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Radar Differential Reflectivity Zyz: A Real-Case Evaluation of Errors
Induced by Antenna Characteristics
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ABSTRACT

Multiple parameter radar measurements (dual frequency hail signal DFR-HS or differential reflectivity Zpg)
can be strongly affected by the mismatch of the antenna illumination functions at the two wavelengths or
polarizations. The resulting instrumental error can be estimated, with some approximations, from the indepen-
dently measured reflectivity at one wavelength or polarization by using the actual radar illumination functions.
This objective estimation of the antenna-induced error is made in some real cases and its possible consequences

on the data analysis are discussed.

1. Introduction

Multiple parameter radar measurements add a new
parameter Z,, to the usual cloud reflectivity Z, defined
as the ratio of the reflectivity factors (Z, and Zg) at two
different wavelengths or polarizations « and 8 (Johnson
1984). For example, the hail signal (Atlas and Ludlam
1961) is the ratio of the S-band (10 cm wavelength)
reflectivity factor Z,o to the attenuation corrected X-

. band (3 cm wavelength) reflectivity factor Z;. Similarly,
the differential reflectivity Zpg (Seliga and Bringi 1976)
is the ratio of the reflectivity factor Z, in the horizontal
polarization to the reflectivity factor Z, in the vertical
polarization.

This ratio parameter Z,; has a larger noise-over-sig-
nal ratio than any of the reflectivity factors and is more
affected by instrumental errors. In particular, each re-
flectivity factor Z, depends upon the feed horn and
the aerial characteristics for the corresponding wave-
length or polarization a. For single parameter mea-
surements, the measurement errors due to the beam
pattern are well known (Donaldson 1964, 1965; Za-
wadski 1982). For multiple parameter measurements,
these errors have recently been studied by Rinehart
and Tuttle (1982, 1984a), Jameson and Heymsfield
(1984), Johnson (1984), Herzegh and Carbone (1984)
and by Herzegh and Conway (1986). These studies have
shown that the main source of error is the mismatch
of the illumination function of the antenna at the two
wavelengths or polarizations « and 8.

Rinehart and Tuttle (1982) have estimated these
measurement errors for the hail signal in some real
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cases, and Herzegh and Carbone (1984) have estimated
the differential reflectivity errors in some simple cases.
These two studies have used the actual illumination
functions of the National Center for Atmospheric Re-
search (NCAR) CP-2 radar (Keeler et al. 1984).

In this study, we use the same kind of measurements
for the OPGC 10 cm ANATOL radar in a three-di-
mensional numerical simulation model in order to es-
timate the differential reflectivity errors, induced by
the feed horn and by the aerial in some real cases. As
pointed out by Jameson and Heymsfield (1984) and
by Rinehart and Tuttle (1984b), these estimated errors
can indicate the zones where the measured values are
strongly contaminated and the zones where the mea-
sured values can be used with confidence. These esti-
mated errors cannot be used to correct the contami-
nated values because of the uncertainties of this esti-
mation which is based on contaminated measured
values and which does not take into account the ground
echo effects. Therefore, these estimated errors are useful
to detect anomalous differential reflectivity values and
to prevent erroneous analysis of the data.

The formula used for the estimation of the ratio pa-
rameter error AZ 4 is derived in section 2. The practical
steps which must be followed during this error evalu-
ation are described in the third section. The ANATOL
radar characteristics are given in the fourth section and
the estimated errors computed in real cases are dis-
cussed in the fifth section.

2. Ratio parameter error A Zpg

The reflectivity factor Z, measured by the radar for
any given wavelength or polarization «, and at the ele-
vation 6, azimuth ¢ and radial distance r from the radar
is, in fact, the averaged value of the actual cloud re-
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flectivity field Z, in the r-sphere around the radar. This
averaged value is weighted by the illumination function
of the antenna (Donaldson 1965; Zawadski 1982;
Johnson 1984):

2.6,6,9) = C [ £, 00240,y 2 (1)

where ' is the unit sphere centered on the antenna
focus; x’, y' and z’ are the Cartesian coordinates of any
point M’ situated at a distance r from the antenna (see
Fig. 1 for the geometrical setting):

xl2 + yl2 + 212 = r2;

v" and ' are the polar angles of M, relative to the
beam axis; and f, is the one-way power illumination
function of the antenna. In deriving (1), emission and
reception are assumed to be made by the same antenna
at the same wavelength or polarization o. Generaliza-
tions to other cases are straightforward. The normal-
ization constant C, in (1) is the reciprocal of the squared
illumination function integral over the unit sphere.
The illumination function f, depends upon the an-
tenna characteristics which induce an irregular sidelobe
distribution. This function can be split into an ideal
part 4, which is the axially symmetrical Gaussian fit to
the main lobe, and a small perturbation part as follows:

S ) = 8(y) + egu(v's ¥) 2

where ¢ is a small parameter which can be used to
expand any function into a power series. The ideal part
is assumed to be independent of the wavelength or po-
larization o (same beamwidth for the two wavelengths

FIG. 1. Geometrical sketch of the radar antenna R pointing toward
the M point, of polar angles § and ¢. The r-sphere S, centered at the
radar antenna and passing through M, intersects the grid mesh cen-
tered at the M’ point. The projection plane P is perpendicular to the
beam axis RM and includes the M’-projection point called H'. The
antenna relative polar angles of M’ are v’ and .
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or polarizations). The perturbation part g, induces only
small errors in single parameter measurements except
where large cloud reflectivity gradients are found
(Donaldson 1964; Zawadski 1982).

In multiple parameter measurements, the ratio pa-
rameter Z,;z is defined from the ratio of the measured
reflectivity Z, at the wavelength or polarization « to
that Z; at the wavelength or polarization :

Z.5 = 10 108(Z./ Zy). (3)

This ratio parameter can be expanded up to the first
power in e as:

Z.r, 0, 9) = 10 log( fn 8Z.d / L 6Z,gd9’)

+ 10 log(C./Cs) + 10 log[l + G(J;, 82 AV /

f 3ZdY — f 8 ZpdSY / f 5zﬁd9')] (4)
’ nl nl

where the variable dependence of functions and fields
has not been written inside the integrals. The first term
on the right-hand side of (4) is the ideal ratio parameter
defined from the ratio of the cloud reflectivity averages
within the radar main lobe. This ideal ratio parameter
provides an unbiased estimate of the mean cloud re-
flectivity ratio (Bringi et al. 1983; Sachidananda and
Zrni¢ 1985). The second term is a constant which can
be deduced from a calibration procedure (for example,
rotation of the vertically pointing antenna in light rain
without strong wind). The third term on the right-hand
side of (4) is the ratio parameter error AZ,z which is
due to the deviation of the illumination functions from
their ideal form and which depends on the cloud re-
flectivity fields over the r-sphere centered at the antenna
focus.

In order to be able to compute an estimation of this
ratio parameter error AZ., some approximations
must be done which should not change the order of
magnitude of this error. At first, the values of the re-
flectivity Z, are used instead of Zg in both integrals in
the third term within the third logarithm on the right-
hand side of (4). This approximation is valid when the
relative variations of Z are of the same order of mag-
nitude as that of Z, since this reflectivity factor only
appears as a weighting function of the small illumi-
nation perturbation part gg. Therefore, this approxi-
mation is valid when the cloud ratio parameter Z,; is
smaller than a few dB. This is almost always true for
the differential reflectivity Zpg which is usually less
than 6 dB. A second approximation is made by re-
placing the cloud reflectivity factor Z, by the measured
reflectivity factor Z, which is simultaneously recorded
with the measured ratio parameter Z,s. This approx-
imation is only valid when the cloud reflectivity gra-
dients are small within the resolution volume (Don-
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aldson 1965; Zawadski 1982) and when the measured
reflectivity is not affected by ground clutter through
sidelobe contamination. Indeed, in some cases, the
cloud reflectivity gradients and maximum values may
differ significantly from the corresponding measured
ones and this second approximation may not hold. In
these cases, however, the ratio parameter error based
on the measured values, although smaller than the true
error, is still likely to be large and to indicate that the
differential reflectivity measurements are erroneous.
With these two approximations, the ratio parameter
error AZ,g can be computed from:

AZAn&@=1M%P+I;Lﬂﬁ-ﬁ5

xzm/Zmaw]w>

where the one-way illumination functions f, and f; at
both wavelengths or polarizations « and 8 have been
reintroduced. Inside the integral in (5), these functions
depend on the polar coordinates v’ and ¥’ and the
measured reflectivity factor Z, depends on the Carte-
sian coordinates x’, y’ and z’ as shown in Fig. 1.

Equation (5) shows that the mismatch of the illu-
mination functions at wavelengths or polarizations «
and B is the major source of the ratio parameter error
AZ,s. This mismatch, highly probable in the irregular
sidelobes, may also occur in the main lobe, inducing
large errors in this case because of the corresponding
high values of the illumination functions.

This ratio parameter error AZ,; is also related to
the measured reflectivity factor Z, and, for any radar,
some peculiar reflectivity fields may induce significant
errors in some small cloud parts (Donaldson 1965;
Herzegh and Conway 1986). Therefore, it is important
to estimate this ratio parameter error before reaching
any conclusions from the measured ratio parameter.

3. Practical steps of the AZ_; error evaluation from
real data '

Equation (5) shows that the ratio parameter error
AZ, results from the convolution product, over the
unit sphere, of the illumination difference function (f.?
— f&°) by the measured reflectivity factor Z, over the
r-sphere centered at the antenna focus (Fig. 1). There-
fore the illumination functions of the antenna must be
measured at both wavelengths or polarizations « and
8, as done by Keeler et al. (1984). The measured values
are then interpolated for all polar angles v’ and ¥’ by
Fourier series or any other interpolating method.

Then, for each real case the measured reflectivity
field must be known at a given reference time ¢, for all
Cartesian coordinates (x, y, z). This is simply done by
interpolating the radar data measured during a volume
scan, at all the points M of a three-dimensional regular
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rectangular grid in which the analyzed cloud is in-
cluded. This interpolation must be done at the reference
time #o, by taking into account the horizontal motion
of the cloud during the volume scan.

The ratio parameter error AZ,; is evaluated at all
grid points M by approximating the convolution in-
tegral in (5) by the sum over all rectangular mesh (at
M"), which are cut out by the r-sphere centered at the
radar and passing by M (Fig. 1). From the Cartesian
coordinates, x, y, zof M and x', y', 2’ of M, the antenna
relative polar angles v’ and ¢’ can be easily computed
and the values of the illumination functions appearing
in (5) are deduced from the measured values. The unit
sphere differential area dQ’ is computed from the nor-
malized area of the part of the r-sphere inside the M’
rectangular mesh, as shown in Fig. 1.

The calculated convolution integral is then nor-
malized by the C, constant and by the measured value
of the reflectivity factor Z,, at the grid point M and the
ratio parameter AZ.s is estimated from (5). These
computations are straightforward but lengthy and may
require a large amount of computer time.

4. The ANATOL radar characteristics

The 10 cm ANATOL radar (Cordesses et al. 1983)
uses a 4 m parabolic aerial formed by two rigid half
parts bolted together and a Potter feed horn for the
emission and reception of horizontally (index A) or
vertically (index v) polarized electromagnetic waves.
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FIiG. 2. One-way illumination functions in the horizontal polar-
ization (f, in full line) and in the vertical polarization (f, in dash-
dotted line) vs the antenna relative polar angle v’ in degrees for the
horizontal plane (' = 0 and ¢’ = «).
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The radar polarization is switched from horizontal to
vertical on a pulse-to-pulse basis by a high power ferrite
circulator every 2 ms. The return powers in the hori-

zontal and in the vertical polarizations go through a

logarithmic amplifier before being averaged over 64 of
their respective pulses and further averaged over four
consecutive subgates. Therefore, every 0.256 s the mean
power at the horizontal polarization and the ratio of
the mean power of horizontal to vertical polarizations
are recorded in up to 1024 gates of 120 m width, to-
gether with the time, the elevation and the azimuth
angles of the last averaging pulse. Usually, the antenna
rotates at a rate of 8 deg s™' for which the averaging
angle is comparable to the half-power beamwidth of
1.8 deg of the antenna.

The illumination functions f; and f, at both polar-
izations of the Potter feed horn and aerial ensemble
have been measured on a test bench of the CNET (Behe
and Nurdin 1984) with a 0.1 degree resolution along
the horizontal (' = 0 and =) and along the vertical
(¥' = 7/2 and 3#/2) planes. These one-way illumina-
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tion functions are drawn in Fig. 2 vs the antenna polar
angle v’ along the horizontal plane. These normalized
functions are below —28 dB in the sidelobes (—22 dB
along the vertical plane not shown), but the illumi-
nation function in the vertical polarization is larger
than that in the horizontal polarization within the main
lobe.

These measured values are interpolated for all rel-
evant polar angles ¥’ and ¢’ (up to 30 deg) by a linear
interpolation in v’ and by a four-term Fourier series
in the azimuthal angle ¥'. The interpolated difference
fi2 — f;2is drawn in the center part of the v’ — ¢ plane
in Fig. 3. For the ANATOL antenna, the absolute dif-
ference is only significant within 3 deg of the beam
axis, i.e., in the main lobe, and it reaches its maximum
value of 0.4 within 1 deg of the beam axis. Within the
main lobe, this difference is mainly negative with some
small positive values along the horizontal plane. How-
ever, values outside the half-power beamwidth zone
may contribute significantly to the convolution integral
in Eq. (5) since they are weighted by the measured

2.

ANTENNA RELATIVE ELEVATIOGN
0.

. e ,,,/.,,,, gy .
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.:l; ] 1 L 1

-3. -2. -1. 0. 1. 2. 3.

ANTENNA RELATIVE RZIMUTH

FG. 3. Isolines of the illumination difference function (f;2

— £, in the antenna-relative azimuth

and elevation angles (in degrees). These angles are related to the antenna-relative polar angles (v’
and ') defined in Fig. 1. Isolines are drawn every 0.1 unit (dimensionless) and dashed isolines
correspond to negative values. The hatched areas correspond to values below —0.2 and the dark
areas to values below —0.4. The half-power beamwidth is indicated by the thick line circle.
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reflectivity Z, which may change its order of magnitude
in short distances.

5. Differential reflectivity errors in real cases

These errors have been computed in several real
cases but only one example will be discussed below,
since the consequences of these errors appear to be the
most important in this case.

a. Experimental conditions

On+4 October, 1985 some isolated convective clouds
developed in a general southeast circulation at all levels.
The surface temperature was near 10°C and the 0°C
isotherm was 2 km above the radar. A developing cloud
passed above the radar with estimated velocities of 12
m s~! toward the east and 5 m s™! toward the north.
These velocities are assumed to be independent of al-
titude, position and time, and are deduced from the
comparison of two similar PPI or CAPPI scans ob-
tained at low level before and after the reference time
to. The volume scan is obtained by successive sweeps
at constant elevation angle of a 100 deg sectorial area.
At the end of each sweep, the elevation angle increases
by around 1.8 deg, rising from 0 to 21 deg, and then

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY
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decreases back to zero in 1.8 deg steps. This volume
scan takes about 4 min to be completed.

The size of the interpolating grid is 0.12 km hori-
zontally and 0.5 km vertically, and the mesh covers a
30 X 30 km area situated in the northeast quadrant of
the radar, between the altitudes of 1.0 and 8.5 km above
the radar. With a maximum elevation angle of 21 deg,
some measurement data are lacking at high altitudes
and at short distances from the radar. This, among
other reasons, implies that the convolution integral ap-
pearing in Eq. (5) is underestimated because the r-
sphere, on which it is evaluated, includes large areas
where the cloud reflectivity may be significant but there
is no measured data.

b. Data description

A constant altitude PPI (CAPPI), made at 1.5 km
above the radar and at the reference time ¢, = 1601, is
shown in Fig. 4. At this time, the cloud is located be-
tween 15 and 20 km from the radar and the maximum
horizontal reflectivity Z, is above 50 dBZ in this hor-
izontal cross section. A vertical cross section of the
horizontal reflectivity, made along the A-B axis in Fig.
4, is shown in Fig. 5. The 40 dBZ isocontour reaches
the altitude of 5 km while the cloud top is well above

10.

DISTANCES FROM THE RADAR
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e g
30 /////2'5”///‘
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0. S 10. 1S. 20. 2S.
1.5 KM CAPPI ON OCTOBER 4 , 1985

F1G. 4. Horizontal cross section made at the 1.5 km altitude (CAPPI) on 4 October 1985 of the measured horizontal reflectivity Zy.
Isolines are drawn every 10 dBZ starting from 10 dBZ. The zones where Z, exceeds 40 dBZ are hatched. The inset shows the detailed

features of the reflectivity field in the indicated square area.
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_FG. 5. Vertical cross section of the measured horizontal reflectivity
Z, reconstructed along the A-B axis of Fig. 4 from the volume scan.
Isolines are drawn every 10 dBZ starting from 10 dBZ. The zones
where Z, exceeds 40 dBZ are hatched.

7.5 km. The maximum horizontal reflectivity is also
higher than 50 dBZ in this vertical cross section and
appears between the altitudes of 2.5 and 3.5 km. Fur-
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ther analyses show that the 50 dBZ reflectivity core
takes the form of a hook region rising above the 50
dBZ isoline in Fig. 4 and with an overhang part (in
the southeast direction) which appears in the vertical
cross section in Fig. 5 at a distance of 15 km and above
2 km. On the southeast part of this cloud (x = 16 km,
y=4kmin Fig. 4 and x’ = 20 km in Fig. 5) a separated
cell appears in a developing stage. The details of the
reflectivity pattern of the separation zone between these
two cells are shown by the inset in Fig. 4.

¢. Differential reflectivity error AZpg

The differential reflectivity error AZpg is computed
from the three-dimensional reflectivity field described
above, following the procedure developed in section 3.
The same 1.5 km horizontal cross section as in Fig. 4
is shown in Fig. 6 for this differential reflectivity error
AZpr. In this last figure, the hatched areas correspond
to the areas where the measured horizontal reflectivity
exceeds 40 dBZ, as shown in Fig. 4. The differential
reflectivity error AZpR is mainly negative, with mini-
mum and maximum values of —~0.8 and +0.6 dB, re-
spectively. As expected (Johnson 1984; Herzegh and
Carbone 1984; Herzegh and Conway 1986), the largest
values of AZpr appear on the edge of the 40 dBZ areas,
particularly in the neighborhood of the C and D points,
in the separation zone between the two cells, charac-
terized by large horizontal reflectivity gradients. How-

-
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FiG. 6. As'in Fig. 4 except for the differential reflectivity error AZpg. Isolines are drawn every 0.25 dB and dashed isolines correspond to
negative values. The hatched zones are zones where the measured horizontal reflectivity Z, exceeds 40 dBZ as shown in Fig, 4.
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ever, in this case, some large values of AZpg also appear
inside the 40 dBZ areas in a somewhat more uniform
region at the top of the inset in Fig. 6. This feature
may result from the existence of the hook echo region
which overhangs the 40 dBZ areas in this 1.5 km hor-
izontal cross section (as shown in Fig. 5 for a distance
of 15 km from A) leading to large vertical reflectivity
gradients there.

_ The measured values of the differential reflectivity
Zpr are shown in Fig. 7 for the same 1.5 km horizontal
cross section. In this figure, the hatched areas also cor-
respond to the areas where the horizontal reflectivity
exceeds 40 dBZ, as shown in Fig. 4. Figure 7 shows
that the measured differential reflectivity Zpg is close
to 3 dB inside the 40 dBZ hatched areas, reaches 4 dB
inside the southeast developing part of the cloud and
takes minimum values close to 2 dB in the northwest
part.

The inset in Fig. 7 shows that the zone in which the
measured differential reflectivity exceeds 4 dB is made
of two separated parts situated west and east of the C
point, respectively. The same inset in Fig. 6 indicates
that the differential reflectivity error is large and neg-
ative just between these two separated 4 dB isolines.
More generally, the measured differential reflectivity
Zpr exhibits a dip in the neighborhood of the C and
D points for which the differential reflectivity error
AZpg reaches its minimum values of —0.8 dB, as shown

. JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 5

in the inset of Fig. 6. Therefore, this dip of the measured
differential reflectivity may be partly induced by the
antenna characteristics, and may not represent a true
spatial variation of the microphysical properties of the
cloud.

6. Conclusions

In multiple parameter radar measurements, a ratio
parameter Z,s is defined as the ratio of the measured
reflectivity factor in two different wavelengths or po-
larizations « and 8. The fact that the illumination
functions of the antenna in each wavelength or polar-
ization may be different in the sidelobes, but also in
the main lobe, may induce instrumental errors in the
measurements of this ratio parameter. This ratio pa-
rameter error can be estimated under two approxi-
mations; namely, replacing the vertical reflectivity fac-
tor by the horizontal one and using the measured hor-
izontal reflectivity factor instead of the true cloud
reflectivity factor. This estimation is given by the two-
dimensional convolution product, over the r-sphere
centered at the antenna focus, of the reflectivity factor
Z., independently measured at the wavelength or po-
larization «, by the difference of the two-way illumi-
nation functions in each wavelength or polarization.
This error estimation must be done from the three-
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FIG. 7. As in Fig. 4 except for the measured differential reflectivity Zpg. Isolines are drawn every 1 dB start@ng f:rom 1 dB. The hatched
zones are zones where the measured horizontal reflectivity Z, exceeds 40 dBZ as shown in Fig. 4.
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dimensional Z, reflectivity field interpolated at a ref-
erence time #o, from the data measured during a volume
scan including the analyzed cloud.

The differential reflectivity errors have been esti-

mated in several real cases, using the actual illumina-

tion functions of the 10 cm ANATOL radar. In general,
the differential reflectivity error takes significant values
(up to 0.8 dB for the ANATOL antenna) only in zones
of large horizontal or vertical reflectivity gradients.
Therefore, these zones appear on the edge of the hor-
izontal reflectivity maxima in most horizontal or ver-
tical cross sections and can easily be detected. In some
cases, however, the horizontal reflectivity maximum
can be situated outside of the analyzed cross section
and can induce in it anomalous values of the differential
reflectivity which cannot be detected. Therefore, the
estimation of the differential reflectivity error AZpg
from the horizontal reflectivity measurements Z, ob-
jectively indicates the zones in which the Zpgr mea-
surement can be significantly contaminated. This ob-
Jective assessment of the Zpr measurement quality may
improve the qualitative microphysical or the quanti-
tative hydrological analysis of the dual polarization ra-
dar data.

This study has shown that the instrumental error of
the ratio parameter measurements may partly arise
from the mismatch in the main lobe of the illumination
functions at each wavelength or polarization. There-
fore, the Potter feed horn and the aerial should be op-
timally designed to reduce this mismatch in the main
lobe as well as to decrease below —30 dB the relative
amplitude of the illumination functions in the side-
lobes. In any cases, the illumination functions of the
antenna should be measured as accurately as possible
for all antenna polar angles ' and ¢’ in order to esti-
mate the antenna induced errors from three-dimen-
sional measurements.
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