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ABSTRACT

The recent advances in attenuation correction methodology are based on the use of a constraint repre-
sented by the total amount of the attenuation encountered along the path shared over each range bin in the
path. This technique is improved by using the inner self-consistency of radar measurements. The full
self-consistency methodology provides an optimization procedure for obtaining the best estimate of specific
and cumulative attenuation and specific and cumulative differential attenuation.

The main goal of the study is to examine drop size distribution (DSD) retrieval from X-band radar
measurements after attenuation correction. A new technique for estimating the slope of a linear axis ratio
model from polarimetric radar measurements at attenuated frequencies is envisioned. A new set of im-
proved algorithms immune to variability in the raindrop shape–size relation are presented for the estimation
of the governing parameters characterizing a gamma raindrop size distribution.

Simulations based on the use of profiles of gamma drop size distribution parameters obtained from
S-band observations are used for quantitative analysis. Radar data collected by the NOAA/Earth System
Research Laboratory (ESRL) X-band polarimetric radar are used to provide examples of the DSD pa-
rameter retrievals using attenuation-corrected radar measurements. Retrievals agree fairly well with dis-
drometer data. The radar data are also used to observe the prevailing shape of raindrops directly from the
radar measurements. A significant result is that oblateness of drops is bounded between the two shape
models of Pruppacher and Beard, and Beard and Chuang, the former representing the upper boundary and
the latter the lower boundary.

1. Introduction

The distribution of raindrop sizes [drop size distribu-
tion (DSD)] as well as shapes is of central importance
in determining the electromagnetic scattering proper-
ties of rain-filled media. These effects, in turn, are em-
bodied in radar parameters of interest here: the reflec-
tivity factor (Z); differential reflectivity (Zdr), which is
the ratio of reflectivities at h and � polarization states

(Zh,�; Seliga and Bringi 1976); and specific differential
phase (Kdp), which is due to the propagation phase
difference between h and v polarization states (Seliga
and Bringi 1978). Many studies of dual-polarization ra-
dar have shown that observations at S band can be used
to derive raindrop size distribution parameters
(Gorgucci et al. 2002a; Bringi et al. 2003; Brandes et al.
2003) and mean raindrop shape (Gorgucci et al. 2000;
Moisseev et al. 2006; Gorgucci et al. 2006a).

Because of negligible attenuation, the study of mi-
crophysical retrievals from dual-polarization radar has
been predominantly restricted to S-band frequencies.
However, in Europe, polarimetric C-band radar sys-
tems are gaining ground for use in meteorological ap-
plications (Gorgucci et al. 2002b; Illingworth and
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Thompson 2005). Furthermore, there has recently been
renewed interest in the use of X-band frequencies be-
cause of their specific advantages, such as applications
to rainfall estimation in light rain (Matrosov et al. 2002)
and monitoring of sensitive areas that are inadequately
covered by operational networks (Anagnostou et al.
2004), as well as the radar network concept introduced
by the Center for Collaborative Adaptive Sensing of
the Atmosphere (CASA; Chandrasekar et al. 2004). In
the last decade, this extensive use of polarimetric radar
systems at higher frequencies has been made easier by
advances in correcting attenuation techniques based on
the use of polarimetric measurements (Bringi et al.
1990; Testud et al. 2000; Bringi and Chandrasekar
2001). The initial set of attenuation correction algo-
rithms was built from the differential propagation
phase (�dp).

Among the new algorithms that have been proposed,
one of the popular approaches is the algorithm of
Testud et al. (2000), which adopts a final value con-
straint as used in spaceborne radar. The final value
constraint was developed for ground-based radar by
converting the cumulative differential phase to cumu-
lative attenuation. In fact, from calculations based on
the scattering properties of individual drops, the rela-
tionship between Kdp and the specific attenuation (�h)
has been found to be nearly linear. However, this rela-
tionship depends on the temperature as well as drop
size and drop shape variability, which are directly trans-
lated as an error in the correction procedure. Bringi et
al. (2001) proposed a variation that does not assume a
priori knowledge of the constant coefficient (ah) con-
verting Kdp into �h, which, rather, is assumed to lie in a
predetermined range. The optimal value of ah is deter-
mined via a minimization process for each radar data
beam.

One of the advantages of polarimetric radar mea-
surement is internal self-consistency (Scarchilli et al.
1996). This principle, introduced for the first time by
Gorgucci et al. (1992), takes advantage of the synergy
between the radar measurements of reflectivity factor,
differential reflectivity, and specific differential phase.
Recently, it has been applied in a new methodology
called the self-consistency (SC) method for attenuation
and differential attenuation (�d) correction at X band
(Gorgucci et al. 2006b). The technique, enforcing self-
consistency between Kdp and corrected Zh and Zdr

measurements, improves attenuation and differential
attenuation accuracy provided by the methods using
�dp as a constraint. In addition, Gorgucci and Baldini
(2007) have proposed and tested at C band an optimi-
zation of the SC method to make the procedure fully
self-consistent (FSC). Their study shows excellent per-

formance with negligible bias and very little normalized
standard error compared to other correcting attenua-
tion techniques. This paper takes the next step—the
retrieval of DSD parameters using the attenuation-
corrected polarimetric radar measurements at X band.

The paper is organized as follows. In section 2, the
background of DSD microphysics is briefly discussed.
Section 3 describes the basic algorithms used in the
paper to retrieve the DSD by means of polarimetric
radar measurements, and section 4 introduces the at-
tenuation correction algorithms, showing the evalua-
tion of their performance. In section 5, simulation stud-
ies are presented to analyze the performance of DSD
retrieval using corrected radar measurements. An ex-
ample of DSD retrieval from real X-band polarimetric
radar data with a comparison with disdrometer data is
presented in section 6. Conclusions are summarized in
section 7.

2. Rain microphysics

Accurate rain rate estimation requires the character-
ization of rain microphysics, particularly its two basic
components: DSD and effective drop shape (EDS). In
fact, microphysical processes of evaporation, accretion,
and precipitation rates are all related by DSD, while the
physical process of collision, which can cause coales-
cence and breakup, affects the drop shape, which most
likely will depend on collisional energy or momentum.

a. Raindrop size distribution

The measurement of raindrop size distribution over
broad areas is important for large-scale rain micro-
physical properties. Raindrop size distribution changes,
with geographical location strongly influencing rainfall
characteristics (Bringi et al. 2003). The distribution of
drop sizes in rain usually contains a wide range of drop
diameters. Small drops generally outnumber large
drops, but as the intensity of the rainfall increases, the
number of larger drops grows. This evolution of rain-
drop size distribution is determined by coalescence, col-
lisional breakup, and evaporation. Accurate character-
ization of raindrop size distribution and the estimation
of DSD parameters using remote measurements are
useful for improving the accuracy of rainfall intensity
observed by weather radar and satellite observations.
In this context, polarimetric radar measurements have
been used to reach the long-standing goal of raindrop
size distribution estimation over large spatial and tem-
poral scales (Gorgucci et al. 2002a; Bringi et al. 2003).

Raindrop size distribution describes the probability
density distribution function of raindrop sizes. In prac-
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tice, the normalized histogram of raindrop sizes (nor-
malized with respect to the total number of observed
raindrops) converges to the probability density function
of raindrop sizes. A gamma distribution model has
been shown to adequately describe many of the natural
variations in the shape of the raindrop size distribution
(Ulbrich 1983). The gamma raindrop size distribution
can be expressed as

N�D� � nc fD�D� �m�3 mm�1�, �1�

where N(D) is the number of raindrops per unit volume
per unit size interval (D to D � 	D), nc is the number
concentration, and fD(D) is the probability density
function (pdf). When fD(D) is of the gamma form it is
given by

fD�D� �
���1

��� � 1�
e��DD�, � � �1, �2�

and any other gamma form, such as the one introduced
by Ulbrich (1983),

N�D� � N0D�e��D, �3�

can be derived from this fundamental notion of rain-
drop size distribution. The parameters N0 (the inter-
cept), 
 (the slope), and � (the shape) characterize the
gamma pdf. It must be noted that any function used to
describe N(D) when integrated over D must yield the
total number concentration to qualify as a DSD func-
tion. This property is a direct consequence of the fun-
damental result that any probability density function
must integrate to unity. The relation between D0, �,
and 
 is given by

�D0 ≅ 3.67 � �, �4�

where D0 is the drop median diameter defined as

�
0

D0

D3N�D� dD � �
D0

�

D3N�D� dD. �5�

Using (4), fD(D), the gamma pdf described by (2), can
be written in terms of D0 and � as

fD�D� �
�3.67 � ����1

��� � 1�D0
� D

D0
��

exp���3.67 � ��
D

D0
�.

�6�

To compare the probability density function of D in the
presence of varying water contents, the concept of scal-
ing the DSD has been used by several authors (Testud
et al. 2000; Illingworth and Blackman 2002).

The corresponding form of N(D) can be expressed as

N�D� � Nwf���� D

D0
��

exp���3.67 � ��
D

D0
�,

�7�

where Nw is the scaled version of N0 defined in (3):

Nw �
N0

f���
D0

� �8a�

and

f��� �
6

�3.67�4 ��3.67 � ����4

��� � 4�
�, �8b�

with f(0) � 1 and f(�) is a unitless function of �. One
interpretation of Nw is that it is the intercept of an
equivalent exponential distribution with the same water
content and D0 as the gamma DSD (Bringi and Chan-
drasekar 2001). Thus Nw, D0, and � form the three
parameters of the gamma DSD.

b. Effective drop shape

Wind tunnel measurements and the 2D video dis-
drometer as well as in situ observations using airborne
2D probes indicate that the shape of raindrops can be
approximated by oblate spheroids described by semi-
major axis a and semiminor axis b. The axis ratio of the
raindrop (r) is given by

r �
b

a
. �9�

The shape–size relation can be approximated by a
straight line (Gorgucci et al. 2000) given by

r�D� � 1.03 � �D. �10�

In (10), r � 1 when D � 0.03/�, where � is the magni-
tude of the slope of the shape–size relationship given by

� � �
dr

dD
�mm�1�. �11�

The linear fit to the wind tunnel data of Pruppacher and
Beard (1970) corresponds to � � 0.062 mm�1 (the re-
sulting drop shape model will be hereafter referred as
PB). In general, given a DSD it is possible to define a
mass-weighted mean axis ratio as

rm �

�
0

�

D3N�D�r�D� dD

�
0

�

D3N�D� dD

. �12�

In this way (10), taking (12) into account, can be used to
define for the given DSD an effective drop shape ex-
pressed as

�e �
1.03 � rm

Dm

, �13�

where Dm is the mass-weighted mean drop diameter.
Equation (13) allows the definition of an equivalent
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linear relation in the case that (9) is not linear. In fact,
if the mean axis ratio versus D relation is nonlinear, it
is always possible to define a linear relation that results
in the same Kdp (Bringi et al. 2003).

3. Polarimetric radar retrieval of EDS and DSD

Seliga et al. (1981) showed that for an exponential
distribution, the two parameters of the DSD, N0 and
D0, can be estimated using Zdr and Zh. Using an equi-
librium raindrop shape model, they employed a two-
step procedure where first they estimated D0 from Zdr

and subsequently used this value jointly to Zh to esti-
mate N0. This procedure can essentially also be applied
for a normalized gamma DSD and the generic drop
shape model described by (10).

Gorgucci et al. (2006a) showed that by collapsing the
self-consistency principle onto a two-dimensional space
defined by the two variables Kdp/Zh and Zdr, the influ-
ence of DSD is minimized so that the drop shape varia-
tion can be observed. At S band, they used this ap-
proach to get information on the prevailing shape of the
raindrop along the path directly from polarimetric ra-
dar measurements. Using this methodology, it was
found that the different contours of drop shape fre-
quencies are centered on a line that corresponds to
slightly more spherical shapes than those described by
the PB model, but showing a similar linear relation.
This result suggests that replacing the � algorithm pro-
posed in Gorgucci et al. (2000) with a function of the
two variables Kdp/Zh and Zdr gives results that are more
robust with regard to DSD variations. The new algo-
rithm takes the form of

�e � c1�Kdp

Zh
�a1

�dr
b1 �mm�1�. �14�

A simulation was performed for the same conditions
mentioned above to find the parameters a, b, and c.
Once the gamma DSD is given in the form of (7), it is
possible to compute radar parameters such as Zh, Zdr,
and Kdp for the various � of the drop shape defined by
(10). Under these conditions and at a temperature of
20°, radar parameters are computed for widely varying
DSDs by randomly choosing Nw, D0, �, and � over the
following ranges:

3 � log10 Nw � 5 �m�3 mm�1�
0.5 	 D0 	 3.5 �mm�

� 1 	 � � 5
0.04 	 � 	 0.08 �mm�1�, �15�

with the further constraints of (10log10 Zh)  55 dB and
R  300 mm h�1. The range variability (15) falls within

the range of parameters suggested by Ulbrich (1983).
Once Zh, Zdr, and Kdp measurements are simulated, a
nonlinear regression analysis is performed to estimate
the coefficients in (14). In Table 1, the values of the
coefficients are reported for S, C, and X band (3, 5.4,
and 9.3 GHz, respectively). At X band, (14) is charac-
terized by a correlation coefficient of 0.974, a normal-
ized standard error (NSE) of 4.3%, and a normalized
bias (NB) of 0.15%. NSE is the root-mean-square error
normalized with respect to the mean true value,
whereas NB is the difference between the mean esti-
mated and true values normalized to the mean true
value.

Gorgucci et al. (2002a) have shown that gamma DSD
parameters can be estimated through relationships
whose coefficients depend on �. Therefore, once � is
estimated from (14), it can be shown that a parameter-
ization for D0 and Nw can be pursued in the form

D0 � c2��dr � 0.8
� �a2

�mm�, �16a�

log10Nw � c3��dr � 0.8
� �a3

Zh
b3, �16b�

where Nw is given in mm�1 m�3, �dr � 100.1Zdr is the
differential reflectivity in linear scale, and Zh is the re-
flectivity factor at horizontal polarization (mm6 m�3). It
should be noted here that an equivalent “beta” is being
estimated only for algorithmic purposes and not to sug-
gest that the drop shape–size relation in linear. Coeffi-
cients of (16a) and (16b) are estimated through the
simulation above described and listed in Tables 2 and 3,
respectively. A simulation has also been utilized to
evaluate the performance of (16). Figure 1a shows the
scatterplot of D0 estimates using (16a) versus true D0,
for widely varying DSD parameters. It can be seen from
Fig. 1a that D0 is estimated fairly well with negligible
bias except for D0  1 mm. Quantitative analysis of the
scatter gives a correlation coefficient of 0.956, an NSE
of 12%, and an NB of 0.6%. Figure 1b shows the scat-
terplot of log10 Nw estimates using (16b) versus the true
values for widely varying DSD parameters. Both Figs.
1a and 1b refer to 2000 DSDs. The performance of
(16b) is characterized by the following quantitative pa-
rameters: correlation coefficient of 0.853, NSE of 7%,
and NB of �0.3%.

TABLE 1. Coefficient values of the � parameterization (14) for
the three basic weather radar bands.

Band c1 a1 b1

S (3 GHz) 1.220 0.342 1.155
C (5.4 GHz) 1.156 0.367 0.848
X (9.3 GHz) 0.632 0.276 1.212
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4. Attenuation correction of X-band radar
measurements

Combining the advantages of both the differential
phase–based attenuation correction technique and the
rain-profiling algorithm used in spaceborne radar ap-
plications, the methodology of Testud et al. [2000; here-
after named differential phase constraint (DPC)] pro-
duced an important improvement in the performance
of the attenuation correction. The final value constraint
was developed by converting the cumulative differen-
tial phase to total cumulative attenuation.

At X band, Gorgucci et al. (2006b) proposed a new
method for attenuation correction of reflectivity and
differential reflectivity based on SC, which constrains
each pair of Zh and Zdr to the corresponding �dp along
the entire path. Using the values offered by the rain-
profiling algorithm (DPC) as an initial guess for the
attenuation correction procedure, the self-consistency
is then forced with the corrected measurements of Zh,
Zdr in combination with the differential propagation
phase for further improving the attenuation correction.
An iterative process based on the minimization be-
tween reconstructed and measured �dp allows for im-
proved attenuation and differential attenuation accu-
racy compared to the methods that use only �dp as a
constraint. An independent methodology for optimiz-
ing both attenuation and differential attenuation esti-
mation is used.

Starting from the SC method for attenuation and dif-
ferential attenuation, Gorgucci and Baldini (2007) have
proposed, for the C band, an optimization method to
make the procedure fully self-consistent. In other
words, the quantities Zh, Zdr, �dp, �h, and �d are con-
strained jointly by the self-consistency. The study
showed excellent performance, with very little normal-
ized bias and normalized standard error compared to
all other correcting attenuation techniques.

Figure 2a shows the normalized bias (black lines) and
normalized standard error (gray lines) of specific at-
tenuation estimates using the DPC (dashed line) and
FSC (solid line) algorithms as a function of a 15-km rain
path with droplets following the PB model. It should be
noted that the parameterizations of attenuation and dif-
ferential attenuation based on the triplet Zh, Zdr, and
Kdp used in the FSC methods are built based on the
same DSD dataset described above and assuming � to
vary between 0.04 and 0.08 mm�1. In this way, the pa-
rameterizations will be optimized for varying drop
shapes. The profiles refer to the Texas Florida Under-

TABLE 2. Coefficient values of the D0 parameterization (16a)
for the three basic weather radar bands.

Band c2 a2

S (3 GHz) 0.172 1.019
C (5.4 GHz) 0.358 0.662
X (9.3 GHz) 0.202 0.884

TABLE 3. Coefficient values of the log10 Nw parameterization
(16b) for the three basic weather radar bands.

Band c3 a3 b3

S (3 GHz) 8.168 �0.654 0.079
C (5.4 GHz) 6.188 �0.459 0.065
X (9.3 GHz) 7.241 �0.581 0.083

FIG. 1. Scatterplots of (a) D0 obtained by (16a) and (b) log10 Nw

obtained by (16b) vs the corresponding true values for widely
varying DSD parameters in (15). The points refer to 2000 DSDs.
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flight Experiment (TEFLUN-B) campaign described in
section 5. Figure 2a illustrates the very good perfor-
mance of �h estimations with FSC compared with those
obtained by DPC, being characterized by a smaller NB
and NSE of about 20%. Figure 2b refers to the same
parameters for cumulative attenuation estimates (Ah).
In this case, the excellent performance of FSC with
respect to DPC is also pointed out by a smaller NB and
NSE. In particular, the FSC procedure is suited to re-
moving any systematic bias generated by DSD and
drop shape variability along the path.

Figures 3a and 3b show the comparison between dif-
ferential attenuation and cumulative differential at-
tenuation (Ad) estimated with the FSC in comparison
with the DPC algorithm. Except in the first 3 km, where

the mean values are much too small, cumulative differ-
ential attenuation obtained using FSC presents, on av-
erage, an FSE smaller than 50% with respect to the
corresponding DPC values; this represents an excellent
result.

5. Simulation and analysis

All the most recent techniques designed to correct
attenuation and differential attenuation are based on
the use of constraints at the end of a fixed path (such as
DPC) or distributed along the entire path (such as
FSC). In this way, the correction in each bin will de-
pend on an average factor determined by the �dp value

FIG. 2. NB (black lines) and NSE (gray lines) of (a) specific
attenuation estimates �h (DPC; dashed line) and �h (FSC; solid
line) and (b) cumulative attenuation Ah (DPC; dashed line) and
Ah (FSC; solid line) as a function of the range. Attenuations of the
X-band range profiles, generated from S-band observations, are
given by the presence of a 15-km rain path with droplets following
the PB model. Error measurements and differential phase upon
scattering are included.

FIG. 3. NB (black lines) and NSE (gray lines) of (a) differential
attenuation estimates �d (DPC; dashed line) and �d (FSC; solid
line) and (b) cumulative differential attenuation Ad (DPC; dashed
line) and Ad (FSC; solid line) as a function of the range. Attenu-
ations of the X-band range profiles, generated from S-band ob-
servations, are given by the presence of a 15-km rain path with
droplets following the PB model. Error measurements and differ-
ential phase upon scattering are included.
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relative to the considered bin. The error of this correc-
tion can be interpreted as noise that adds to the DSD
parameters of the specific bin. To evaluate the effect
this has on the DSD retrieved from corrected radar
measurements, it would be necessary to know the mi-
crophysics in each bin, which is not realistic. The only
way to do such an analysis is by simulation. For this
purpose, the performance of the DSD retrieval algo-
rithms (16a) and (16b) are evaluated using X-band (9.3
GHz) range profiles generated from S-band (3 GHz)
observations. The test data are composed of 6400 pro-
files that have at least 3° of increase in �dp. The simu-
lation methodology is described in Chandrasekar et al.
(2006). The S-band radar data used in the analysis
were collected by the National Center for Atmospheric
Research (NCAR) S-band dual-polarization (S-Pol)
Doppler radar during TEFLUN-B. The test data were
obtained over rain profiles of 15 km in length contain-
ing 100 range bins at a resolution of 0.150 km.

To take account of the different error structures
caused by the different radar measurements, the signal
fluctuation and the differential phase on backscattering
(�) are also included. Random signal fluctuation is gen-
erated (Chandrasekar and Bringi 1987) in such a way
that Zh, Zdr, and �dp measurement errors correspond
to 1 dB, 0.3 dB, and 3°, respectively.

The method used to study the performance of DSD
retrieval is the following:

1) For each real S-band rain profile and for the PB
drop shape model, using the self-consistency prin-
ciple, every range bin is assigned a DSD that gen-
erates radar measurements equal to the correspond-
ing real profile values.

2) DSD profiles are used to simulate the radar mea-
surement profiles at X band.

3) Signal random fluctuation is added to the radar
measurement profiles.

4) Differential phase on backscattering is added to the
path differential phase.

5) For each rain profile, cumulative attenuation and
differential attenuation are computed in every range
bin, taking the existing DSD into account.

6) The attenuated Zh and Zdr profiles are obtained by
subtracting attenuation and differential attenuation
from the corresponding unattenuated values.

7) The FSC correction method is used to estimate at-
tenuation and differential attenuation to obtain cor-
rected Zh and Zdr profiles.

8) For each path, the estimation of � is obtained by
(14) considering Zh as the mean power along the
path, �dr the ratio between the mean power at h and
v polarization, and Kdp the mean value obtained

from the finite difference between the end and the
beginning of the differential propagation phase pro-
file.

9) In each range bin, D0 and Nw are computed using
(16) and compared to the true value.

The performances of the microphysical algorithms
(16) are studied using 15-km rain paths with droplets
following the PB model. To analyze the different er-
rors, the Eqs. (16) are coded up. The behavior of each
parameterization is characterized in terms of NSE and
NB.

First, the estimation of �e is analyzed. To study the
performance of (14), following the method described in
step 8, �e has been computed using true, measured, and
FSC-corrected values of Zh and Zdr. Table 4 shows the
NB and the NSE of �e estimation for the three different
kinds of profiles. NB and NSE named “true” represent
the accuracy of (14) to the DSD variability, whereas NB
and NSE named “measured” obtained using profiles
affected by measurement errors, attenuation, differen-
tial attenuation, and differential phase shift on back-
scattering characterize the performance of (14) when
X-band measurements without any attenuation correc-
tion are used. In this case, because of a compensation
action between attenuation and differential attenuation
(Gorgucci et al. 2006c), �e results are not much affected
by attenuation. The last case, labeled “corrected,” re-
fers to the use of FSC-corrected profiles and shows that
the FSC technique performs a correction on radar mea-
surements that reduces NB to a value comparable to
that obtainable with the true measurements, whereas
NSE improves from 7.7% to 6.5%.

Figures 4a and 4b show the NB and the NSE of D0

estimates using (16a) with true (dashed line), attenu-
ated (dotted line), and corrected values (solid line) of
Zdr and �e as a function of range. The good perfor-
mance of D0 estimation is indicated by the very small
difference between the values obtained using true and
corrected values of Zdr in (16a), about 1% and 2% for
NB and NSE, respectively. Of course, this result is pri-
marily due to the goodness of the attenuation correc-

TABLE 4. Merit factors of �e estimation using true, measured,
and FSC-corrected values of Zh and Zdr. Radar measurements,
affected by signal fluctuation and differential phase on backscat-
tering, refer to the 15-km path, and Kdp is obtained from a finite-
difference of the propagation phase profile.

�e NB NSE

True 3.4% 5.1%
Measured 5.3% 7.7%
Corrected 3.6% 6.5%
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tion procedure. In fact, the differences between the true
and FSC lines are only due to the attenuation correc-
tion procedure, whereas the NB and NSE of the true
line give weight to the accuracy of the parameteriza-
tion. Moreover, it has to be pointed out that increasing
NB and NSE with the range obtained using attenuated
values is totally removed by the FSC correction tech-
nique.

Figures 5a and 5b show the normalized bias and nor-
malized standard error of log10 Nw estimates using
(16b) with true (dashed line), attenuated (dotted line),
and corrected values (solid line) of Zh, Zdr, and �e as a
function of range. In this case, the very good perfor-
mance of (16b) estimations is also highlighted by the
small difference, both in NB and NSE, between the
values obtained using true and reconstructed values of
Zh, Zdr, and �e.

Gorgucci et al. (2006a), using radar data collected by
the SPol in Florida in 1999, showed that the drop shape

retrieved from polarimetric radar data presents a vari-
ability that lies between the PB model and the equilib-
rium model of Beard and Chuang (1987; referred to as
BC). For this reason, the algorithms (16a) and (16b)
have been analyzed in the presence of a rain medium
where raindrops follow the BC model. In this way, it is
possible to check the performance of �e to represent a
nonlinear drop shape model as the BC model. The re-
sults are shown in Figs. 6 and 7, where NB and NSE of
D0 and log10 Nw estimates are plotted as a function of
the range. From a general viewpoint, the metrics show
performances similar to those found using the PB drop
shape model. The effect related to the use of an equiva-
lent linear relation for the drop shape can be seen by
analyzing the true lines. In particular, the estimation of
D0 presents a variation of about 2% and 1% in the NB
and NSE, respectively. In the estimation of log10 Nw,

FIG. 4. (a) NB and (b) NSE of D0 estimates using (16a) com-
puted with true (dashed line), measured (dotted line), and FSC-
corrected value (solid line) of Zdr as a function of range.

FIG. 5. (a) NB and (b) NSE of log10 Nw estimates using (16b)
computed with true (dashed line), measured (dotted line), and
FSC-corrected values (solid line) of Zh and Zdr as a function of
range.
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both NB and NSE present small variations with respect
to the PB model. Regarding the robustness of attenu-
ation correction procedure with respect to the drop
shape model change, its good performance is pointed
out by the small variations of the FSC lines. In conclu-
sion, although NB and NSE obtained from profiles gen-
erated using the BC model show higher values than the
corresponding values obtained assuming the linear PB
model, they still remain well within acceptable limits.

6. Experimental results

The reliability of the microphysical retrieval after at-
tenuation correction has been examined by simulation
using reconstructed profiles from real S-band measure-
ments. In this section, we use polarimetric radar data

collected by the National Oceanic and Atmospheric
Administration/Earth System Research Laboratory
(NOAA/ESRL) X-band transportable polarimetric ra-
dar (Martner et al. 2001) during the field campaign
conducted by Dr. Kummerow at the National Aeronau-
tics and Space Administration (NASA) Wallops Island
facility in Virginia. The polarimetric radar measure-
ments were collected using a scheme based on simulta-
neous transmission and reception at horizontal and ver-
tical polarization states (Matrosov et al. 2002). The data
refer to a rain event that took place on 11 April 2001
between 1515 and 1700 UTC. The polarimetric radar
measurements were estimated by integrating 256
pulses. To establish the performance of the data collec-
tion, a moving window was used to compute the stan-
dard deviations of Zdr and �dp that presented modal

FIG. 6. (a) NB and (b) NSE of D0 estimates using (16a) com-
puted with true (dashed line), measured (dotted line), and FSC-
corrected value (solid line) of Zdr and �e as a function of range.
The raindrops along the path follow the BC drop shape model.

FIG. 7. (a) NB and (b) NSE of log10 Nw estimates using (16b)
computed with true (dashed line), measured (dotted line), and
FSC-corrected values (solid line) of Zh, Zdr, and �e as a function
of range. The raindrops along the path follow the BC drop shape
model.
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values of 0.065 dB and 0.85°, respectively. These values
result in good agreement with the corresponding theo-
retical computation.

An analysis of the radar images of reflectivity
showed, at the beginning of the rainstorm, radar echoes
composed of convective rain embedded in stratiform
precipitation. The rainstorm changed over time toward
a more pronounced stratiform regime.

The test data were obtained from range profiles
where the reflectivity factor is greater than 0 dBZ, with
the corresponding power at the antenna greater than
�110 dBm over at least 15-km consecutive bins. A pro-
file was chosen if it presented more than 3° of increase
in �dp. Under these conditions, a dataset of about 8500
profiles was selected. The radar data consisted of Zh,
Zdr, and �dp, which are available every 150 m in range.
The �dp was filtered in range using the iterative method
of Hubbert and Bringi (1995) in order to minimize the
effects due to the phase shift on backscattering. The
FSC correction method was performed to estimate at-
tenuation and differential attenuation. These attenua-
tions were used to correct the radar power measure-
ments to obtain corrected Zh and Zdr.

Figure 8 shows a typical range profile of measured
reflectivity, differential reflectivity, and differential
propagation phase at the X band with the corrected
profiles for Zh and Zdr using the FSC method. For ref-

erence, in the same figure, the retrieved profiles of D0

and log10 Nw using the retrieval procedure are also
shown. The profile exhibits DSD variability with the
usual general trend that log10 Nw increases as D0 de-
creases.

To retrieve the DSD parameters, the parameter �
must be estimated first. The averaged values Zh, Zdr,
and Kdp are used to obtain Kdp/Zh and Zdr pairs for
each path. Figure 9 shows the distribution of the Kdp/Zh

and Zdr values. In the figure as a reference, the behav-
ior of the different averaged Kdp/Zh path values as a
function of Zdr for different drop shape models is also
plotted. In particular, the linear models characterized
by � equal 0.04, 0.05, 0.062, and 0.07 mm�1 (referred as
�4, �4, PB, and �7, respectively), and the nonlinear
models by Beard and Chuang (1987), Andsager et al.
(1999), Keenan et al. (2001), and Brandes et al. (2002)
(referred as BC, ABL, KZCM, BZV, respectively) are
considered. Comparing the distribution of the Kdp/Zh

and Zdr values with the corresponding values of the
chosen models, a larger amount of information about
the prevailing underlying EDS can be obtained. It is
important to note that, even if the original drop axis
ratio is a nonlinear function, it is possible to define an
equivalent linear model that results in the same Kdp/Zh

and Zdr pair.
From a general viewpoint, the points of Fig. 9 are

FIG. 8. Example of typical range profile of measured reflectivity, differential reflectivity, and
differential propagation phase at the X band. For comparison, corrected Zh and Zdr profiles
using the FSC method are shown. The retrieved profiles of D0 and log10 Nw are also given. The
profile was collected on 11 Apr 2001 at an elevation of 2.7°.
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located essentially between the PB and BC lines. How-
ever, for Zdr  1.2 dB, the line �5 appears more suit-
able to bound the lower part of the scatter. In particu-
lar, the mean values of the ratio Kdp/Zh as a function of
Zdr present values closer to the BC line and tend to
approach the PB line with the increase of Zdr. In other
words, raindrops become more oblate as Zdr. increases.
Another aspect that needs to be highlighted is that the
droplets of the considered precipitation event present
on average a drop shape that is more oblate than those
described by the BZV, ABL, and KCZM models.

Once � is determined, it is used in the algorithms
(16a) and (16b) to retrieve D0 and Nw. Figure 10 shows
the scatter between the values of log10 Nw versus D0 for
the entire dataset collected on 11 April 2001. The val-
ues refer to about 840 000 values. The curve presents a
clear trend with an inverse relationship between Nw

and D0, as observed by Bringi et al. (2003). Also over-
laid on this figure are the 5-min-averaged data obtained
from analysis of the NASA Joss–Waldvogel disdrom-
eter that were part of the Wallops field experiment.
Disdrometer data refer to 3-h measurements and are
corrected for the effect known as the disdrometer’s
dead time (Matrosov et al. 2005). Figure 10 shows that
the radar retrievals are reasonable when compared to

disdrometer data and emphasizes that, although the re-
trievals are based on a 2-h radar dataset, the spatial
sampling tends to capture a wide range of DSD vari-
ability significantly greater than the variability the dis-
drometer can obtain during the same approximate sam-
pling time.

7. Summary and conclusions

An accurate attenuation correction procedure using
the internal self-consistency of radar measurements is
used to derive attenuation-corrected polarimetric radar
measurements, which in turn are used to retrieve DSD
parameters. The full self-consistency solution optimizes
for the best estimate of specific and cumulative attenu-
ation as well as specific and cumulative differential at-
tenuation. This technique also produces highly accurate
estimates at X band. This paper explores the feasibility
of attenuation-corrected measurements for retrieving
DSD parameters. Both accurate characterization of
raindrop size distribution and the estimation of DSD
parameters using remote measurements are needed for
inferring rain microphysics useful for regional climato-
logical characterization. However, interpretation of po-
larimetric radar measurements in rainfall, such as dif-
ferential reflectivity and specific differential phase

FIG. 9. Scatterplot between the ratio Kdp/Zh as a function of Zdr for X-Pol data collected on
11 Apr 2001 during the campaign conducted at the NASA Wallops Island facility in Virginia.
For comparison, averaged values for widely varying DSD obtained from the nonlinear rela-
tions of BC, ABL, KCZM, and BZV (dark gray lines), and the linear relations of PB, � � 0.04
mm�1, � � 0.05 mm�1, and � � 0.07 mm�1 (light gray lines) are also shown.
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shifts, depends on the mean raindrop shape–size rela-
tionship. Following the results obtained on drop shape
variability by Gorgucci et al. 2006b, a more robust al-
gorithm is presented to obtain the mean shape of the
raindrops from polarimetric radar measurements.
When � is known, it is possible to estimate D0 and Nw

from the radar measurements. In this paper, a new set
of parameterization for estimating D0 and Nw at X band
is presented.

The retrieval procedure developed in this paper is
evaluated by simulation. Parameters of the DSD are
obtained from real S-band profiles, which in turn are
used to obtain X-band polarimetric radar measure-
ments. Adding their typical measurement errors to X-
band profiles and considering the differential phase ef-
fect on backscattering, more realistic profiles are ob-
tained and they can give information about the retrieval
of DSD parameters. Using this methodology, detailed
analysis of the estimated gamma DSD parameters has
been performed. The analysis shows a very good per-
formance of D0 retrieval with very little NSE of 15%
and 17% for PB and BC drop shape models, respec-
tively. Similar conclusions are true for log10 Nw retrieval
with NSE of 14% and 17%.

Radar measurements collected on 11 April 2001 dur-

ing the field campaign at the NASA Wallops Island,
Virginia, facility by the NOAA/ESRL X-band polari-
metric radar are also used in this study as data for com-
parison.

Using the self-consistency principle of polarimetric
measurements in rain, information on drop shape has
been obtained and compared with the most widely used
drop shape models. From the comparison, it appears
that the drops of the studied precipitation event present
on average a drop shape that is more oblate than that
described by the BZV, ABL, and KCZM models.
Moreover, the fact that DSD disdrometer measure-
ments are embedded into the radar DSD retrievals
shows that the new microphysical algorithms give rea-
sonable estimations.
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