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ABSTRACT

Chaff contaminates estimates of precipitation amounts; hence, it isimportant to remove (or censor) its presence
from the fields of radar reflectivity. It is demonstrated that efficient and direct identification of chaff is possible
with apolarimetric radar. Specifically considered are the horizontal and vertical polarization basis and covariances
of corresponding returned signals. Pertinent polarimetric variables are the copolar correlation coefficient, dif-
ferential reflectivity, and the linear depolarization ratio. Two models are used to compute the expected values
of these variables. In one, chaff is approximated with a Hertzian dipole and, in the other, with a thin wire
antenna. In these models chaff is assumed to have a uniform distribution of flutter angles (angle between the
horizontal plane and chaff axis). The two models produce nearly equivalent results. Also shown are polarimetric
signatures of chaff observed in the presence of precipitation. Inferences about chaff’s orientation are made from
comparisons between measured and observed differential reflectivity and the cross-correlation coefficient.

1. Introduction

Chaff is made of aluminum-coated thin fibers and is
released by the military to create widespread echoes
and, thus, confuse noncooperating tracking radars. To
maximize backscattering cross section, chaff length is
chosen to equal one-half radar wavelength. As predom-
inant wavelengths for military surveillance and tracking
are 3, 5, and 10 cm, the standard chaff lengths are 1.5,
2.5, and 5 cm. Because chaff isemployed by the military
as part of routine training in the United States, it is often
observed as echoes on weather radars (Maddox et al.
1997). Although the reflectivity is relatively weak, it is
sufficient to contaminate precipitation estimates (Vasi-
loff and Struthwolf 1997). Examples abound in the west-
ern United States whereby chaff is embedded in pre-
cipitation (opus cited) or coexist next to precipitation
echoes (Ziegler et a. 2001; Brandt and Atkin 1998).
Thus, it is desirable to recognize returns due to chaff
and censor these from precipitation products.

It has been argued (Zrnic¢ and Ryzhkov 1999) that
polarimetric radar offers a simple and effective way to
identify chaff. The argument is rooted in common sense
logic and experimental evidence gained with circularly
polarized radars (Brooks et al. 1992). Polarimietric sig-
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natures of chaff in alinear horizontal and vertical basis
have not been reported. Moreover, because chaff is a
nuisance (asfar as observation of weather is concerned),
little or no theoretical results about its polarimertric
properties are available. In a few years the National
Weather Service will add polarimetric capability to its
network of WSR-88Ds. Therefore, it will soon be pos-
sible to have a simple automated procedure for censor-
ing chaff. Our purpose herein is to present scattering
models of chaff that capture the essential polarimetric
properties as well as some data to support these prop-
erties.

In laminar airflow, chaff is mostly horizontally ori-
ented and slowly falls with respect to air. Turbulence
and differential air motion will cause wobbling. In either
case differential reflectivity Z, is expected to be rel-
atively large. The linear depolarization ratio L, will
increase compared to the value in precipitation and the
cross-correlation between copolar returns p,,, will de-
crease. These polarimetric variables do not depend on
the absolute values of returned power (i.e., backscat-
tering cross section), yet they are the most significant
discriminators. It is the insensitivity to the cross section
that simplifies model development.

Two simple models for computing polarimetric prop-
erties of chaff come to mind. In one the chaff is ap-
proximated with the Hertzian dipole so that standard
formulas (i.e., for prolate spheroids with induced field
along the axis and no field perpendicular) could be ap-
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plied to compute the elements of the covariance matrix.
This approximation is applicable for chaff lengths much
shorter than the wavelength. But, for polarimetric var-
iables independent of concentration and backscattering
cross section we show that the model can be extended
to half-wavelength sizes.

A more realistic approach is to model chaff as athin
cylindrical antenna and apply standard formulas to ob-
tain the scattering coefficients. This second approach is
also explored herein. Then, once the scattering coeffi-
cients are determined, the geometrical transformations,
as done for spheroids (Bringi and Chandrasekhar 2001;
Ryzhkov 2001), can be used for computation of the
polarimetric variables.

The underlying assumption in our modelsisthat chaff
does not clump and does not flex on the way to the
ground. To compute the fields of flexing and/or clump-
ing chaff two steps are needed. First, a physical model
is required to describe the flexing and/or clumping ge-
ometry. Then a numerical solution, such as a discrete
dipole approximation (Evans and Vivekanandan 1990),
should be applied to this geometry to obtain the scatter
coefficients. Because the extent of clumping and/or flex-
ing is not known, we consider only rigid chaff without
clumps for which the thin antenna model is very well
suited.

Both of our models can be applied to determine chaff
concentration N, within the resolution volume from a
relation between volume reflectivity n (m? m~-23) and

S

In (1) ¢ is the angle between the axis of chaff and the
propagation vector and « is the canting angle; the equa-
tionisvalid for Rayleigh scatterers(i.e., small compared
to wavelength).

Next we list equations for the components of the co-
variance scattering matrix, which determine the polari-
metric variables studied herein. The assumption is that
multiple scattering is insignificant, all chaff needles have
same size, and there is a distribution of orientation. Fol-
lowing Ryzhkov (2001), the pertinent elements are

(Isnl?) = <o) = 2(F5 = fafo)Ay) + (If, = falPAl,
(Iswl?) = (17 = 2(F5 — f.f)A) +(1f, = f.IPAq),
(Iswl?) = (lsnl?) = (I, = fal?As),
(Shsw) = Ul + (U fs = fPA) — ((f, = f.f)A)
—((f5 = ff)A). )

In these equations the A, are products of sinusoidal func-
tions

and
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specific differential phase Kyp. This is significant for
studies of diffusion in the atmosphere (e.g., Hildebrand
1977). Whereas this and similar studies (Martner et al.
1992) relied on sample volume-weighted averages over
the chaff field, the polarimetric method allows much
finer resolution. It is possible to achieve about 1-km
resolution in the radial direction (sufficient for esti-
mating specific differential phase) and the intrinsic
beamwidth dictates the transverse resolution.

2. Models
a. Hertzian dipole

Patterned after aprolate spheroid, thismodel in general
can be thought of as composed of two orthogonal dipoles:
One has fixed orientation along the chaff axis, the other
is induced perpendicular to the axis. The dipole aong
the chaff axis is dominant and will be used initially to
compare this simple model with a thin wire model. This
model is strictly valid for chaff lengths much smaller
than the wavelength. Nonetheless, it turns out that its
results compare fairly well to the thin wire model. Let
the scattering amplitude for the E field along the axis be
f, and the amplitude for the perpendicular field be f,.
For a perfect conductor the two amplitudes will be in
phase. Therefore, without loss of substance we assume
these to be real. Then, as shown by Holt and Shepherd
(1979), we write the backscattering matrix S

(fa — f) sin%() sin(a) cos(a)

(f, — f,) sin?(y) cos?(a) + f,| 1)

A, = sin?(y) cos?(a),
A, = sin*(y) sin(a),
A, = sin“(y) cos*(w),
A, = sin*(y) sin*(a),

A, = sin*(y) cos?(a) sin?(a). 3
Assume that the chaff is randomly oriented in the
horizontal plane (i.e., azimuth angle ¢ is between 0 and
2m), the radar elevation is 0° (a good approximation for
surveillance radars), and the angle between axis of chaff
and horizontal plane is uniformly distributed from O to
7l2 — 6, (angle 0, is measured with respect to the true
vertical). Henceforth, the maximum deviation
(w12 — 6,) will be referred to as ‘“‘flutter angle.”” Thus,
a probability density function that represents a uniform
distribution of orientation within the above prescribed
limits is given by

(6, ¢) = sin(6)/[27 cos(6,)].
The relations between the «, ¢ and 6, ¢ angles

(4)
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sin(6) cos(¢) = sin(a) sin(y),
cos(f) = sin(y) cos(e), and

cos(y) = sin(6) sin(¢), ©)

are needed to integrate various terms in Eq. (2). Two
of the equations in (5) are independent, but three are
listed for convenience (these are substituted into various
integrands).

Next the scattering amplitudes are assumed fixed and
the transverse amplitude f,, = 0. Then integration with
the prescribed distribution produces the following
closed form solutions for the angular moments (A, ):

(A,) = cos?(6,)/3,

(A;) = [sin*(6,)/6 + 1/3],

(Ag) = cos*(6,)/5,

(A,) = 3[sin*(6,) — 4 cos?(6,)/3 + 4]/40,

(As) = [cos?(6,)/3 — cos*(6,)/5]/2. (6)

These will be used shortly to plot the polarimetric var-
iables Z,z, pns Lor, and the ratio (Kyp)2/m. The cross
to copolar correlations p,,, and p,, are zero for chaff
with a random horizontal orientation and zero mean
flutter angle.

b. Thin cylindrical antenna

In this model chaff is represented as athin cylindrical
antenna of length L and radius a. The antenna is illu-
minated by a plane wave, the angle between the antenna
axis and the propagation direction is i; and the electric
field, the antenna, and the propagation vector are in a
common plane. It is accepted practice to assume the
following sinusoidal distribution of the induced current

along the antenna:
27 (L
7(5 = |l |> : )

where |, is the maximum value of the current (depend-
ing on ), the wavenumber k = 27/A, and | is distance
to the antenna midpoint. Further, the midpoint also
serves as the phase reference.

The antenna impedance Z;, the incident electric field
along the antenna E, = E sin(y) exp[—jkl cos(y)], the
current 1(0), and the distribution (7) satisfy [Jordan and
Balmain 1968, Egs. (14)—(16)]

14) =1, sin

1 L/2
Z = - El(l) dl. (8)
120) ) o

Obviously, the plane wave electric field at the antenna
location has a magnitude E; harmonic time dependence
is assumed (but not explicitly written) for all fields and

currents.
Substitution of (7) into (8) relates |, Z;, and E. Fur-
ther, values of Z; can be computed from a relatively
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cumbersome formulaif the thickness, length, and wave-
length of the thin antenna are known (Krauss 1950).
The current distribution induced by the incident field
produces afield at aranger (far from the antenna) given
by Eq. (5-81) in Krauss (1950). After elimination of 1,
the final expression for this electric field is

60EA
rZ,m sn2(wL/A)

. | coslkL cos(y)/2] — cos(kL/2) ? -

sin(y) '
There are no other field components [the units in (9)
are MKS and ““60" has the unit ohms, which comes
from the characteristic impedance of free space]. There-
fore, the scattering coefficient s, can be obtained by
omitting —j, r, and E from Eq. (9):

60A {cos[kL cos(y)/2] — cos(kL/z)}2

E,=—j

S = Z (sne(al/n) sin()
(10)

Note that the scattering coefficient s, is the same for
the forward and back direction (because the antennais
axially symmetric). It represents the radiation pattern
(amplitude) of the scatterer. The induced electric field
perpendicular to the axis will be neglected. Thus, the
formalism developed for dipole model (prolate spher-
oid) can be directly applied to compute elements of the
covariance matrix. It suffice to substitute |s,, | 2in place
of f2sin?(y) so that

(Isnl? = (sin*(a)ls, ?),
(Isw[?) = (cos*(a)|s, ),
(Isw]? = (Isl?) = (sin?(a) cos?(a)|s,|?),

(Shsw) = (sin?(a) cos?(a)ls, [*)- (11)

Integralsin (11) are two-dimensional (over 6, ¢) and
no closed form solutions are possible (except in some
trivial cases, like for 6, = 7/2). Hence one resorts to
numerical integration.

¢. Results of computations

Next, three polarimetric variables are computed for
the two models previously described. These are

differential reflectivity:

Zor = 10 log((lsn[>/(Isn 7)),
copolar cross-correlation coefficient:

Prv = <s:hsw>/(<|31h|2><|SW|2>)1/21
linear depolarization ratio:

Lor = 10 Tog({|sl?(1snl*))- (12)
Under the assumption that the induced field transverse
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Fic. 1. Differential reflectivity as a function of the flutter angle,
defined as the maximum (positive as well as negative) deviation of
the chaff axis from the horizontal plane. The lengths of modeled
chaff as a thin antenna model are indicated in terms of wavelength.

to the chaff axis is negligible [as written in Eq. (11)],
these three variables are related via

Lor = Pn(Zor) 2,

wherein L, and Z,; are expressed in linear units.

The three variables (12) are plotted in Fig. 1, 2, and
3 for both models. The fluttering angle in these figures
is between the chaff axis and the horizontal plane (equal
to w/2 — 6,). Also, three lengths of chaff are used in
the antenna model. The choice is such that for a 10-cm
wavelength radar, chaff needles are 5, 2.5, and 1.5 cm;
these are standard chaffs for confusing radars with
wavelengths of 10, 5, and 3 cm, respectively. A glaring
conclusion is that the difference in Z,; and L for the
two modelsisinsignificant. The differencein the p,,, (at
small flutter — wobbling) isinconsequential for the pur-
pose of identifying chaff.

Further, practical radars are limited in measurements
of these polarimetric variables. For example, the min-
imum Ly, due to coupling through the system is about
—30 dB, which means that only wobbling by more than
about +4° could be discerned (Fig. 3). A more stringent
limit to both estimates of L,; and Z,; is the receiver
noise power that would overwhelm the weaker signal.
Bias in these estimates due to receiver noise can be
eliminated, but the variance at low signal-to-noiseratios
(SNRs) increases.

Comparison of the three variables from the two mod-
els suggests that the simple dipole is quite adequate to
explain the dependence on the wobbling (fluttering) an-
gle. This dependence is mostly due to the orientation
of the chaff needles (or dipole moments) and is little
affected by the angular dependence of the scattering
coefficients. This independence is expected for chaff
lengths that produce one lobe of the backscatter pattern.
Although this lobe is sharper for the thin antenna than

(13)
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FiG. 2. Cross-correlation coefficient for the same models as in
Fig. 1.

the dipole, it makes little difference to the variables on
average.

The rather large values in Z,, predicted for flutter
angles between 0° and 40° require some explanation.
Without direct measurement we speculate that four fac-
tors at play might prevent such large values: 1) it could
be that natural wobbling islarger, 2) induced field trans-
verse to the chaff axis might be present, 3) there could
be some flexing of the chaff asit falls, and 4) the weaker
signal (in the vertical channel) is below noise level.

The antenna model does have an advantage if oneis
interested in the backscattering cross section or specific
differential phase. It can predict fairly well the mag-
nitudes of the scattering coefficients provided that the
size of chaff is known. With this knowledge one could
possibly determine the number density of chaff from
the reflectivity factor and/or specific differential phase.
But there are no compelling reasons to estimate chaff
density unless it could be used to separate its contri-
bution from precipitation in the same resolution volume.
At the moment this is a remote possibility, whereas

Lo (@B)

10 20 3 40 50 60 70 80 90
Flutter angle (deg)
Fic. 3. Linear depolarization ratios for a dipole and thin resonant

chaff. Results for other smaller lengths are indistinguishable from the
dipole model.
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FiG. 4. Ratio (Kyp)?/7 for the thin wire model (lengths as fractions

of wavelength are indicated) and the dipole model. The ordinate is
in units of A2N,.

censoring chaff is waiting to be applied on the future
polarimetric WSR-88D.

3. Chaff density

Next we present a formalism for computing chaff
density. This can be achieved by measuring the specific
differential phase Ky, and volume reflectivity.

By definition, for the Hertzian dipole moddl of chaff

Kop = 180AT,N,((A,) — (A
= 180Af.N, Sn?(6,)(2m) mY),  (14)

wheretheunitsfor A and f, are metersand concentration
N, is per cubic meter. Further, it is assumed that the
imaginary part of f,is zero.

In the case of a thin antenna the equation becomes

Kop = 180AN,[(S2(a)s,, ) — (cos?(a)ls, /. (15)

The volume reflectivity n (at horizontal polarization) is
related to the scattering coefficients by

n = 47N([sn|?). (16)

For the Hertzian dipole substitute (| s,,|2) = | f.|2(A,)
in (16), square (14), and divide with (16) to obtain
(Kpp)? 2025 sin*(6,) AN
n m3[sin4(0,) — 4 cos(6,)/13 + 4]
Clearly this ratio depends on the radar wavelength, flut-
ter angle (72 — 6,), and concentration. Computations
for the thin antenna model require similar substitution
but with (|s,,|2) from (11) into (16), then squaring (15),
and dividing with (16). Note unitsin (17) are in MKS,
and K, isin degrees per meter. It happens that the result
is the same if units of K, are changed to the more
representative degrees per kilometer and n is in milli-
meters squared per cubic meter.

(17)
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Plots of (17) and similar values for the thin antenna
(Fig. 4) indicate that the multiplying factor (in units of
A2N,) is relatively insensitive to the chaff length. Fur-
ther, it changes by less than 20% for small flutter angles
(<20°). Thus, in such instances it might be possible to
determine chaff concentration if the return at vertical
polarization is sufficiently strong for accurate estimation
of Kyp. Similar reasoning might be applied to determine
concentration of monodispersed ice needles.

4. Experimental data

On 6 February 2003, a cloud of ice crystals (hence-
forth, snowband) was observed initially over northwest
Oklahoma, following a snowfall event. This feature ad-
vected southeastward toward Oklahoma City (Fig. 5).
At the same time, a chaff **cloud” released from an air
force base in eastern New Mexico moved across south-
ern Oklahoma.

The reflectivity structures of the snowband and chaff
look very similar, but the polarimetric variables exhibit
significant differences. Differential reflectivity of chaff
ranges from O to 6 dB, whereas for snow it is O to 3
dB; hence, there is an overlap of values. The fields of
the correlation coefficient uniquely identify chaff and
separate fairly well snow from ground clutter except in
regions where the SNR in snow is low (at far distances
from the radar, see Fig. 5). Total differential phases of
chaff and snow (®,,) aso differ substantially. The dif-
ferential phase in a region of snow is close to the ‘' sys-
tem” differential phase (of about 30°) and exhibitsvery
small spatial fluctuations. In contrast, the differential
phase of chaff is characterized by significant spatial var-
iations.

More detailed analysis of the histogram of &, prior
to radial averaging, in chaff reveals a broad maximum
at about 80°. This mean value of ®,, might beindicative
of the “‘receiver component” of the system differential
phase. Indeed, physical considerations indicate that
chaff produces zero backscatter differential phase. That
is, regardless of the transmitted differential phase be-
tween the H and V components each needle reflects a
field aligned along its axis. Thus, upon reflection the H
and V fields are in phase. Once these fields are trans-
formed into voltages and subsequently passed through
the receiver, they acquire the differential phase of the
receiver. This reasoning is valid if the H and V fields
are transmitted simultaneously, asis done in the current
implementation on the KOUN radar. In the case of se-
guential transmission (of H and V components) the
backscatter differential phase obtained from chaff is
equal to the sum of the transmitted differential phase
and differential phase of the receiver (i.e., total differ-
ential phase of the radar system). We speculate that very
broad distribution of the differential phase in chaff is
primarily due to high measurement errors attributed to
a very low cross-correlation coefficient (between 0.2
and 0.5). Similar analysis of differential phasein ground
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Fic. 5. Fields of polarimetric variables from regions of ground clutter, chaff, and snow. Data were obtained during the
Joint Polarization Experiment (JPOLE) at 2100 6 Feb 2003 from a scan at 0.5° elevation.
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Fic. 6. Scattergram of the correlation coefficient vs reflectivity
factor from chaff. Data were collected on 6 Feb 2003.

clutter reveals almost uniform distribution of ®,, within
the interval between 0° and 180°. The p,, values from
ground clutter are significantly higher than the corre-
sponding values from chaff (Fig. 5); thus one expects
smaller measurement errors of @, in ground clutter.
The observed uniform distribution of the differential
phase from ground clutter indicates that itsintrinsic @,
(i.e., backscatter differential phase void of any mea-
surement errors) might be uniformly distributed as op-
posed to chaff for which intrinsic differential phaseupon
scattering is likely zero.

Scattergrams of differential reflectivity and correla-
tion coefficient versus reflectivity factor at SNRs >10
dB and from the region of chaff are displayed in Figs.
6 and 7. These data are from six scans at 0.5° elevation
between 2000 and 2100 UTC. The average value of Z,
is 3.36 dB without noise correction and 2.3 dB with
correction; the average of p,, is 0.34 without noise cor-
rection and 0.36 with correction. For the noise corrected
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values the model (Figs. 1 and 2) suggests that the flutter
angle is 65° (implied from Z,;) and 75° (implied from
Pr)- The agreement is reasonable considering that the
model of uniform flutter angle distribution is a crude
approximation of the true (but unknown) distribution
and that clumping and flexing of chaff could be present.
Still, both polarimetric variables indicate that the nee-
dles have a large effective variation of flutter angles.

5. Conclusions

Two scattering models have been used to compute
polarimetric variables of chaff. The models are aHertzi-
an dipole and thin wire antenna. Pertinent polarimetric
variables are differential reflectivity, correlation coef-
ficient between copolar signals, and linear depolariza-
tion ratio. Chaff is assumed to be uniformly distributed
in azimuth. The angle between its axis and horizontal
plane (flutter angle) is also uniformly distributed but
between zero and a maximum value. It follows that the
two models produce very similar results if the chaff
length is half the radar wavelength or less. The linear
depolarization ratio is uniquely related to p,, and Zg;
therefore, these two variables are sufficient to separate
chaff from precipitation echoes. Nonetheless, chaff
could be confused with echoes from insects, which pro-
duce similar values of p,,, and insect Z,, overlaps with
the Z, of birds.

Chaff concentration can be computed from specific
differential phase Ky, and volume reflectivity n. The
values are almost insensitive to the flutter angle; hence
it should be possible to estimate concentrations with
less than 20% error. Thus, chaff observation with a po-
larimetric radar offers attractive means for studying dif-
fusion in the atmosphere.

One fortuitous observation of chaff demonstrated sig-
nificant separation of chaff from ground clutter and
snow echoes. There is no overlap of the low-correlation
values (0.2-0.5) from chaff with those from ground clut-
ter (0.6-0.8) or snow (0.6-1). Low values from snow
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(<0.9) are at low signal-to-noise ratios, which occur at
distant ranges. Differential reflectivity of chaff is well
separated from the one in snow, but in the absence of
pr, 1t can be mistaken to originate from rain.
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