarization is equally
depolarized by particles of all orientation, while linear po-
larization is not depolarized by particles that are aligned or
close to being aligned with the incident linear radiation.
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Figure 4. The rotated polarization changes produced by particles
oriented at an angle 7 relative to horizontal.

For particles that are oriented in non-horizontal direc-
tions, such as electrically aligned ice particles, the polar-
ization changes are symmetric about a Q' axis that is ro-
tated in the equatorial or azimuthal plane of the Poincaré
sphere. Denoting the orientation angle from horizontal by
T, the azimuthal rotation is 2t. For particles oriented at
+45°, the rotation angle is 90 degrees, and differential
propagation phase of electrically aligned particles will ap-
pear as a positive or negative Zpr value. This highlights
the fact that processing dual polarization data in one basis
gives incorrect results when the depolarization is in a dif-
ferent basis. This is not the case for degree of polarization
measurements, as p is independent of the basis in which
it is calculated.

Polarization trajectories Figures 5 and 6 show ex-
amples of polarization trajectories through mixed rain and
hail (Fig. 5) and through an electrical alignment region in
the upper part of a storm (Fig. 6), from Scott et al. (2001).
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Figure 5. Polarization variables and example trajectory through mixed rain and hail in a storm on September 15, 1998.
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Figure 6. Same as Figure 5, except showing a trajectory through an electrical alignment region in the upper part of the storm.
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Figure 7. Top: Expanded view of the polarization trajectory of
Fig. 5. Bottom: Conceptual illustration of how the polarization
state at a given range gate is arrived at from the cumulative prop-
agation effects of differential attenuation (DA) and phase (¢4,)
(red), and the backscatter effects of differential phase (8,) and
reflectivity Zpr (blue).

The trajectories are shown as viewed from above the
Poincaré sphere and show how the Stokes parameters Q
and U change with range. In both figures the trajectories
begin near the circular polarization point in the center of
the projection, corresponding to LHC transmitted polar-
ization. An expanded view of the trajectory for the mixed
rain/hail observation is shown in Figure 7. The trajectory
initially developed downward and to the right as a result
of the combined effects of Zpr and ¢4, upon entering the
rain region, then to the right as a result of steadly increas-
ing ¢4p. The effects of Zpr and differential attenuation
appear to remain constant during the latter range interval.
Upon leaving the strong rain region, ¢4, stops increasing
and Zpr gradually decreases, moving the trajectory up-
ward toward the V polarization point and revealing the cu-
mulative effect of differential attenuation.

The bottom panel of Figure 7 illustrates conceptually
how the polarization state at a given range gate is reached.
The red vectors show the cumulative propagation effects
of differential attenuation and phase, both before and after
backscatter, while the blue vector shows the effect of
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Figure 8. Top: Expanded view of the polarization trajectory
of Fig. 6. Bottom: lllustration of how non-horizontal alignment
changes the directions of ¢4, and Zpr effects. Normal H,V pro-
cessing interprets the changes as if they were produced by hori-
zontally oriented particles (dotted arrows), and misinterprets the
change as being due to negative Zpg and negative ¢, values.

differential phase upon backscatter and differential reflec-
tivity. A side view from in front of the Poincaré sphere
would show how the degree of polarization changes due
to variability in particle shapes and random particle ori-
entations. Both views would show the polarization obser-
vations in Cartesian coordinates, for which superposition
holds. The trajectory of Fig. 7 is thus the superposition
of those for the horizontally oriented rain and randomly
shaped and oriented hail. Because of this it should be
possible in principle to decompose the two contributions
with appropriate polarization-diverse measurements.

The polarization trajectory for the electrical alignment
observations (Figure 8) exhibits a different behavior, de-
veloping upward and to the left with increasing range, that
is sustained until the radar beam exited the storm. For the
expected case in which the depolarization by aligned ice
crystals is due primarily to ¢, and not to Zpr effects, the
orientation of the trajectory is indicative of the alignment
direction, as in the bottom part of Fig. 8. However, the
H,V processing interprets the trajectory as a combination



of negative ¢4, and negative Zpr values that continually
increase with range, producing radial ‘striping’ characteris-
tic of a propagation effect. The correct interpretation is that
the trajectory is due to the differential propagation phase
of the aligned ice particles in the rotated polarization ba-
sis corresponding to the alignment direction. Because the
electric fields in thunderstorms are predominantly vertical,
the alignment directions are also vertical, so that electrical
alignment is usually detected by negative ¢4, stripes, as
in the upper middle panel of Fig. 6. However, when tilted
from vertical, as around the periphery of charge regions,
the alignment is interpreted as negative or positive Zpr
values and detected from Zpg striping in Zpr.

Figure 9 shows an example of Zpr striping in the up-
permost part of the storm of Fig. 5. In this case the ap-
parent Zpr values are positive, indicative of —45° align-
ment. The polarization trajectory of such alignment would
be downward directed in the projection plane plots.
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Figure 9. Positive ZpR stripe in the upper part of the storm of
Fig. 5, 3.5 min earlier in time, indicative of a significant —45°
component of electrical alignment. From Fig. 4 of Scott et al.,
2001.

Understanding and interpreting electrical alignment
observations is a particular example of the utility of the
geometric Poincaré approach. Analysis of non-horizontal
alignment in an H,V basis is extremely tedious (e.g.,
Ryzhkov and Zrnic, 2007), but is simple in the Poincaré
approach. The polarization effects are identical to those
of horizontally aligned particles, except about a rotated
axis of symmetry in the equatorial plane of the Poincaré
sphere. The electrical alignment case illustrates the diffi-
culty of interpreting observations in a different basis than
the natural basis of the polarization effects.

Details and quantitative analyses of the Poincaré ap-
proach have been developed by Scott (1999), Scott et
al., (2001), and Krehbiel and Scott (in preparation). Re-
sults from these early studies were also presented at the
30th Radar Meteorology Conference in Munich (Scott et
al., 2001a,b).

Effect of unpolarized components. The Poincaré for-
mulations enable the various polarization effects to be con-
ceptualized and visualized geometrically, which substan-
tially aids in their understanding and interpretation. In this
section we use the formulations to discuss the effect of an
unpolarized component on radar observations.

The Poincaré formulations are straightforwardly de-
rived from the covariances of signals in a set of two orthog-
onal polarizations (e.g., Born and Wolf, 1999). In particu-
lar, the signal scattered back to the radar from a given vol-
ume in range will in general have a polarized component
and an unpolarized component, and can be represented
by its complex amplitudes in two orthogonal polarizations:

El = Elej¢1 +Eu1 (l)

Ey = E2e® + Epp(1) . 2)
The first term on the right hand side of each expression
is the complex amplitude of the polarized component and
the second term is the complex amplitude of the unpolar-
ized component, which by definition is time-varying. For a
given arrangement of scatterers, the polarized component
has well-defined amplitudes and phases that describe the
polarization ellipse. The amplitudes and phases of the un-
polarized component vary randomly with time and are un-
correlated with the polarized components and with each
other.

The radar antenna and receiving system sense the
complex amplitudes of the two polarizations and provide
estimates of the covariances

Wi = (E\Ef) = E} + E]
Wo = (E2E3) = E5 +Ef
W = (E\E3) = E\Ey /@ ~%) — |W|e/®

3)

where E? and EF are the powers of the polarized com-
ponents and EZ = (|Ey1|*) = (|Ew|?) is the power of the
unpolarized component, which is equal in the two polar-
izations. The angle ¢ = (¢; — ¢») is the phase difference
between the polarized component in the two polarizations.
The effect of receiver noise will be to add uncorrelated sig-
nals to each channel and has the same effect as an unpo-
larized component.

The covariances can be written in matrix form, called
the coherency matrix J (e.g., Born and Wolf, p. 620—
627, 1975; Mott, 1986; Bringi and Chandrasekhar, p. 127,
2001). J is defined as below and can be decomposed into
unpolarized and polarized components according to
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From (3), the elements of the fully polarized matrix are
B=E}, C=Ej}, and D = E|E;¢/®. For the unpolarized
matrix, A = Eu2 The polarized matrix has the property that
its determinant is zero, or BC = |D|.
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The covariances determine four quantities: Wy, W,
and [W|and /W = ¢ (or, equivalently, Re[W] and Im[W]).
The decomposed covariance matrices (4) are described
by five quantities (4, B, C, |D|, and /D), whose values
can be obtained from the covariances and from the polar-
ization constraint BC = |D |>. In particular,
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2B'= (Wi —Wa) + /(Wi — Wa)2 + 4|W2)

2C = (Wo—Wy) + \/(W1 —W2)? +4[WP)

D=W. ®)
The decomposed quantities involve only the sum and dif-
ference of W| and W, and not W; or W, individually. Fur-
thermore, the polarized quantities B and C involve only the
difference term, (W) — W5 ). The result that D = W is seen
by inspection of (4) and follows from the fact that the cross-
covariance W is unaffected by the presence of an unpolar-
ized component (or by receiver noise).

The above quantities have the interpretation that
(W1 +W,) is the total signal power I, (B+C) is the to-
tal polarized power I,,, and 2A is the total unpolarized
power, which is equally split between the two polarizations.
(W1 —W,) is the difference of the orthogonal powers in
the measurement basis and corresponds to the Stokes pa-
rameter in that basis. From (5), the total polarized power
(B+C) is given by

BHC= /Wi~ W2 +4WP =1,. (6

This expresses the polarized power in terms of the power
difference (Wi — W,) and is a fundamental result for deriv-
ing the Poincaré and Stokes results. In particular, since

W =|W|e/® = |W|cosd+ j|W|sind @)
one has that 4|W|*> = (2|W|cos )% + (2|W|sin¢)?. Thus,
the expression for the polarized power becomes

B+C = /(Wi — W) + (2]W|cos0)? + (2)Wsing)?
3

=1p.
The total polarized power is therefore the sum of three or-
thogonal quantities: (W; —W2), 2|W|cos¢, and 2|W|sin¢.
The Pythagorean nature of this result is readily apparent
and can be illustrated graphically. As noted earlier, the
(W1 —W») axis corresponds to the Stokes parameter in the
measurement basis. For the case in which the measure-
ments are in an H-V basis, Wi — W, = Wy — Wy, which
is the Stokes parameter Q. Similarly, the cross-covariance
W becomes Wyy.
Considering (Wy — Wy) to be the ‘2’ axis of a right-
handed 3-dimensional coordinate system, it can be shown

that the x and y axes (i.e., 2|Wgy|cos¢ and 2|Wyy |sin¢)
correspond to

2|Wyy|cos® = Wigs —W_ys =U

2|Why |sing = Winc —Wrnc =V . ©)
Returning to the decomposition matrices, and consid-
ering the two polarizations to be H and V, (5) become

2A=1-1, =I(1-p)
2B=1,+Q
2C=1,-Q (10)
Considering Zpg first, its value is usually determined from
the ratio Wy /Wy . However, from (4), this corresponds to

Wy  B+A 1+Q

H_ 2T : (11)
Wy  C+A 1-Q

Zpr =
This gives the correct result for Zpr when the unpolarized
power A is zero or negligibly small, but an increasingly
biased result when an unpolarized component is present.
This is because A is the same in both polarizations, while
B and C are different in situations of interest. The correct
formulation for differential reflectivity is the ratio of B and C
by themselves, namely the ratio of the polarized powers.
From (10), we have that

B I,+Q 1+4+Q/I,
ARZE:I—QZI—QA'
p P
The ratio Q/Ip is determined geometrically from Figure 8.
The figure shows the polarization state P in the tilted 2c
plane of Figure 2. The black and red semicircles represent
the total power I, normalized to unity, and the polarized
power I, = pl. P has an H,V component Q and a polar
angle relative to the H axis of 2a.. The corresponding right
triangle OPQ has base Q and hypotenuse I,. From this,
Q/I, = cos(2a), so that

(12)

13)
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Figure 10. Geometric determination of Q/I,, for Zpr measure-
ments in the presence of an unpolarized component.
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Figure 11. Error in Zpr determination using Wy/Wy measure-
ments in the presence of an unpolarized component (p = 0.8).

Figure 11 shows the difference between the actual val-
ues of Zpr obtained from (12) or (13), and the biased val-
ues ZDR obtained from Wy /Wy (11). The results are for
a degree of polarization p = 0.8 and are plotted vs. the
normalized Stokes parameter Q, as in Figure 10. For a
given actual value Zpg, the Wy /Wy, estimate is decreased
in magnitude (toward unity, or 0 dB), owing to the addition
of equal amounts of unpolarized power in both the numera-
tor and denominator of (11). Stated the other way around,
if ZDR = Wy /Wy is the calculated value of Zpg, the ac-
tual value is larger in magnitude. The difference is less for
smaller Zpr magnitudes, and also for increased degrees
of polarization, but is about 1.5 dB for actual Zpr values
of ~ 6 dB and p = 0.8. The bias is therefore most impor-
tant at larger Zpr magnitudes and decreased degrees of
polarization.

Similarly affected by the presence of an unpolarized
component are the reflectivity factors Zy and Zy. Like
ZpR, their theoretical values also correspond to the po-
larized components of the measured powers Wy and Wy,
namely to B and C. In particular, B = kZy, where k is the
constant of proportionality. From the fact that Wy = B+ A,
B= WH —A= WH 7%(1 7111). Thus,

kZpy =Wy —1 (Iunpolarized)

3 (14)
kZV = WV - % (Iunpolarized) .

s)

Lunpotarizea Can be calculated either directly from the Stokes
parameters or using the degree of polarization.

Finally, the fact that D = W = pyy e/ is unaffected by
the presence of an unpolarized component means that
both pyy and ¢ are correct as originally determined. How-
ever, as noted by Scott et al. (2001) and Galletti and Zrnic
(2012), p and pyy are related to each other by the general
relation (Born and Wolf, 1975)

(1) = (Wg“’“‘)zu 0%,

arith

(16)

where

= 5 - (17)

(wgmm)2_> 4 4
W arith (%+2+%) ( moy /%)
2 1

The result is independent of basis. Solving for the degree
of polarization gives p as a function of the polarization ratio
W1/W, and p:

4(1-p?)
(% +2+ %)

The basic significance of the above is that p and p are
not independent quantities. As described by Scott et
al. (2001), randomly oriented scatterers fundamentally
change p rather than p. Inversely, the change in p de-
pends on the polarization ratio as well as p, as depicted
by the dashed oval line in Figure 10. p directly detects the
sphericity parameter g of randomly oriented and shaped
particles, and therefore is the more fundamental physical
quantity, as also concluded by Galletti and Zrnic (2012).
Although p can be determined from (18), it is more directly
and simply calculated from the Stokes parameters, as

I, VQ*+U2+V2
Pmr 1

p=|1- (18)

19)

Galletti and Zrnic (2012) investigated the effect of de-
polarizing scatterers (i.e., scatterers that have non-zero off
diagonal terms in the scattering matrix) on simultaneous
H,V polarization measurements. They concluded that both
pnv and Zpr measurements are biased by such scatter-
ers, due to the off diagonal terms causing coupling be-
tween the two polarizations.

The above coupling does indeed occur but causes
an unpolarized component in the backscattered signal.
This results from the depolarizing particles having random
shapes and/or orientations, or random orientation about a
mean value. The basic analysis leading up to (4) at the
beginning of this section shows that pyy is not biased by
the presence of an unpolarized component.

What is biased is the physical Zpr value, when mea-
sured as the ratio Wy /Wy . The bias does not occur when
ZpRr is determined as in (12) or (13). The basic reason for
this is that simultaneous measurements directly detect and
fully account for the presence of unpolarized components
through the degree of polarization p.

The above is in contrast to alternating H and V trans-
missions, which indirectly sense an unpolarized compo-
nent by incoherent LDR measurements and/or by pulse-
pair pyy measurements interpolated back to zero time lag,
i.e., pav(0). Both techniques have significant uncertainties
in comparison to simultaneous measurements. For this
reason and because there are no biases, simultaneous
transmissions are the preferred mode of measurement.



Summary. The correct procedure for analyzing dual-
polarization observations in an H,V basis is first to calcu-
late the Stokes parameters from the covariance measure-
ments, according to

I=Wy+Wy
Q=Wy -Wy
U = 2|Wgv |cos 0py

V =2|Wav|sindpy . (20)

Then calculate the polarized power I, and degree of po-
larization p from

I, =vQ2+U2+V?2

p=1,/1.

3y
(22)

Calculate the H,V precipitation parameters Zy, Zy and
Zpr from

kZy =Wy —1(1-1,) (23)
kzZy =Wy —i(1-1,), 24)
I,+
ZpR = ,-Q’ (25)
and pyy and ¢ from
Puv = |WHV‘ (26)
o= 0py . 27

Finally, display the precipitation variables of interest, in-
cluding p and I,, along with top (—Q vs. U), front (V vs.
U), and side (V vs. —Q) projection views of the polariza-
tion trajectory along the current or selected radial beam of
the radar (or a 3-D rotatable view of unit Poincaré sphere
and trajectory).
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