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ABSTRACT

In this paper, initially, the essential measurement method
of the DLR weather radar is described. In the following,
some polarimetric signatures from natural and artificial
targets (polarimetric DLR weather radar and JPL SAR
measurements) are considered. The interpretation of these
polarimetric signatures will include: (a) qualitative and
quantitative meteorological deductions, (b) the use of
complex correlations for determining three parameter rain
drop size distributions, (c) estimation of attenuation along
a satellite beacon, (d) the polarization dependence of
radiometric sky noise temperature in the presence of pre-
cipitation, and (e) the use of the covariance matrix for
analysing the polarimetric properties of different targets.

INTRODUCTION

Since the inception of the DLR radar, the measurement of
the radar echoes corresponding to the four elements of the
target backscattering matrix (henceforth S-matrix) in a
user chosen orthogonal polarization basis has become
possible.

Each of this four-fold data stream is recorded by linear
coherent receivers as well as logarithmic power receivers.
Such fully polarimetric radar measurements lend them-
selves to a vast variety of methods of data analysis in
addition to the ones established in conventional
polarimetric radar meteorology. To name a few: average
correlations between various echoes, Doppler-moments,
optimal-polarizations via the individual S-matrix
measurements, the Mueller-matrix characterization, the
coherency-matrix description and the covariance-matrix
approach. The polarimetric DLR radar is therefore a ver-
satile but complex system. A detailed description of the
radar may be found in (Schroth, Chandra, Meischner,
1989).

Nevertheless, as a prelude it would be instructive to briefly
recall the basic S-matrix concept that is required for un-

derstanding the present configuration of the DLR-radar.
As described in (Chandra, Jank, Meischner, Schroth, Cle-
mens, Ritenberg, 1986), it mutually ort,l\logoq\al polariza-
tion states, represented by unit vectors x and y, constitute
the polarisation basis for radar measurement, then the
relationship between transmit and receive EM-waves at
the radar can be described as:

2[5 0 [2] ‘
Ey receive "2 Syx Syy Ey transmit

In this equation the rz—dependence arises due to the two-
way path covered by the signal in the transmit and receive
traverse. Also, this range dependence term is factored out
of the S-matrix in keeping with the natural separation of
pulse volumes from range in pulsed radar systems. The
actual radar measurement of this S-matrix, in practice, is
realized in the followmg manner: first a radar pulse of

polarization state x*=ef, as shown in Figure 1, in trans-
mitted and the ensuing echo (of whatever polarization) is
received simultaneously in the co- and cross-polar receive
channels corresponding to the orthogonally polarized re-
ceive polarizations;_ = 2‘1_ and ; T= 22_, respectively. The
co- and cross-polar echoes so received are simultaneously
processed by both log-power and coherent linear re-
ceivers. The linear receivers detect these co- and cross-
polar echoes as complex quadrature voltages
Ve =Io +j OQxe and Vi =L + j Oyx, which, in turn, are
proportional to the complex target S-matrix elements S
and Syx. These measurements lead to the determination of
the first column of the S-matrix in eq. (1). The same
echoes, in the logarithmic receivers are detected ad co-
and cross-polar powers Py, and Py, that are, respectively,
proportional to the target backscatter cross-sections Oy
and oy This combined processing of the co- and cross-
polar echoes by linear- and log-receivers occurs for all
range-bings along the ‘radar-ray’.

Following this measurement, and interval &¢= 1/PRF
later, where PRF denotes the pulse repetition frequency,
this process is repeated, this time, however, the trans-
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Fig. I - Mutually orthogonal polarization pairs of transmit and
receive cases in relation to the radar-beam.

mitted radar pulse is of polarization state ;1+ - ¢ and the
receive co- andA cross-polar channels correspond to receive
polarizations y~ =22' and ;_ =er, respectively. Again
these co- and cross-polar echocs are detected simul-
taneously by the linear and logarithmic receivers for all
range-bins. The linear receivers, thus, deliver the complex
quadrature voltages Vi, =1, +j Oy and Viy =1y +j Oy
which are proportional to the second column S-matrix
elements Sy, and Sy,. The log-power receivers, on the other
hand, deliver the corresponding co- and cross-polar
powers P,, and P,, that are proportional to the target
backscatter cross-sections oy, and Oy,. In this measure-
ments scheme, the elements in the two columns of the so
measured S-matrix are temporally displaced by the time-
interval 8z. Therefore, in the polarimetric sense under the
S-matrix concept, the DLR-radar registers a four-fold data
stream arising from echoes proportional to the four ele-
ments of the quasi-instantaneous target S-matrix. Hence,
the m-th radar measured S-matrix may be described as:

Sxx (tm)  Sxy (tm + 81) @)

Syx (tm) Syy (tm ¥ 6t) radar — measured
Typically the DLR-radar measures a total of M (known as
the sample-size in radar parlance) such quasi-instan-
taneous S-matrices and the corresponding power-echo
returns for all range-bins defined along a radar-ray. Due
to buffer space and processing-time limitations, however,
the DLR-radar in its present configuration is capable of
saving as ‘raw-data’ only the full measurement series of
the S-matrices (i.e. the linear receiver echoes) and the
mean-values of power returns (averaged over sample-
size) in the form of equivalent radar reflectivites for the
four channels i.e. Zx , Zyx , Zyy, and Zy,. This basic four-

fold data-set collected by the DLR-radar in its present
configuration is summarized in Figure 2. Furthermore, as
detailed in (Schroth, Chandra, Meischner, 1989), a com-
plex radar like the DLR-radar has for various different
purposes (stemming from different observational require-
ments of radar measurables and scanning-pace, etc.) ap-
propriately suited measurement modes, which among
others include the Doppler-mode, the reflectivity mode
(which contains Zpr and LDR measurements), the S-
matrix mode, and the time-series mode. Though these
modes may vary in detail, their data-contents could,
however, always be traced back to the basic four-fold
data-set of radar echo measurements shown in Figure 2.
Regarding the scanning options available with the DLR-
radar, it, naturally, offers RHI, PPI and programmable
slew scans. Additionally, it enables the user to automati-
cally scan conical volume-shells by either a series of RHI-
or PPI-cuts. Again, for further details the reader is directed
to (Schroth, Chandra, Meischner, 1989).
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In order to orientate the reader toward the ensuing text, a
brief description of the established polarimetric observ-
ables from radar meteorology will now follow. Naturally
occuring precipitation such as rain, hail, ice-crystal clouds
(e.g. cirrus clouds), etc., consists of particles (called hy-
drometeors) of oblate and/or prolate spheroidal shapes. In
general, these particles fall under gravity with their ro-
tational symmetry axis aligned either parallel or perpen-
dicular to the gravitation vector. The degree of alignment,
however, is a function of turbulence, electrostatic effects
and wind shears. The latter can also induce canting. Such
a collection of spheroidal particles bearing an overall
degree of alignment, therefore, creates scattering ani-
sotropy in precipitation volumes. This causes Sy; and S,y
echoes to differ in magnitude and in phase. In established
radar meteorology the horizontal-vertical and left-right
circular polarisation basis have found wide application.
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In this connection, two radar observables have been ex-
tensively used: one, the differential reflectivity, Zpg, and
linear depolarization ratio, LDR, the other. They are de-
fined as

Z hh

Zpr=101o 3
DR g 7 3)
and

LDR =10 log g—’ ) (4)

Here, typically, Zpn and Z,, represent horizontally and
vertically polarized reflectivity factors respectively. It
may also be noted that reflectivity, commonly measured

in dBZ (dimension of Z is mm® m” 3), is proportional to the
average backscattered echo power and thus to the total
target backscatter cross-section. The average backscat-
tered power may either be obtained from linear receiver
measurements, i.e., < | Sin |2 > or from log-power receiver
measurements. With the DLR radar both methods are
simultaneously available. Indeed, reflectivity can be seen
as a special case of the generalized complex correlations
described later in section 3.

The differential reflectivity Zpgr serves as an indicator of
overall hydrometeor shape departure from the spherical
form. In rain, this quantity can be shown to be related to
the median volume drop diameter. The linear depolarisa-
tion ratio LDR is, on the other hand, proportional to the
cross-polar signal strenght. It is thus an indicator of
canting effects and turbulence.

1. POLARIMETRIC SIGNATURES OBTAINED
WITH THE DLR RADAR AND THEIR
ASSESSMENT

As demonstrative examples of polarimetric data, shown in
Figure 3 to Figure 6 are the measurements of reflectivity
factor, Zu,, the differential reflectivity, Zpg, the linear
depolarization ratio, LDR, and the correlation factor for
an RHI data-scan in rain due to the DLR-radar. Figure 3
reveals local areas of high reflectivity values > 35 dBZ
situated below the height of 1.5 km. A melting band, not
obvious in the reflectivity signature is, however, well
established (in the form of enhanced values) at the height
of 1 km in the differential reflectivity signature in Figure
4. The pressence of this melting band is similarly notice-
able as enhanced values in the corresponding LDR signa-
ture of the event summarized in Figure 5. Both the LDR
and the Zpr signatures indicate that the melting band is
close to the ground giving rise to rain mixed with wet snow
in elevations close to the ground. Before considering the

temporal correlation factor signature, we briefly define, in
the current sense of usage, the term correlation factor as a
percentage, i.e. (Chandra, 1991):

< Sun () Sni (t + AD) >
< S () Swn () >

100 . )

The correlation factor displayed in Figure 6 incorporates
the correlation delay, (Chandra, 1991), of At=2/PRF,
where the pulse repetition frequency is in the present case
1200 Hz. The correlation factor, in general, is inversely
related to the Doppler spectral width of the radar echoes
but directly proportional to the radar echo decorrelation
time. Physically, this quantity will reflect the temporal
variation of the backscattering properties of the pulse
volume influenced by the turbulence effects prevailing in
the meteorological target. According to the consensus of
opinion based on empirical observation of radar data, the
correlation factor in rain is in the region of 95-100%.
Values less than about 95% indicate the simultaneous
presence of mixed-phase or ice-phase hydrometeors.
Values as low as 50% have been reported in (Hendry,
Cormick, 1974) and observed by the authors in pre-
sumably a hail-shaft radar volume. Details of the basic
methodology of microphysical interpretation of quantities
relating to complex correlations due to polarimetric radar
echoes may be found in (Chandra, Schroth, Lueneburg,
1987), (Chandra, 1991) and (Chandra, Schroth, Luene-
burg 1985).

Returning to the correlation data in Figure 6, values in the
range of about 85-95% are observed around and below the
height of 1 km. As stated earlier these values are less than
the typical values observed in most pure rain cases. The
physical explanation for this may be found in the fact that
melting hydrometeors freely falling under gravity are as-
sociated with random lateral motions, (Mitra, Vohol,
Pruppacher, 1988), therefore, one may expect to find in
regions of mixed phase hydrometeors, as mentioned ear-
lier, a higher degree of turbulence, which in turn would
lead to smaller observed values of the correlation factor
(i.e. due to reduced signal decorrelation times). This fea-
ture, once again, corroborates the mixed phase nature of
the precipitation reaching the ground as observed in the
signature in Figure 3 to Figure 5. In particular these
considerations may also help to explain the origin of the
LDR melting band seen in Figure 5: i.e. the turbulence in
the melting band will cause the degree of overall hydrome-
teor alignment to decrease and thus the cross-polar return
to increase.

In the foregoing discussion it has been demonstrated how
polarimetric signatures could help in the identification of
hydrometors. Applications of such methods should not
only find use in pure atmosheric physics but also in critical
weather observation around airports and motorways.
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Fig. 3 - The reflectivity factor, Zpp, signature due to an RHI-scan made by the DRL-radar on the 24-th of Sept. 1990. The DB value

Fig. 4 - The dszerentiaZ reﬂécti?ity signature corresponding to the data shown in Fig. 3.

represents 10 log
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Fig. 5 - The linear depolarization ratio signature corresponding to the data shown in Fig. 3.

Fig. 6 - The signature of the correlation factor (defined in the text) corresponding fo the data shown in Fig. 3.
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2. DETAILED MICROPHYSICAL INTERPRETA-
TION VIA POLARIZATION DEPENDENT
COMPLEX CORRELATIONS BETWEEN
POLARIZED RADAR ECHOES WITH THE DLR
RADAR AND THEIR ASSESSMENT

The accuracy of the determination of rain intensity and
rain induced microwave attenuation by radar depends
crucially on the capability to estimate the raindropsize
distribution from the measurements. From the conven-
tional polarimetric methods, using Zpr and Z; measure-
ments, only two parameters (i.e. Dy and Np) of the
following three-parameter raindropsize distribution could
be determined:

Dy ©)

N (De) =No D/ exp { = ST+ ) } .
Thus in the conventional polarimetric method the u para-
meter remains undetermined. The significance of the u
parameters is indispensable when high temporal and spa-
tial resolution for rain rate and propagation predictions are
required. This situation can, however, be bettered by using

the additional radar measurand:

arg [ <Sw () Swn (1 + 81) > ] =arg [ Yok (RN ; (5t)hh) ] (7

The microphysical interpretation of this quantity,

Wi (RN, (d%)nn ), as shown in (Chandra, Schroth, Luene-
burg, 1987), (Chandra, 1991), and (Chandra, Schroth,
Lueneburg, 1985) reveals with reference to Figure 7:

x};f(sz, (5t)hh) = Cii exp [ —j (Klzh —K$>R~]x

(Df)mﬂx
X fo N (D[ S (De , ) Swh (De , t + (8)n) | exp
[ —j (klzh 14 Zﬁej (6t)hh ] dD. x (8)
ct/2 0,2

e [ —j enn = Ko ¥’ ] Wi (') W3 (©)x

The position of the n'

LA particle, rn= R+ rp

Fig. 7 - The basic underlying radar geometry. Note, R here is
referred to as Ry in the text.

Here, Chy is a system and polarization dependent complex
constant, Knn = K™ + Kj* is the effective external two-way
complex propagation constant accounting for the echo
signal traverse between the radar and the near edge of the
N-th scatter-volume. K,y is similarly defined;
kih = ki~ + ky* and kv, = kv + k" are the corresponding in-
ternal (i.e. within the N-th pulse volume) effective propa-
gation constants. kxy is related to the internal propagation
constant of the temporally trailing echo and is thus also
the one appropriate for registering Doppler-induced ef-
fects. v (D) is the mean radial velocity of the hydrometeor
of size De;

Svw (De 5 £) Shi (De , £ + (8f)ns) is the mean product of the
appropriate scattering amplitudes. Wy (r') is the one-way
receiver bandwidth related amplitude weighting function;
W2 (@) is the two-way antenna pattern related (assuming
rotational symmetry about the beam) amplitude weighting
function. Again a detailed derivation of the equation
above, its microphysical interpretation, and its applica-
tions, which are to be soon formally published, may
nevertheless, currently be found in the conference papers
(Chandra, Schroth, Lueneburg, 1987), (Chandra, 1991)
and (Chandra, Schroth, Lueneburg, 1985).

Also shown in these sources is that the accumulative
differential propagation phase accrued in the region
bounded between the N-th and the (N + M)-th radar range

bin could be retrieved from i (Rv, (8)m:) and

i (R +m 5 (80)m), providing these quantities are cor-
rected for Doppler phases. Shown in Figure 8 is one such
sample calculation. The various curves shown in the figure
are typically physical quantity versus range. These quan-
tities are (starting with the lowest curve): the horizontally
polarized reflectivity factor, the corresponding differen-
tial relectivity, the Doppler-corrected phase argument of

it (R , (8t)4) with the best linear fit through the data
used for obtaining the best value of 2.8 degrees for the
propagation phase that shows as the increment along the
vertical axis.

The topmost curve shows the dependence of the corre-
sponding propagation phase values obtained for different
u values using the No and Do parameters derived from the
physical model that use the reflectivity and the differential
reflectivity measurements. A comparison of the measured
accumulative differential propagation phase (2.8 degrees)
against the two-parameter-model values reveals the best
agreement for a w value of about 9. This fact enables the
calculation of rain rate along the radar ray using all three
parameters of the rain drop size distribution.

Usually, when the p parameter is not known a value of 0
is assumed. The second curve from the top in Figure 8
displays the difference in the radar rain rate predictions
using the ‘default’ value and the ‘radar determined effec-
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tive’ value of the p parameters. The default value (i.e. the
two parameter method) reveals an overestimate which has
been frequently reported with the conventional rainrate
estimation method. This specific example shows the
potential of polarimetric methods in the ficld of quantita-
tive radar meteorology. Indeed a full account of the forgo-
ing discussion and theory is expected to be formally
published in the near future.
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Fig. 8 - This illustration shows the stages for the radar determi-
nation of the w parameter. The lower three profiles show the
Zih , Zpr and the Doppler corrected arg | )U;E (RN, 81) | depend-
ence in range (as bin numbers). From the third profile the
accumulated differential propagation phase [A Wgp M = 2.8%is
detailed. Comparison (shown in the topmost curve) against the
corresponding calculated values (using XZpy and Zpr informa-
tion with different choices of W values) yields the effective u value
over the range path considered. The rainrate profiles for u =0
and the radar determined value u = 9 reveal an overestimate with
former choice. '

3. COMPARISON OF RADAR PREDICTED AT-
TENUATION ON AN EART-SATELLITE-PATH
WITH OLYMPUS BEACON AND RADIOME-
TER MEASUREMENTS

In order to gain long time attenuation statistics the quasi
horizontally polarized Olympus beacon signal at 19.77
GHz has been measured together with the radiometric sky

temperature at 19 GHz along the same polarization con-
tinuously since September 1990. The equipment of the
ground station includes also an optical distrometer and
several meteorological instruments to measure the am-
bient temperature, the humidity, the pressure, the speed
and the direction of the wind and the rain rate.
Accompanying measurements with the DLR coherent C-
band weather radar, located at a distance of 350 m from
the beacon receiving station, have been carried out. These
measurements include both scans, which sample exactly
along the Eart-satellite path by computer control, as well
as RHI measurements in the azimuth direction to the
Olympus satellite, allowing a parallel slant path to be
extracted. From the measured polarimetric radar backscat-
tering observables microphysical model parameters of
rain, snow and ice clouds are derived and utilized to
predict the line-of-sight propagation properties, in partic-
ular the copolar attenuation, differential attenuation, XPD,
and differential phase on the Eart-satellite path at the
beacon frequency (Schnablel, 1988).

The scattering amplitudes of non spherical rain drops have
been calculated with the point matching method for both
the radar frequency of 5.5 GHz and the beacon frequency.
With the aid of these coefficients the two unknown para-
meters No and Do of a two parameter exponential rain
dropsize distribution

N (De) = Ny exp™ 287 Pe/Pe )

are computed from the measured values of the effective
radar reflectivity factor along horizontal polarization, Zss,
and the differential reflectivity Zpr = Znn/Z,v for each
range bin. The two parameter dropsize distribution is used
because the determination of the third parameter u (see eq.
(6)) is not possible in an operational manner with the
current DLR weather radar configuration. From these
microphysical parameters the transmission matrices at
both frequencies can be determined. The transmission
matrices at 5.5 GHz are used to correct successively the
measured reflectivities for propagation effects at the radar
frequency. The transmission matrices at 19.77 GHz have
to be transformed first to the adequate polarization plane
of the beacon signal, which is received with a tilt angle of
24.3 degrees and an elevation of 27.6 degrees. Finally, the
propagation parameters of the slant path at the beacon
frequency are calculated by multiplication of all transmis-
sion matrices pertaining to the path.

Figure 9 shows the 10 s mean values of the copolar
attenuation derived from the received beacon level and
calculated from the sky temperature (ref. to eq. (10)) of a
selected stratiform rain event. The radiometer attenuation
is shifted for + 1 dB, so that it can be better distinguished
from the beacon attenuation. Both are very highly corre-
lated. The radar predicted copolar quasi horizontal at-
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tenuation with regard to the tilt angle of the Olympus
beacon signal is included in this figure.

Here slew scans had been applied. The required time for
one scan was approximately 1 minute in this case. This
sampling rate is too low to give a sufficient time resolution
of the attenuation structure, see time span around 10.92,
but in general also the radar prediction shows a good
correlation with the measured attenuation of the beacon.
The radar prediction includes only the attenuation due to
rain. For the comparison with the beacon attenuation the
melting and the atmospheric attenuation due to water
vapour and oxygen are added in Figure 9. The average
melting band contribution (0.7 dB) was calculated from
the reflectivities just below the bright band (Dissanayake,
McEwan, 1978), (COST project 205) and the atmospheric
contribution (0.5 dB) according to CCIR formulas (CCIR
(Study Group V, 1986).
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Fig. 9 - Copolar horizontal attenuation during stratiform rain on
315 Oct. 1990, (dotted) line: radiometer attenuation shifted for
+ 1dB, full line: beacon attenuation, dashed line: radar predic-
tion).

4. POLARIMETRIC MEASUREMENTS OF THE
SKY NOISE

The extinction of a microwave signal by a volume of
hydrometeors is due to absorption and scattering. To in-
clude the multiple scattering effects, and effective me-
dium temperature T, ~ 250 — 270K, which is lower than
the physical medium temperature, is introduced in the
radiometric formula.

Ty =T (1 - exp ') (10)

where c is the extinction coefficient and / the path lenght.
T depends on the extinction itself and was computed with
the equation of radiative transfer for spherical drops and
different rain cell models by some authors, e.g. Brussard
(Brussard, 1984) and Asayesh (Asayesh, 1984).

The extinction and scattering cross sections of nonspheri-
cal rain drops have been calculated by Morrisson and
Cross (Morrisson, Cross, 1974) for horizontal and vertical
polarization at 18.1 GHz. They were related to the extinc-
tion coefficients of different rain rates by integrating over
the two parameter dropsize distribution (eq. (9)). With
these inputs the cffective medium temperature 7,, and the
sky temperatures Ty, and Ty, along both polarizations
were computed for a homogeneous atmosphere (vertical
slab of 4 km, elevation: 0%). The results are given in Figure
10. Here No was varied between 80 and 8 - 107mm ™' m™>
and Do was computed for rain rates between 1 and 30
mm/h by inversion of the following equatin (Atlas, Ull-
brich, 1977).

R=333 [ D' N(D)dD
0

(Rinmm/h,Dincm ,Nincm 'm %) .

(11)

The results are given in Figure 10. The full line represents
the Marshall-Palmer dropsize distribution. The behaviour
of Tsiyn and Ty, versus the rain rate is shown in (Horn-
bostel, Schroth, Preissner, 1991). The absolute sky
temperature Ty, increases with the rain rate. Also the
differential sky temperature Ty s — Ty, first increases,
but then decreases again at the higher rain rates due to the
saturation effect, i.e. the absolute sky temperature in both
polarizations approaches an upper limit, which cannot be
heigher than the physical rain temperature. The calcula-
tions shown in this figure are only applicable to rain rates
less than 30 mm/h, because they do not take into account
the depolarization by the medium. At higher rain rates the
vector form of the equation of radiative transfer should be
applied (Chandrasekhar, 1960), (Ishimaru, Cheung,
1980).
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Fig. 10 - Calculated sky temperatures of a vertical slab (f = 18.1
GHz, d = 4 kim, Tymp=270K, clear sky attenuation: 0.8 dB,

No=80...8"- 10" mm™ Y m™ 3, rain rate: 1 ... 30 mm/h, full line:
Marshall-Palmer drop size distribution).
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Figure 11 shows the differential sky temperature between
horizontal and vertical linear polarization measured by the
polarimetric radiometer at 19.25 GHz with an elevation of
27.6° versus the absolute temperature Ty ;. Another ex-
ample of such a measurement is given in (Hornbostel,
Schroth, Preissner, 1991) for a 20 minutes period. Similar
to the radar Zpr technique two parameter models, e.g. a
two parameter dropsize distribution, may be derived from
the differential sky temperature, if the general weather
conditions are known from ground measurements. For the
development of applicable algorithms of the rain cloud,
which has a sizeable effect on the sky temperature ((Brus-
sard, 1984) p. 34-36), may be obtained by accompanying
radar measurements. Due to the fact that the radiometer
measures the integral effects of the total path through the
atmosphere, the parameters obtained from polarimetric
radiometer data are only physically meaningful in this
context in the case of a homogeneous atmosphere. Other-
wise, they may be used as effective mean values for an
equivalent homogeneous path.
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Fig. 11 - Differential sky temperature versus adsolute sky
temperature Tskyp during four hours of stratiform rain on 25
Aug. 1990 (f = 19.25 GHz, elevation: 27.6°).

5. ANALYSIS OF RADAR RANDOM TARGETS
VIA THE POLARIMETRIC COVARIANCE
MATRIX

The polarimetric covariance matrix concept with its
polarization invariant parameters can be used as a tool for
polarimetric analysis.

Covariance matrix analysis for reciprocal random targets
may be performed by unitary similarity transformations
preserving important polarimetric invariances. An eigen-
value analysis provides important target related informa-
tion.

The covariance matrix contains measurable radar observ-
ables and is directly linked to the statistics of the elements
of the scattering matrix which determines the instan-
taneous backscattering features of a target.

A target feature vector in the arbitrary orthonormal {A,B}
basis is introduced (Tragl, 1990)

(12)

The corresponding polarimetric covariance matrix is de-
fined as

Q (AB) = [SAA V2 SaB Ser ]T

3 (AB): = <Q (AB) Q (AB)" >

<|SAA|2> \/5<SAAS,;B> <SAAS§B>
=| V2 <SapSia > 2<|SAB|2> V2 < Sap Sgs >
<SBBSA*A> \/7<SBBSA*B> <|SBB|2>

(13)

In eq. (13) * denotes the Hermitian adjoint and angular
brackets indicate temporal (spatial) ensemble averaging
assuming stationarity (homogeneity) of the random scat-
tering medium.

In general, the positive semi-definite Hermitian matrix
2 (AB) contains all second order moments of the target
scattering coefficients. For a deterministic target, spatial
or temporal ensemble averaging becomes obsolete and
3 (AB) has rank 1.

The general polarimetric covariance matrix is derived
from 2 in the lincar {HV} basis by means of a unitary
similarity transformation.

2=3(p)=<Q(p) Q" (p)>

=T(p)<RoQy>T (p) (14)
=T(P) 2T (p)
with the unitary unimodular 3 x 3 matrix
' ) 1 V2 p o?
L) = = [-v2p" (A-pp) V2p (15)
1+ pp’) o*? Vg 1
where
T(P)I" (p)=1I (16)
detT (p)=1 . (17)

Note that the norm of Q is a target invariant with respect
to the transformation of the following eq. (18)

QAB)=T(p) Q(HY)

The variable p is the so-called complex polarization ratio
which completely determines the geometric parameters

(18)



50 EARSeL ADVANCES IN REMOTE SENSING, Vol. 2, No. 1 -1, 1993

@ (orientation angle) and < (ellipticity) of the polarization
ellipse according to
_ cos (21) sin (2¢) +j sin (21)

P=" 1+ cos (27) cos (2¢) e

and conversely

2Re[p}
@ == arctan + 1t mod (1) (20)
2 1-pp
21m{p}
T = _arcsin 21
- i e

The covariance matrix 2 can now be expressed as a func-
tion of p

P& (p) VZRE (p)  Reo(p)
() =|VZRA(p) 2P(p) VZRI(p) (22)
Ro(p)”  VZRZ(p) Pi(p)

Its main diagonal elements are mean backscattered

copolar powers P2 (p), P2 (p) and mean crosspolar power
P.(p) as a function of the complex polarization ratio

p . R (p) and RZ (p) will denote the correlation of back-
scattered orthogonal wave components if polarization A
or B is transmitted. R., (p) signifies the correlation of the
copolar scattering coefficients Sa4 and Spa.

Once the covariance matrix has been measured in one
basis, e.g. Zo in the {H, V} basis, it can easily be deter-
mined analytically for any other basis.

Familiar polarimetric signatures are obtained when plot-
ting the mean power return and signal correlations as
functions of the complex polarization ratio p or of the
geometrical polarization parameters t and @ (cf. egs. (20)
and (21)).

As an example, two different types of target areas as part
of a synthetic aperture radar (SAR) image of the Oberpfaf-
fenhofen test site will be considered. The data has been
analysed at DLR Oberpfaffenhofen; Hel et al. (Held,
Brown, Freeman, Klein, Zebker, Sato, Miller, Nguyen,
Lou, 1988) give a description of the NASA-JPL airborne
SAR-system.

The copolar and crosspolar power signatures for an area
of grass in Figure 12 resembles a deterministic target,
namely an ideally reflecting flat plate. Copolar power
maxima are to be found for linear polarizations, whereas
circular transmitter polarizations yield crosspolar max-
ima.

The covariance matrix of the considered area of buildings
clearly indicates a random target (see eigenvalue spec-
trum). Looking at the power signatures in Figure 13,

however, it turns out that the covariance matrix of this area
may be approximately modelled by the sum of a corner
reflector type (dihedral), and a noise covariance matrix.
Similar signatures can be obtained for

* degree of coherence

| R (p)

Has )= BT P ) &
* degree of polarization

([P @ -Pe@) ]+ 418 Q)P ]
Pap (p) = @4

P& (p) +Px (p)

as function of p (Born, Wolf, 1964), (Tragl, 1990).

In the following table target invariant parameters of the
covariance matrices of a representative area of buildings
and an area of grass are given.

It should be remembered that a deterministic target has
eigenvalues A = A2 = 0.

Table 1. Invariant parameters of two different target areas within
an L-Band SAR-image of the Oberpfaffenhofen test site; the
eigenvalues A of the target covariance matrices have been nor-
malised by the trace of the matrices.

Aa | M 2 A3 Ak | trace (8)
Grass 006 | 014 | 079 | 073 |35.7dB
Building | 001 | 027 | 072 | 071 |235dB

The target invariant eigenvalues of the covariance matrix
Ai (1 = 1,2,3) comprise interesting information on random
target polarimetric backscattering features.

* The smallest eigenvalues A and A, indicate the degree
of randomness of the target. For a deterministic target

%0 = Qo Q¢ and invoking the spectral theorem of matrix
algebra (Lancaster, Tismenetsky, 1985) one obtains im-
mediately A =Ay=0 and A3 =||Qo|[|* In this case,
so-called null-polarizations exist, as detailed for in-
stance by Agrawal et al. (Agrawal, Boerner, 1989),
producing vanishing power returns for the copolar or
crosspolar radar channel.

Random targets, on the other hand, have non-vanishing
minimum eigenvalues A; and A (rank(Z) =3) and,
therefore, only minimisation rather than complete sup-
pression of mean backscattered power can be achieved
by appropriate choice of the transmitter polarization.
Note the substantial differences for an area of grass
(nearly deterministic) and an area of buildings (random)
as shown in Figure 12 and Figure 13.
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Fig. 12 - Copolar and Crosspolar Power Signatures for Grass Area.
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Fig. 13 - Copolar and Crosspolar Power Signatures for Area of Buildings.
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* The eigenvalue difference

Al= )\‘max - }\min = }\43 - )\41 (25)

of extremal eigenvalues A3 , A of the covariance matrix
determines the range in which the mean power return
P& (p) and 2P (p) can be varied by polarimetric means.
It can be shown for a Hermitian matrix like the covari-
ance matrix X that its field of values is

F(Z)=F(S0)=[M, 23] (26)

where [ A1, A3 | denotes the segment from A1 to A3 on the
real axis.

The field of values of a general matrix A € C*" is de-
fined as the set F (A) of complex numbers (Lancaster,
Tismenetsky, 1985)

FA)= (Ax,x)|x"x=1 (27)

Setting x =e; =[ 1,0,0 ]T and similarly x = e; and x = e3
the following bounds become immediately evident from
eq. (22):

0shsPL(P), 2P (p), PE(P)shas| || (28)

In general, minimal and maximal eigenvalues A , A3 of

¥ cannot be realized by P (p), 2Px (p) , P2 (p),
however, since the transformation matrix 7 (p) of eq.
(15) represents a restricted subset of all 3 x 3 unitary
unimodular matrices.

Similar to the considered eigenvalue difference an in-
dicator called coefficient of variation (ratio of minimum
to maximum received power) has been introduced by
van Zyl (van Zyl, 1986).

From (14) follows that
traceX =trace Sy =trace< Q QF > = < trace Q Q* >
=<||Q||2>=<spanS>

(29)

2 2 2

=<|Sun|">+2<|Suv| > +<|Sw| >
=M (E)+ M (Z) + 23 (2)
is a polarization invariant quantity giving the total back-

scattered power in the four polarization configurations
of a particular orthogonal basis.

CONCLUSION

This paper demonstrates the versatility and performance
of polarimetric methods in the fields of radar remote
sensing and microwave propagation.

It is shown how polarimetric radar measurements lead to

better estimates of rain rate and microwave attenuation,
and target classification descriptors obtained from covar-
iance matrix analysis. The polarimetric effects in
radiometric measurements of rain are provided in the form
of differential sky noise temperature.

In the future, even more emphasis will be given to the
problem of the calibration of polarimetric devices. Cur-
rently, a Polrimetric Active Radar Calibrator is in develop-
ment at DLR. Enhanced calibration concepts, taking into
special consideration the polarization purity of the trans-
mitted signal, antenna pattern dependences, transfer
characteristics of the transmitt-receive hardware and over-
all instrument stability, will allow the operational im-
plementation of refined polarimetric tools and methods.
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