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C-band dual polarization radar retrieval of rainfall: application of
an iterative technique with embedded neural-network
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Abstract. Polarimetric radar measurements at C-band re-
quire correction for propagation effects before using them
for rainfall retrieval. Since differential phase shiftKdp is
affected by the spatial variation of the backscattering differ-
ential phase shiftδ, a new neural-network estimation tech-
nique is applied to removeδ effects onKdp estimate. In this
study we also explore a new hybrid iterative technique with
constraint to correct for attenuation and differential attenu-
ation based on a neural-network scheme and a differential
phase constraint. Numerical simulations are used to investi-
gate the efficiency of this approach with respect to others pro-
filing techniques. The simulator is based on a T-matrix solu-
tion technique, while the hydrometeor distribution has been
characterized with respect to dielectric composition (water,
ice and mixed phase), raindrop size distribution (normalized
gamma distribution), shape (ellipsoid with parameterized as-
pect ratio) and angle orientation. A sensitivity analysis is per-
formed in order to evaluate the expected errors of this method
to system bias. The performance of these correction proce-
dures and the effects of an error bias on radar measurements
are evaluated by using mono-dimensional Gaussian raincell
models. Numerical results are discussed in order to show the
potential and robustness of the proposed technique.

1 Introduction

For frequencies higher than S band, path attenuation effects
due to rainfall can become important and need to be com-
pensated to aim at a quantitative estimation of rainrate. Al-
gorithms using the specific differential propagation phase
(Kdp) are immune to such effects (Zrnic and Ryzhkov, 1996),
but depend on the accuracy of its estimation. As a matter of
fact,Kdp is the slope of the range profile of differential phase
shift (8dp), which can be estimated with an accuracy of few
degrees.
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The classic iterative approaches (Hildebrand, 1978;
Meneghini, 1978) for attenuation correction, beginning from
the first (closest to the radar) range resolution volume and
proceeding to successive resolution volumes, are known to
be unstable if path integrated attenuation is large. Besides
these methods generally assume a power law relation be-
tween reflectivity and specific attenuation and that the radar
calibration is performed with high accuracy. A great im-
provement to these attenuation correction procedures is sup-
plied by using the total path-integrated attenuation (PIA) as
a constraint.

Recently, the use of8dp constraint to estimate the PIA
and to correct the measured reflectivity (Zh) and differen-
tial reflectivity (Zdr), proposed and evaluated by Testud et
al. (2000) and Le Bouar et al. (2001) respectively, was im-
proved by Bringi et al. (2001) through the use of a self-
consistent scheme. The aim of this study is to introduce a
new iterative approach with8dp constraint to retrieveZhand
Zdrat attenuating frequencies.

2 Rain backscattering model

Microphysical properties of the rain medium play an impor-
tant role for radar observations together with the raindrop
size distribution (RSD), shape and orientation distributions.
In the next paragraphs the rain backscattering model will be
briefly described.

2.1 Raindrop size distribution

In 1948 the Marshall-Palmer exponential distribution, having
the formN(D) = N0exp(-3 D) with D the particle diameter,
has been proposed to describe the spectra of observed drop
diameters at weak or moderate rainfall rates (Marshall and
Palmer, 1948). Since then, the shape of RSD is matter of
discussion in radar meteorology because it rules the relation-
ships between the radar observables and rain rate.

The modified gamma distributionN(D) = N0D
µexp(-

3 D) (as in Willis, 1984) has been introduced to describe
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the deficit of small drops and the convexity ofRSDfor large
drop diameters at high rain rates. In the gamma RSD (which
coincides with the exponential one forµ =0), the parameter
N0 is not considered a physical quantity because its dimen-
sion ([mm−1−µ m−3]) is µ-dependent.

Recently, to overcome this problem a “normalized”
gamma distribution has been introduced by Wiilis (1984)
and revisited by Bringi and Chandrasekar (2001), Testud et
al. (2001) and Illingworth and Blackman (2002). The num-
ber of raindrops per unit volume per unit size (D to D + dD)
can be written as

N(D) = Nwf (µ)

(
D

D0

)µ

exp

[
−(3.67+ µ)

D

D0

]
(1)

being

f (µ) =
6

(3.67)4

(3.67+ µ)µ+4

0 (µ + 4)
(2)

where the parameterD0 is the median volume drop diameter,
µ is the shape of the drop spectrum, andNw [mm−1 m−3]
is a normalized drop concentration that can be calculated as
function of liquid water content W

Nw =
(3.67)4

πρw

103W

D4
0

(3)

The value of this normalization is that it allows the liquid
water content to remain constant even ifµ changes.

2.2 Axis ratio relationship

The shape of a raindrop can be described by an oblate
spheroidal for which, the equivalent volume diameterDe, is
related to the axis ratioa/b by a relation which has been in-
vestigated by several authors. In this study we limited our
attention on the combination (named AB) of that proposed
by Andsager et al. (1999)

a

b
= 1.012− 10−3

(
14.45De + 10.28D2

e

)
(4)

used in the interval1mm ≤ De ≤ 4mm, and that proposed
by Chuang and Beard (1990)

a

b
= 1.005+ 10−4

(
5.7D2

e − 260D2
e + 37D3

e − 2D4
e

)
(5)

for De ≤ 1mm, De ≥ 4mm.
A raindrop falls in the atmosphere with its symmetry axis

aligned in the vertical direction. The canting angle (β) in the
polarization plane is defined as the angle measured clockwise
between the projection of the symmetry axis of spheroidal
particle and the direction running opposite to the vertical one
(i.e.−V ) so that, in case of horizontal incidence, it coincides
with the tilt of the particle symmetry axis (e.g. Bringi and
Chandrasekar (2001), pp. 68–71). As shown by Beard and
Jameson (1983), the distribution of canting angles can be rep-
resented by a Gaussian model with zero mean and standard
deviation≤5◦.

2.3 Polarimetric radar observables

Computations are done for the 5-cm wavelength, and the
gamma distribution is assumed for drop sizes between 0.3
and 8 mm. It is known that big drops often occur in mid-
latitude storms. At C-band wavelengths (λ), the transition
between Rayleigh and Mie scattering occurs for water drops
of about 3 mm. The extension into the resonant scattering
region needs use of numerical solution approaches like the
T-matrix method to compute the amplitude matrixS, which
linearly transforms the electric field components of the in-
cident wave into those of the scattered wave (Mishchenko,
2000; Mishchenko et al., 2000). Rainfall rate R, the radar re-
flectivity factors (Zhh,vv ) at H and V polarization state and
Zdr , which is the ratio of reflectivity at the two polarization
states, can be expressed in term of the RSD as follows:

R = 0.6π10−3
∫

D3N(D)v(D)dD (6)

Zhh,vv =
λ4

π5 |K|
2

∫
4π

∣∣∣Sb
hh,vv(D)

∣∣∣2N(D)dD (7)

Zdr = 10 log
Zhh

Zvv

(8)

whereSb
hh,vvare the backscattering co-polar components of

S, K=(ε-1)/(ε+2) beingε the complex dielectric constant of
water or ice which is estimated as a function of wavelength
and temperature (Ray, 1972), andv(D) is the terminal fall
speed in still air.

As derived by Atlas and Ulbrich (1977),v(D) can be ex-
pressed using following relationship

v(D) = 3.78D0.67 (9)

Also the specific differential phase shift (Kdp), which is due
to the forward propagation phase difference between the two
polarization, and co-polar correlation coefficients (ρhv) can
be obtained in terms of the scattering matrix S as:

Kdp =
180

π
Re

∫ [
S

f
hh(D) − Sf

vv(D)
]
N(D)dD (10)

ρhv =

∫
Sb

vvS
b∗

hhN(D)dD√∫ ∣∣Sb
hh

∣∣2N(D)dD
∫ ∣∣Sb

vv

∣∣2N(D)dD

=

= |ρhv| e
jδ (11)

whereSf
hh,vvare the forward-scattering co-polar components

of S andδ (in deg) is the volume backscattering differential
phase.

3 Attenuation correction using an iterative approach
with embedded neural network

The proposed technique, named Neural Iterative Polarimetric
Precipitation Estimation by Radar (NIPPER) is illustrated in
the next paragraphs.
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As proposed by Testud et al. (2000), it is possible to use
the8dp constraint to estimate the path-integrated attenuation
and differential attenuation. In fact, as scattering simulations
have demonstrated (Bringi et al., 1990; Jameson, 1992),Ah

andAdp (both expressed in dB km−1) are linearly related to
Kdp (in ◦ km−1) which is the range derivative of8dp. Note
that, before applying the attenuation correction scheme the
differential phase shift8dp must be filtered from the back-
propagation effects which are non negligible at C-band (Hub-
bert and Bringi, 1995).

The suggested algorithm can be described in the following
way. As shown in the block diagram in Fig. 1, the first step
is the estimation of the path integrated attenuationPIAh(rN )

(and the path integrated differential attenuationPIAdp(rN ))

at the last rangerN by using the8dp constraint.
Therefore the corrected values ofZh andZdr are derived

at the last range volume (here the Nth)

ZC
h,dr (rN ) = Zm

h,dr (rN ) + PIAh,dp (rN ) (12)

where the superscriptsC andm stand respectively for cor-
rected and measured.

Using the corrected values ofZh, Zdr , it is possible,
through, a back-propagation neural network to estimate the
specific attenuation (and the specific differential attenuation)
at the Nth range volume

Ah,dr (rN ) = f NN
(
ZC

h (rN ) , ZC
dr (rN )

)
(13)

wheref NN is Neural Network functional used for the spe-
cific attenuation (differential attenuation) estimation.

As a consequence we can estimate the PIA at the (N-1)th

range bin as

PIAh,dp (rN−1) = PIAh,dp (rN ) − Ah,dr (rN ) · 1r (14)

where1r is the bin range resolution, while the corrected val-
ues of reflectivity and differential reflectivity are

ZC
h,dr (rN−1) = Zm

h,dr (rN−1) + 2 · PIAh,dp (rN−1) (15)

Generalizing (15) and (16) for the Kth range volume, we can
write

PIAh,dp (rK) = PIAh,dp (rN ) −

K−1∫
rN

Ah,dr (s) ·ds (16)

ZC
h,dr (rK) = Zm

h,dr (rK) + 2 · PIAh,dp (rK) (17)

and so on it is possible to iteratively correct the whole profile
of Zh andZdr .

At each range volume a control check on8dp filtering is
performed estimatingδg by means of corrected variables us-
ing a neural-network algorithm (Vulpiani et al., 2003).

 

Fig. 1. Block diagram of the proposed attenuation correction
scheme.

4 Simulation environment and numerical results

In order to investigate the scattering properties of a rainy
medium it is necessary to specify both the incident wave and
rainy medium properties. In this study, we limited our at-
tention to C-Band wavelengths and we assumed horizontal
incident wave propagation. Concerning to the raindrop size
distribution, as anticipated in Sect. 2, we adopted a normal-
ized gamma distribution assuming thatD0 andµ are variable
along the path and randomly distributed inside the range pro-
posed by Bringi et al. (2002).

As highlighted by Testud et al. (2002), the intensity of rain
can be characterized using the liquid water contentW (also
namedLWC) or the rainfall rateR. In this work we adopted
this suggestion so that, assuming a double Gaussian shaped
range profile of liquid water content (W [g m−3]), the Nw

parameter profile can be obtained using Eq. (3) and the ran-
domly generated values ofD0 as inputs. For each range bin,
the axis ratio relationship is selected randomly between the
three relationships reported in Sect. 2 according to a uniform
distribution. The dielectric constant is dependent on tem-
perature, being fixed the wavelength, and is determined ac-
cording to scheme proposed by Ray (1972). The numerical
scheme adopted to introduce noise on simulated data is that
suggested by Testud et al. (2000).
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Fig. 2. Comparison between ZPHI and NIPPER for the
Zhcorrection. The results are evaluated in terms of the histogram
of FSE and FME assuming a well-calibrated radar.

4.1 Discussion on algorithm assumptions

The ZPHI algorithm is based on the hypothesis that the ex-
ponentβ, characterising the relation between reflectivity and
attenuation, is constant andNw is a “local” invariant (e.g.
...“reasonably constant at a scale of some 10 km”, Testud et
al., 2000). While scattering simulations have demonstrated
that the first one is reasonable in C-band, the second is more
questionable. The disdrometer data analysis described in
Kozu and Nakamura (1991) showed that, within a given rain
regime, the fluctuations ofN0 (the “intercept” parameter of a
modified gamma distribution in a logarithmic plane) could be
considered “moderate” if compared with the “jumps” occur-
ring in the transition region. Because of the physical sim-
ilarity betweenN0 and Nw(when µ =0 they coincide), in
Testud et al. (2000) the authors expected the same behavior
for Nw. Besides, the data collected from the NCAR-Electra
PMS probe during the TOGA COARE experiment on 14 De-
cember 1992 and analyzed in Testud et al. (2001) confirmed
this trend. In such conditions, after the separation of strati-
form and convective rain regions, the ZPHI analytical solu-
tion can be successfully used through a “segmentation” pro-
cedure (e.g. Testud et al., 2000) which provides much more
moderate variability ofNw.

Nevertheless, as a result of a case study for a squall-line
system passing over a watershed in northern Mississippi pre-
sented in Uijlenhoet et al. (2003), the concept of “local” in-
variance ofNw should be reconsidered. During this event,
other than a jump ofN0(here the intercept parameter of the
exponential distribution) in the stratiform-convective transi-
tion phase, corresponding to the disappearance of the radar
bright band, the authors noticed that “...during the convective
phase there is a sudden drop and a new jump, after whichN0
reaches an even larger value than during the transition phase
..”. Analyzing the relative behavior ofR, Zh andZdr they

Fig. 3. Performance of the proposed algorithm for rain rate estima-
tion. The results are evaluated in terms of the histogram of FSE.

argued that the observed jump was due to “...a sequence of
contrasting regimes within the convective phase of the squall-
line system...”. Consequently, the assumption of “moderate”
variability inside a specific rain regime has not a general va-
lidity and should be carefully used. The use of ZPHI analyt-
ical solution could not be suitable showing the dependence
from Nw. This is the reason why the NIPPER algorithm can
show some advantages in circumstances where there is a sig-
nificantNw variability.

4.2 Reconstruction of radar observables

In this subsection we analyze the numerical results obtained
applying the proposed attenuation compensation technique
to the simulated data set assuming that the radar is well cal-
ibrated, remanding the evaluation of the system bias effects
to the Subsect. 4.4.

In order to evaluate the performance of the proposed algo-
rithm we define the percentage Fractional Errorεf as

εf = 100

(
Zi

retr − Zi
sim

)
1
N

N∑
i=1

Zi
sim

= 100
ε

< Zsim >
(18)

where the retrieved (Zretr) and simulated (Zsim) reflectivity
(or differential reflectivity) are expressed in linear units while
the superscripti indicates the number of range bin.

Calculating the root mean square error of the fractional er-
ror, we obtain the so-called Fractional Standard Error (FSE)
expressed in percentage

FSE (%) = 100

√
< ε2 >

< Zsim >
=

√
< ε2

f > (19)
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Fig. 4. Comparison between ZPHI and NIPPER for the Zh correc-
tion. The results are evaluated in terms of the histogram of FSE
assuming a mis-calibrated radar system (1 dBZ on Zh).

Table 1. Comparison between ZPHI and NIPPER in term of FSE.

FSE (%)
NIPPER ZPHI

Zh Zdr Zh Zdr

0 dBZ 18.3 6.2 21.9 6.7
1 dBZ 21.9 5.8 39.6 6.8
2 dBZ 28.0 7.12 76.3 6.5

Otherwise, calculating the mean of the fractional error, we
can define the Fractional Mean Error (FME) expressed in
percentage as

FME (%) = 100

1
N

N∑
i=1

(
Zi

retr−Zi
sim

)
1
N

N∑
i=1

Zi
sim

=

= 100 <ε>
<Zsim>

=< εf >

(20)

Figure 2 shows the performances of the ZPHI and NIPPER
algorithms in terms of the histogram of FSE and FME calcu-
lated for each realization. The same errors indicators, calcu-
lated for the whole simulated data set, are shown in Tables 1–
2.

The results show that both the algorithms offer good and
comparable performances. In case ofZh retrieval the errors
are FSE (%)∼21.9 and FME(%)∼ −3.8 for ZPHI, and FSE
(%)∼18.3 and FME(%)∼ −2.7 for NIPPER.

4.3 Estimation of rain rate

The main advantage of polarimetric radars is the possibil-
ity to use different types of algorithms in order to estimate
the rainfall rate. As well as the classicalR(Zh), polariza-
tion diversity allows to employ the two parameters algorithm

Fig. 5. Performance of the proposed algorithm for rain rate esti-
mation. The results are evaluated in terms of the histogram of FSE
assuming a mis-calibrated radar system (1 dBZ on Zh).

Table 2. Comparison between ZPHI and NIPPER in term of FME.

FME (%)
NIPPER ZPHI

Zh Zdr Zh Zdr

0 dBZ −2.7 −3.4 −3.8 −3.4
1 dBZ 3.27 −2.6 20.7 −0.7
2 dBZ 8.7 −1.4 51.6 −0.2

R(Zh, Zdr) and R(Zdr , Kdp) other thanR(Kdp). The al-
gorithms using reflectivity and differential reflectivity are
affected by radar calibration errors. Otherwise, those us-
ing the Kdp are conditioned by the differentiation scheme
adopted to derive it from8dp which is also contaminated
by the backscattering differential phase propagation. As a
consequence, none these techniques is completely satisfac-
tory. The rainfall estimator proposed in this work (named
RNN (Zh, , Zdr) is based on a feed-forward neural network
with a back-propagation learning algorithm and uses the re-
trieved profile ofZh,Zdr . In a formal way, we can write:

RNN = f NN (Zh, Zdr) (21)

wheref NN is Neural Network functional used for the rain
rate estimation. This algorithm, using the potential of neural
network, is able to reduce the effects of system noise and to
represent complex functions of several variables better than
a simple statistical approach.

Figure 3 shows the performance, in terms of FSE, of the
proposed rain rate algorithm applied to the corrected values
of reflectivity and differential reflectivity. The results are
greatly good being FSE(%) less than 12.0 and FME∼2.3%.
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4.4 Impact of system bias

Bias errors inZh and Zdr can affect both the attenuation
compensation and the rainfall retrieval algorithms. Typically
in a well-maintained radar the bias error onZdr is less than
0.2 dB while the bias onZh is less than 1 dBZ.

Nevertheless, while the bias on differential reflectivity can
be estimated and removed easily (Gorgucci et al., 1999), be-
ing Zdr a differential power measurement, it is difficult to
obtain the absolute calibration ofZh. For this reason, assum-
ing a bias of 0.2 dB onZdr , we focused on the impact that
the bias onZh has on the retrieval of radar observables and
on the estimation of rain rate.

As shown in the Tables 1 and 2 and Fig. 4, the pro-
posed technique is quite strong with respect to system bias.
Concerning the attenuation correction, the worsening is just
about 3.5% in case of 1 dBZ bias and about 10% in case of
2 dBZ bias. On the other side, ZPHI denotes a higher sensi-
tivity to system bias being FSE∼39.6% and FME∼ −20.7%
while the worsening is about 55% in case of 2 dBZ bias.
Moreover, as shown in Fig. 5 it is possible to notice the same
efficiency referring to the rain rate estimation using the neu-
ral network based algorithm (for the 2 dBZ bias case the FSE
remains below 13% while the FME is about 3.1%).

5 Conclusions

Polarimetric radar measurements at C-band require correc-
tion for propagation effects before using them for rainfall re-
trieval.

Since differential phase shiftKdp is affected by the spa-
tial variation of the backscattering differential phase shiftδ,
a new neural-network estimation technique is applied to re-
moveδ effects onKdp estimate. In this study we also explore
a new hybrid iterative technique with constraint to correct
for attenuation and differential attenuation based on a neural-
network scheme and a differential phase constraint. Numer-
ical simulations are used to investigate the efficiency of this
approach with respect to others profiling techniques. The
simulator is based on a T-matrix solution technique, while
the hydrometeor distribution has been characterized with re-
spect to dielectric composition (water, ice and mixed phase),
raindrop size distribution (normalized gamma distribution),
shape (ellipsoid with parameterized aspect ratio) and angle
orientation. A sensitivity analysis is performed in order to
evaluate the expected errors of this method to system bias.

The performance of these correction procedures and the
effects of an error bias on radar measurements is evaluated
by using mono-dimensional Gaussian raincell models. Nu-
merical results are discussed in order to show the potential
and robustness of the proposed technique.
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