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ABSTRACT

The potential utilization of specific attenuation A for rainfall estimation, mitigation of partial beam
blockage, and radar networking is investigated. The R(A) relation is less susceptible to the variability of drop
size distributions than traditional rainfall algorithms based on radar reflectivity Z, differential reflectivity
Zpr, and specific differential phase Kpp in a wide range of rain intensity. Specific attenuation is estimated
from the radial profile of the measured Z and the total span of the differential phase using the ZPHI method.
Since the estimated A is immune to reflectivity biases caused by radar miscalibration, attenuation, partial
beam blockage, and wet radomes, rain retrieval from R(A) is also immune to the listed factors. The R(A)
method was tested at X band using data collected by closely located radars in Germany and at S band for
polarimetrically upgraded Weather Surveillance Radar-1988 Doppler (WSR-88D) radars in the United
States.

Itis demonstrated that the two adjacent X-band radars—one of which is miscalibrated and another which is
affected by partial beam blockage—produce almost indistinguishable fields of rain rate. It is also shown that
the R(A) method yields robust estimates of rain rates and rain totals at S band, where specific attenuation is
vanishingly small. The X- and S-band estimates of rainfall obtained from R(A) are in good agreement with
gauges.

1. Introduction distributions (DSD). Methods based on specific differ-
ential phase Kpp are less sensitive to DSD variations
and are immune to attenuation and radar miscalibration.
Biases in Z and Zpg caused by attenuation, especially at
shorter wavelengths, can be efficiently reduced using
total differential phase ®pp. A typical solution for S
band is a combination of an R(Kpp) relation for higher
rain rates and an R(Z, Zpgr) relation for lower rain rates,

. where Kpp becomes noisy and increasingly susceptible
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Significant progress has been achieved in rainfall
measurements after dual-polarization radars were in-
troduced. The utilization of differential reflectivity Zpgr
in combination with radar reflectivity Z helps to mitigate
uncertainties related to the variability of drop size
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than at S band, and it is usually complemented by an
R(Z) relation for lighter rain provided that Z is polari-
metrically corrected for attenuation (Park et al. 2005;
Figueras i Ventura et al. 2012; Vulpiani et al. 2012). The
R(Z, Zpr) relation is less efficient at shorter wave-
lengths because Zpg can be strongly biased by differential
attenuation, and the quality of its attenuation correction
using differential phase is not sufficient to ensure the re-
quired accuracy of the Zpg measurements within 0.1-
0.2 dB if differential attenuation is significant.

Despite all the progress in polarimetric rainfall mea-
surements, several practically important issues still re-
main to be addressed. Although the parameters of
power-law type R(Kpp) relations are less sensitive to
DSD variability than the parameters of R(Z) relations,
the utilization of a single R(Kpp) relation is not suffi-
cient to capture the full range of DSD variability. Hence,
R(Kpp) relations need to be optimized for particular
DSD or rain regimes. Maps of instantaneous rain rates
retrieved from R(Kpp) algorithms usually look much
noisier and thus less appealing to the users than corre-
sponding maps obtained using R(Z) relations. Such
noisiness may be visible even in the fields of hourly rain
accumulation. Negative rain totals are occasionally re-
trieved, which may undermine the credibility of the al-
gorithm. Moreover, the shape of smaller-size convective
cells may be distorted in R(Kpp) maps because of dif-
ficulties in ®pp processing at smaller scales. Radial
profiles of differential phase exhibit large-scale oscilla-
tions in areas of nonuniform beam filling, which reduces
the magnitude of the cross-correlation coefficient py,, and
enhances perturbations of ®pp (Ryzhkov 2007). Despite
recent attempts to improve ®pp processing (e.g., Wang
and Chandrasekar 2009; Otto and Russchenberg 2011;
Maesaka et al. 2012), reliable and robust routines for Kpp
estimations do not exist at the moment. Careful sepa-
ration of the contributions to ®pp from the Kpp-related
forward-propagation effects and the backscatter differ-
ential phase § is required at X band (e.g., Tromel et al.
2013). Thus, there is a need for a substitute for R(Kpp)
when Kpp is corrupted and unreliable. Estimates of
R(Z) or R(Z, Zpr) are obvious choices, but such estimates
may suffer deficiencies due to miscalibration, partial
blockage of the radar beam, uncompensated biases due
to attenuation, and high sensitivity to DSD variability.
There is not a single R(Z, Zpg) relation that can be
recommended for all rain types, a situation that is cur-
rently a challenge for polarimetrically upgraded Weather
Surveillance Radar-1988 Doppler (WSR-88D) radars.

In view of all these problems, revisiting specific at-
tenuation A as a possible radar variable for rainfall
estimation and for a likely substitute for traditionally
employed—but compromised—Z, Zpg, and Kpp relations
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is a natural undertaking. As opposed to Z, A is more
directly related to rain rate and liquid water content, and
its estimation may not be affected by radar miscalibra-
tion and blockage of the radar beam (depending on the
method of its estimation). The low sensitivity of the R
(A) relation to DSD variability is well known and
pointed out by Atlas and Ulbrich (1977) and Matrosov
(2005).

The question is how to estimate attenuation. Using
microwave links is one of the most direct methods (e.g.,
Moupfouma 1984; Overeem et al. 2011). In the case of
weather radar, this is a much greater challenge, and re-
searchers were primarily interested in how to correct Z
in the presence of attenuation rather than in measuring
and capitalizing on A itself. A classical method for cor-
recting Z for attenuation using a single-polarization ra-
dar was suggested by Hitschfeld and Bordan (1954). The
Hitschfeld and Bordan algorithm was later refined using
external constraints such as path-integrated attenuation
(PIA), which should be estimated from an independent
measurement (Meneghini and Nakamura 1990; Iguchi
and Meneghini 1994; Marzoug and Amayenc 1994). In
the case of dual-polarization radars, Bringi et al. (1990)
and Testud et al. (2000) proposed utilizing the total span
of the differential phase A®pp along the propagation
path for estimating PIA as

PIA = aAd (1)

(the “ZPHI method”; for details, see section 3). In Eq.
(1), @ is equal to the net ratio of A and Kpp along the ray.
In fact, specific attenuation A is not used directly to
estimate rain rate according to the ZPHI method. In-
stead, it is utilized as an interim parameter for calcu-
lating the normalized concentration of raindrops N,,
(Testud et al. 2001), and the rain rate is computed from
the combination of Z (corrected for attenuation) and N,
(Le Bouar et al. 2001).

In our study, we suggest utilizing A computed from
the ZPHI formula for a direct estimation of rain rate.
Because such an estimate of A is immune to radar mis-
calibration, partial beam blockage, and impacts of a wet
radome, the corresponding R(A) estimate is also in-
sensitive to these factors. Moreover, there is no distor-
tion of the shape of rain cells if the R(A) relation is used.
However, there are two major issues in determining A
from ZPHI. One of them is the uncertainty of the A(Z)
relation due to the variability of N,,, and the other is the
uncertainty in the ratio A/Kpp. The sensitivity of R(A)
estimates to these uncertainties is one of the issues ex-
amined in the paper. Once A is derived, the relation R
(A), although little sensitive to DSD variations, depends
on temperature. This temperature dependency can,
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however, be taken into account knowing the geometry
of the beam and the vertical profile of temperature
[currently easily available from numerical weather pre-
diction (NWP) models]. The ZPHI method has never
been utilized at S band [except in one conference paper
by Le Bouar and Testud (2001)], which can be attributed
to the fact that attenuation is small at S band. In this
paper, we will show that the R(A) method is even more
promising at S band than at shorter radar wavelengths.

The R(A) methodology has its advantages and dis-
advantages. One of the goals of this study is to show that
it provides robust estimations of rainfall and that it can
complement existing algorithms where they experience
problems and where we anticipate A-based algorithms
to work better despite all its limitations.

The paper is organized as follows. In section 2, the
sensitivity of the R(A) relations to the variability of drop
size distributions is examined at different radar wave-
lengths. The procedure for the estimation of specific at-
tenuation A is described in section 3 followed by sections
4-6, where the sensitivity of the A estimate to the radial
variability of N,,, the uncertainty in the parameter «, and
the presence of hail is evaluated. Section 7 contains ap-
plication examples of the R(A) methodology for rainfall
estimation at X and S bands, and for radar networking.

2. Sensitivity of R(A) relations to variability of
drop size distributions at different radar
wavelengths

A large DSD dataset collected during seven years of
2D video disdrometer measurements in Oklahoma is
used to evaluate the sensitivity of the R(A) relations at
different radar wavelengths to the DSD variability. The
details of the disdrometer measurements can be found
in Schuur et al. (2001, 2005). The dataset contains
47144 DSDs encompassing a wide range of different
rain types. Radar variables for each DSD have been
simulated assuming the raindrop aspect ratio specified
by Brandes et al. (2002) and a 10° width of the canting
angle distribution. The optimal R(Z), R(Kpp), and R(A)
power-law relations have been obtained using a stan-
dard weighted least squares polynomial fit. All rain rates
associated with individual DSDs were separated into 30
intervals of log(R) with increments of 0.1 between —1.0
and 2.0, and each interval was given a weight pro-
portional to the total rain corresponding to this interval
(i.e., mean rain rate of the interval multiplied by the
number of DSDs belonging to it).

The R(A) relation is much less sensitive to DSD
variations than the R(Z) and R(Kpp) algorithms. This
is illustrated in Fig. 1, where the results of simulations
are presented for S (A = 11.0cm), C (A = 5.3cm), and
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X (A = 32cm) bands, and a temperature of 20°C. The
advantage is most pronounced at S band, where specific
attenuation A is very close to the 3.67th moment of the
DSD (i.e., the one for rain rate). The R(Kpp) relation
may exhibit lower sensitivity to DSD for very high rain
rates at C and X bands, but R(A) is less affected by DSD
variability at lower rain rates. It is known that specific
attenuation depends on temperature; hence, the param-
eters of R(A) relations are temperature dependent as
shown in Table 1, where the optimal power-law relations
are listed at all three frequency bands for different tem-
peratures and for horizontal and vertical polarization.

Although the temperature dependencies of intercept
and exponent in the power-law relations are quite
strong, they are easy to take into account knowing the
vertical temperature profiles, which are widely avail-
able, for example, from the output of NWP models or
soundings. It can be shown that a simple linear in-
terpolation of intercepts and exponents in the R(A) re-
lations for the temperatures between 0°, 10°, 20°, and
30°C provides sufficient precision in rain-rate retrieval at
an arbitrary temperature. Knowing the temperature
with an accuracy of 5° results in errors lower than 10%-—
20% in rain-rate estimates. Note that using vertical po-
larization may be advantageous for implementing the
R(A) algorithm at C and X bands because the corre-
sponding intercepts in the power-law relations are closer
to 1; thus, the R(A,) relations are less sensitive to DSD
variability than the R(A}) relations.

Specific attenuation strongly depends on radar wave-
length. Therefore, the parameters of the R(A) relation
change significantly even within a particular band (S, C,
or X). For the WSR-88D radars operating at S band, the
intercept in the R(A) relation increases by 35% as the
radar wavelength changes from 10.0 to 11.0 cm. At S band,
the dependencies of the intercept on temperature and ra-
dar wavelength can be approximated by the formula

R(A) = ¢;(0¢,(M) AL, )

where
¢, (f) = (2.23 + 0.078¢ + 0.000 85¢%)10° 3)
¢,(\)=1-026(11.0 - A). (4)

In Egs. (3) and (4), t is temperature (°C) and A is the
radar wavelength (cm).

3. Estimation of specific attenuation A

Specific attenuation A can be computed from the ra-
dial profile of the attenuated reflectivity Z, and the
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FIG. 1. Scatterplots of R vs Z, Kpp, and A at S (A = 11.0cm), C (A = 5.3cm), and X (A = 3.2 cm) bands simulated from 47 144 DSDs
measured in Oklahoma.

known two-way PIA along the propagation path (7, 7,) where b is a constant parameter (usually within 0.6-0.9
as (Meneghini and Nakamura 1990) at microwave frequencies) and Z is the intrinsic (not
biased by attenuation) reflectivity factor expressed in

a(n[Z a(r)]bC(b,PIA) linear scale. The factor a is directly related to the nor-

A(r) = Ia(rl , r2) + C(b,PIA) ]a(r, rz)’ ®) malized concentration of raindrops N,,, which is defined
by the liquid water content (LWC) and the mean vol-
where ume diameter D,, of the drop size distribution (Testud
et al. 2001):
£
I(ry,ry) = 0.46b J a(s)[Za(s)]b ds, (6) 4= ()N (10)
r w0
rz 44 LWC
L(r.r,)= 0.46bJ a(5)[Z,(s)1" ds. ) Nyt (11)
r w
C(b,PIA) = exp(0.23bPIA) — 1. (8)  where ¢(T) is a function of temperature and p,, is the
o o density of water.
In deriving (5) it is assumed that Equation (5) yields the exact solution for A provided
b that PIA and the radial dependency of a are known. If
A(r)=a(n[Z(n)”, (9)  ais not a function of range, then Eq. (5) simplifies to
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TABLE 1. Relations of R(A) at different radar wavelengths,
temperatures, and polarizations; R is expressed in mmh ™', 4 is in
dBkm™".

Temp (°C) Horizontal polarization Vertical polarization
X band (A = 3.2cm)
0 R =49.1A3" R=578A0%
10 R =455 A3"% R =533 A0S
20 R =435 A7 R = 51.1 A%
30 R =430 A7° R = 51.0 A%7
Cband (A = 5.3cm)
0 R =221 Ap™ R = 281 A%%
10 R =250 Ap”! R = 326 A0
20 R =294 Ap% R = 393 A%%
30 R =352 A3 R =483 AV
S band (A = 11.0cm)
0 R =223 x10° A" R =3.02 x 10° A%
10 R =310 X 10° AL R =412 x 10° A1
20 R=412X10° A R =551x10° A"
30 R =533 x10° A% R =719 x 10° A1
Z (NP C(b,PIA
A= AOPCOPIY
1(ry,r,) + C(b,PIA)I(r, 1,)
where
7'2 b
I(ry,r,) =0.46b J [Z,(s)]” ds (13)
Lt
and
I‘z b
I(r,r)) = O.46bJ [Z,(s)]" ds. (14)
r

Bringi et al. (1990) suggested estimating PIA using dif-
ferential phase ®pp as

PIA(ry,1,) = a[®Ppp(r,) — Ppp(r))] = aADP,, (15)
and Testud et al. (2000) and LeBouar et al. (2001) utilized
Egs. (12) and (15) to obtain radial profiles of specific at-
tenuation A at Cband. To account for the variability of a in
Eq. (9), they divide the propagation path into the segments
where ®pp changes by 6° and assume that a (or N,,) is
constant within each individual segment so that Eq. (12)
can be utilized safely. In each segment, the values of N,,
are determined from Egs. (9) and (12) using the estimated
A and Z corrected for attenuation from the results of the A
estimation in neighboring segments closer to the radar.
The rain rate is then calculated from an R(Z, N,,) relation
that is very robust with respect to DSD variability. The
described methodology is referred to as the ZPHI method.
Its most recent version is described by Tabary et al. (2011).

The need for ray segmentation and the vulnerability
to radar reflectivity biases caused by possible radar
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miscalibration, partial beam blockage, and wet radome
are the weaknesses of the ZPHI method. The essence
of our approach is 1) to avoid excessive segmentation of
the radar ray either by not using segmentation at all or
by dividing the ray into a small number (ideally two) of
large segments with reliably measured Adpp and 2) to
estimate rain rate directly from specific attenuation A
computed from (12). The approach is both simple and
immune to Z biases caused by radar miscalibration, wet
radome, partial beam blockage, and inadequate cor-
rection for attenuation. Rain-rate fields estimated from
R(A) have the same spatial resolution and structure as
R(Z), whereas the shapes of rain cells retrieved by R(Kpp)
are commonly distorted and the fields of R(Kpp) are much
noisier, particularly at lower rain rates.

4. Impact of radial variability of N,,

As opposed to ZPHI, the radial variability of N,, is ne-
glected in the R(A) method unless a real “hot spot” (such
as hail) is found along the propagation path in rain. We
believe that in the overwhelming majority of situations,
this assumption results in tolerable errors in retrieved A,
which are outweighed by the advantages of the technique.

Testud et al. (2000) examined the impact of the radial
variability of N,, by simulating two artificial rain cells
with significantly different N,,. In our study, we use real
radar data collected in various storms with strong radial
nonuniformity to retrieve actual radial profiles of N,
using well-calibrated Z and Zpgr observations. The
method for the N,, retrieval is similar to the “integrated
ZZ7ZDR algorithm” by Illingworth and Thompson (2005)
also described in Tabary et al. (2011). Data from three
storms that produced heavy rain and were observed by
three polarimetrically upgraded S-band WSR-88D ra-
dars are used in the simulations. One of the storms was
observed with the KOUN WSR-88D radar and produced
a flash flood in Oklahoma City (OKC), Oklahoma, on
14 June 2010. Another one was associated with Hurricane
Irene on 27 August 2011 and caused massive flash floods
along the U.S. East Coast. The third storm (20 May 2011)
represents a mesoscale convective system typical for the
U.S. Great Plains.

Typical fields of log(N,,) for the three storms are
represented in Fig. 2 together with the corresponding Z
maps. The color coding covers a range in log(N,,) from
less than 2.625 (index 0) to larger than 4.375 (index 7),
where N,, is expressed in cubic meter per millimeter
(m>mm™"). Low values of log(N,,) represent “conti-
nental rain” characterized by low concentrations of
large raindrops, whereas high values of log(N,,) corre-
spond to “tropical rain’” with high concentrations of smaller
raindrops (Bringi et al. 2003). Figure 2 shows that the
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FI1G. 2. Examples of PPIs of Z and log(N,,) for three storms producing heavy rain observed with three different polarimetric WSR-88D
radars. The color coding in the bottom panels covers a range in log(N,,) from less than 2.625 (index 0) to larger than 4.375 (index 7). Low
values of log(N,,) represent continental rain characterized by low concentrations of large raindrops, whereas high values of log(N,,)

correspond to tropical rain with high concentrations of smaller raindrops; N,, is expressed inm "~

lowest values of log(N,,) are found in the squall line on
20 May 2011, which represents typical continental rain.
The values of N,, are almost two orders of magnitude
higher for Hurricane Irene. It is interesting that the case
of the OKC flash flood on 14 June 2010 exhibits features
of both continental and tropical rain with cores of
“tropical” rain immersed within “continental” rain.
After N, is determined, the ratio x = log(Z/N,,) is
utilized to estimate y = log(A/N,,) using the formula

y=a,+ax+ a2x2 + a3x3, (16)
where

a,=—6.12-0.012, a, =0.622 —0.0002t,
ay=0.0250, a,=0.00424
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at S band and ¢ is temperature (°C). Equation (16) is
derived from simulations based on a large DSD dataset
obtained in Oklahoma. Temperature for a given range
gate is determined using the distance from the radar and
the elevation angle assuming a linear vertical profile of
temperature with a lapse rate of 6.5°km™'. Then the
value of specific attenuation A at S band is obtained
from y and N,,, which is considered as the ““true’’ value
of A at S band in the storm. Formulas similar to (16) are
used to simulate the corresponding fields of A at C and
X bands, which would be observed in the same storm
assuming that log(Z/N,,) does not depend on radar
wavelength.

As an example, we took the radial of S-band data
collected at 1202 UTC 14 June 2010 at azimuth angle
14.2°, which cuts through a core of tropical rain. The
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F1G. 3. Radial profiles of (a) attenuated Z at S (observed), C (computed), and X bands (computed); (b) retrieved log(N,,); and (c) true
(solid line) and estimated (dashed line) specific attenuation A at X band. The data in the plots have been simulated from Z and Zpgr
observed by the KOUN WSR-88D radar in central Oklahoma during a flash flood event in Oklahoma City at 1202 UTC 14 Jun 2010

3 1

(azimuth 14.2°). The term N,, is expressed inm™ " mm" .

measured radial profile of S-band Z is presented in
Fig. 3a along with the corresponding simulated profiles
at C and X bands. The retrieved radial profile of log(N,,)
is displayed in Fig. 3b. Within the range interval between
25 and 50km from the radar, the two-way path-
integrated attenuation at S, C, and X bands is 0.4, 4, and
24 dB, respectively. The term N,, changes by more than
an order of magnitude in this range interval. Figure 3c
shows the profile of the true simulated A at X band
(solid line) and its estimate (dashed line) using the ap-
proximate solution [Eq. (12)], implying that the factors
N,, and a in the A(Z) relation are constant within the
examined range interval. Surprisingly, the difference be-
tween the true and estimated profiles of A is quite small.

We performed a statistical analysis of the errors in the
A retrieval using Eq. (12) by examining a large number
of radials for the three selected storms and found that
the estimated A has only small biases, and that the
standard fractional error decreases from about 40% at
rain rates of 2mmh ' to 10% for rain rates of S0 mmh !
at S, C, and X bands. An example of a scatterplot of true
A versus its estimate at S band for the whole plan po-
sition indicator (PPI) of the radar data collected during
Hurricane Irene (rightmost panels in Fig. 2) is presented
in Fig. 4. The examples shown and the statistical analysis
demonstrate that the true radial profiles of A are quite
well approximated by its estimate from Eq. (12) even in
the most challenging cases of convective heavy rain with
significant DSD variability characterized by N,,; the
errors are in the range of about 20%. It has to be em-
phasized that the retrieval routine works if only rain is
present along the propagation path. If hail is present in
any part of the propagation path, then the A retrieval
may fail along the whole propagation path, and not only
in the location of hail, due to the integral nature of
Eq. (12). In such a case, the areas of hail should be
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identified, and the method has to be applied sepa-
rately to the portions of the propagation path between
the radar and the hail cell and behind the hail (see
sections 6 and 7).

5. The errors caused by uncertainty of the factor «

While nonuniformity of N, along the propagation
path causes relatively minor and generally acceptable
errors (if hail is isolated), the uncertainty of the factor «
in (15) produces much larger errors in the estimation of
the radial profile of N,,. The factor «, which is equal to

0.02

Estimate of A (dB/km)

0.01

0.00 11 |
0.00 0.01 0.02
True A (dB/km)

0.03

0.04

FIG. 4. Scatterplot of true A estimated from the measured Z and
Zpr at the 0.5° elevation sweep for Hurricane Irene (right panels
in Fig. 1) by the KMHX WSR-88D radar vs its estimate using
Eq. (12).
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the net ratio of A to Kpp along the ray, depends on
temperature and is prone to DSD variability. The scat-
terplots of a versus differential reflectivity Zpr (as a
proxy for DSD variability) in the three radar frequency
bands for 0° and 30°C are displayed in Fig. 5. Both tem-
perature- and DSD-related variations of « are significant.

Decreasing the ratio « by a factor of 2 dramatically
affects the retrieved radial profiles of A at all three radar
wavelengths as Fig. 6 shows. At S band, the retrieved A
is reduced approximately twice uniformly along the ray,
whereas the biases at C and X bands can be much larger
or smaller depending on the range. For small PIA, the
factor C(b, PIA) in Eq. (8) can be expanded as

C(b,PIA) = exp(0.23bPIA) — 1 ~ 0.23bPIA

=0.23baA® (7, 75) 17)
and specific attenuation A retrieved from Eq. (12) is
approximately linearly dependent on «. This is most
often the case at S band but not at C or X band.

The uncertainty of « is not a specific issue of the R(A)
method but pertains to all polarimetric techniques for
attenuation correction that utilize Eq. (15). There are
several possible approaches to estimate the value of «
along the propagation path. One of them is the method
of Bringi et al. (2001), which attempts to optimize « by
minimizing the difference between the measured profile
of ®pp along the ray and the estimated ®pp from the
retrieved profile of A. The method produces mixed re-
sults, but there is no other accepted alternative at the
moment. Another possible approach is to estimate PIA
from noise measurements, that is, by using the radar as
a radiometer (Fabry 2001; Illingworth et al. 2011). The
net parameter « can then be estimated as the ratio of
PIA and A®pp. This may be a promising technique, but
it requires an exploratory study.

At shorter radar wavelengths, the ratio « = A/Kpp
can be roughly estimated from the ratio 8 = App/Kpp
(where App is specific differential attenuation), which is
easier to evaluate from the data than the parameter « if
differential attenuation is sufficiently strong. In this case,
B = |AZpr|/ADpp, where AZpy is the negative bias of
Zpr caused by differential attenuation. The coefficient
of proportionality y between a and B (8 = ya) may vary
depending on the DSD, but this dependence appears not
be too strong at X band. Table 2 contains median values
of yat S, C, and X bands computed from the simulations
based on the Oklahoma DSD dataset for very conti-
nental [log(N,,) < 2.5] and very tropical [log(N,,) > 4.2]
rain at T = 20°C and Z > 40 dBZ, where attenuation is
most significant. The dependence of y on rain type is
much stronger at S and C bands than at X band, where
the suggested approach might work best.
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FIG. 5. Scatterplot of « = A/Kpp vs Zpr at S (A = 11.0cm),
C (A = 53cm), and X (A = 3.2cm) bands simulated at two tem-
peratures: 0°C (black dots) and 30°C (gray dots) using 47 144 DSDs
measured in Oklahoma.

At longer wavelengths (S band), we suggest the rou-
tine based on PIA estimation using the radial profile of
A retrieved from well-calibrated measurements of Z and
Zpr as described in section 4. This would require very
accurate estimates of Z and Zpgr (with 1dB and 0.1dB
precision, correspondingly). The routine has better
chances to work for S band because both Z and Zpy are
least affected by attenuation. Because of the strong
sensitivity of the N,, retrieval to errors in Z and Zpg, the
estimate of A using Eq. (16) is much less reliable than
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FIG. 6. Comparison of the true radial profiles of A at (a) S, (b) C, and (c) X bands (solid lines) with their estimates if the parameter « is
reduced twice (dashed lines) for the radial of data illustrated in Fig. 2.

the one obtained from Eq. (12), which depends only on
measurements of differential phase, which are immune
to the factors affecting the quality of Z and Zpr. Hence,
Eq. (16) can be used only for relatively crude indepen-
dent estimates of PIA or a. Our analysis shows that the
value of « obtained using the described procedure may
change noticeably from ray to ray, but it is possible to
characterize the dominant type of rain and thus its “‘net”
value of @ quite adequately. For example, the estimated
a varies from 0.02 to 0.03dB deg™ ! over most areas of
Hurricane Irene and is within 0.008-0.015dB deg ™! for
the OKC flash flood case on 14 June 2010. This reflects
the profound microphysical difference between both
storms.

6. The performance of the R(A) method in the
presence of hail

The retrieval of specific attenuation A based on
Eq. (12) may fail in “hot spots” where the factor a(r) in
Eq. (9) changes dramatically (like in the presence of
hail). This would adversely affect the quality of the A
estimate not only within the hot spot but everywhere
along the ray due to the integral nature of the ZPHI al-
gorithm. To illustrate this effect, we simulate the perfor-
mance of the R(A) algorithm for S band in the presence of
a typical hot spot, namely, a strong hail cell along the
propagation path.

Intrinsic (nonattenuated) values of Z, A, Kpp, and
rain-rate R are modeled for a core of melting hail sur-
rounded by heavy and moderate rain using the results of
theoretical studies by Ryzhkov et al. (2009, 2012). The
hail cell is assumed to be axisymmetric with a radius of
10 km. Radial profiles of Z, A, Kpp, and R through the
convective cell are displayed in Fig. 7. The inner-core
region with a radius of 2km and reflectivities ap-
proaching 70dBZ contains large hail particles with
maximal diameters D,,x of 35 mm. This core region is
embedded in an area of moderate-size hail (Z = 58.7 dBZ,

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 07/11/22 06:00 PM UTC

D ax = 24 mm) extending to a radius of 3 km that in turn
is embedded in an area of small hail (Z = 54.0dBZ,
Dpax = 14mm) up to a radius of Skm. Heavy rain
without hail (Z = 52.0 dBZ) surrounds this hail core up
to a radius of 10km (range segments from 15 to 20 and
from 30 to 35km). The whole convective cell is im-
mersed in moderate rain of 10mmh ™" and Z of about
40 dBZ. The maximal rain rate in the middle of the hail
core is 125mmh ",

The attenuated reflectivity factor is obtained using the
radial dependencies of intrinsic Z and A shown in Fig. 7.
PIA within the range interval from 0 to 50 km is calcu-
lated using values of « = 0.015dB deg ™', b = 0.62, while
the magnitude of Adpp = 88.5° is computed via in-
tegration of the radial profile of Kpp shown in Fig. 7. The
radial dependencies of radar-derived rain rates using the
three rainfall relations

R(Z)=1.7010"27%714 (18)
R(Kpp) = 44.0KB572 (19)

and
R(A)=4.12x1073419 (20)

are compared with the true radial profile of rain rate
in Fig. 8. It is not surprising that the Next Generation
Weather Radar (NEXRAD) R(Z) relation grossly over-
estimates the rain rate everywhere along the propagation
path (dashed line). The R(A) relation produces a large

TABLE 2. Median ratios y = B/a for continental and tropical rain
at S, C, and X bands (7 = 20°C) obtained from simulations based
on 47 144 DSD measurements in Oklahoma.

Rain type ¥(S) ¥(©) ¥(X)
Continental [log(N,,) < 2.5] 0.36 0.39 0.19
Tropical [log(N,,) > 4.2] 0.12 0.14 0.14
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FIG. 7. Model radial distributions of S-band (a) Z, (b) Kpp, and (c) A as well as (d) R through a convective cell
containing hail (Ryzhkov et al. 2012).

positive bias in the areas of large- and moderate-size hail
but underestimates rain in the presence of smaller hail
and the surrounding rain (moderate and heavy). Since
the presence of a small segment of large hail within the
ray can spoil the R(A) estimate along the whole ray, it is
necessary to identify hail and apply the method sepa-
rately to the portions of the propagation path between
the radar and hail cell and behind hail cell. Such a pro-
cedure is illustrated in section 7.

Figure 8 shows that the R(Kpp) relation [Eq. (19)]
works best in the presence of hail as expected although
with a slight underestimation of rain that progresses with
increasing hail size, as mentioned in Ryzhkov et al. (2012).
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7. Examples of R(A) applications at X and S bands
a. R(A) at X band

The R(A) method was first tested at X band using the
data collected by the X-band polarimetric radar at the
University of Bonn (BoXPol) and a similar radar close
to Juelich (JuXPol), 45 km northwest of the Bonn radar,
for a moderate-to-heavy rain event on 22 June 2011. The
BoXPol radar experiences significant beam blockage in
the southern sector at the lowest antenna elevation (El)
of 0.5°. This blockage is still noticeable at El = 1.5° with a
narrow sector of substantial blockage in the southeast sec-
tor, where radar reflectivity is biased by —10 to —15 dBZ.
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F1G. 8. Radial profiles of the true rain rate through the hail-
bearing convective cell of Fig. 7 (black line) and its estimates based on
R(Z) (blue line), R(Kpp) (red line), and R(A) (green line) at S band.

This negative Z bias causes a tremendous rain-rate un-
derestimation in the partially blocked sector after Z is
converted to R according to the standard Marshall-
Palmer relation commonly used in this part of Germany,
defined as

R(Z) =0.0292"¢7 (21)
(Fig. 9a). At 1125 UTC, a line of heavy rain east of the
radar produces significant attenuation of the radar sig-
nal, resulting in large Z biases if Z is not corrected for
attenuation. A simple linear correction of Z using the
relation AZ = 0.27 ®pp restores the intrinsic radar re-
flectivity in the eastern sector and improves the R(Z)
estimates there (Fig. 9b). However, a blank southeastern
sector still remains after the linear attenuation correc-
tion is applied because a correction for partial beam
blockage (PBB) was not made.

Estimates of differential phase ®pp and specific dif-
ferential phase Kpp are immune to PBB; hence, the field
of rain rate estimated from the R(Kpp) relation

R(Kpp) =16.9|K 50| "*sign(K yp) (22)
does not show a blank southeastern sector but exhibits
enhanced noisiness in areas of lighter rain (Fig. 9c). The
R(A) estimate assuming a temperature of 20°C (Table 1),

R(A)=43.5A"7, (23)
is also immune to PBB but shows in addition a good
consistency with the R(Z) field in terms of structure at all
rain rates as opposed to the R(Kpp) field (see Fig. 9d).

The fields of rain rates retrieved from BoXPol are
compared with the corresponding fields estimated from
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JuXPol at about the same time (Figs. 9e—g) at elevation
1.1°. JueXPol was apparently miscalibrated at that time,
and the radar reflectivity factor was negatively biased as
the comparison of Figs. 9a and 9b with Figs. 9e and 9f
indicates.

Since Kpp is not affected by radar miscalibration, the
fields of R(Kpp) obtained by both radars are consistent
in the areas of heavier rain along the squall line but are
very noisy and erratic elsewhere (Figs. 9¢,g). In contrast,
rain-rate fields estimated from both radars using the
R(A) relation match each other very well at all rain in-
tensities everywhere in the analyzed area (Figs. 9d,h).
Remarkably, both radars, one of which is significantly
miscalibrated and another one experiencing significant
partial beam blockage, are capable of producing almost
indistinguishable instantaneous rain-rate fields in the
presence of significant attenuation if the R(A) method is
used. This shows great promise for utilizing the sug-
gested technique for networking and compositing data
from different radars, particularly in locations with
rugged terrain. No digital elevation map information
was required to eliminate the impact of PBB in this
example.

A closer look at the sector where PBB occurs and
where rain is of moderate or high intensity (Fig. 10)
demonstrates that the R(Kpp) estimate of instantaneous
rain rate from the perspective of the Bonn X-band radar
is noisier than the R(A) estimate, which is more con-
sistent with R(Z) in terms of texture and structure.
Radial profiles of R(Z) (after Z is corrected for atten-
uation), R(Kpp), and R(A) along the direction marked
by a line in Fig. 10 (Az = 148°) are displayed in Fig. 11. It
is evident that the shape of small convective rain cells is
distorted if retrieved via Kpp. Indeed, the maxima of
R(Kpp) may be shifted from the maxima of R(Z), and
positive and negative oscillations of R(Kpp) are evident
toward the end of the radial. On the other hand, the
shape of rain cells obtained from R(A) perfectly
matches the one retrieved from R(Z).

Five months of continuous R(A) estimates from
BoXPol were compared with observations from 133 rain
gauges within a 60-km distance from the radar. Equation
(23) was used along the ray if ®pp exceeded 4° and the
R(Z) relation (21) was utilized otherwise after Z was
corrected for attenuation and PBB. The biases, rms er-
rors, and correlation coefficients for hourly rain totals
are shown as functions of the distance from the radar in
Fig. 12 (bottom panels). These are contrasted with the
corresponding metrics for the R(Kpp) estimator [Eq. (22)]
(top panels in Fig. 12). The R(A, Z) rainfall estimator
clearly outperforms the R(Kpp) relation (the favorite
choice estimator at X band nowadays) at the ranges up
to 60 km from the radar.
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FI1G. 9. Fields of rain rates retrieved from the Bonn and Juelich X-band radars using
different rainfall algorithms at 1125-1126 UTC 22 Jun 2011: (a),(e) R(Z) estimates
before correction of Z for attenuation; (b),(f) R(Z) estimates after Z correction; (c),(g)
R(Kpp) estimates; and (d),(h) R(Ay) estimates. The Bonn data are collected at elevation
1.5°, whereas the Juelich data are from elevation 1.1°. The Bonn and Juelich radars are
located at X = Okm, Y = Okm in the top four and bottom four panels, respectively.
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FIG. 10. Fields of R(Z) (before and after attenuation correction), R(Kpp), and R(A) in the area southeast from the
Bonn radar (see Fig. 9). Solid line indicates Az = 148°.

b. R(A) at S band

Equation (12) and the ZPHI method were first ap-
plied at C band (Testud et al. 2000) and later at
X band, where attenuation of microwave radiation in
precipitation is significant. Le Bouar and Testud
(2001) mentioned that it can be utilized at S band as
well, but the overall perception was that A-based al-
gorithms are not promising at longer wavelengths
because specific attenuation is vanishingly small. It is
interesting that the basic Eq. (12) does not show any
contraindications for its use at S band provided that
Adpp is large enough (at least more than 2°-3°). We
tested the R(A) algorithm at S band for several cases with
moderate-to-heavy precipitation, including the ones that
are illustrated in Fig. 2.

The fields of Z, R(Z), and R(A) estimated from the
KVNX WSR-88D radar at elevation 0.5°at 0916 UTC
20 May 2011 are displayed in Fig. 13. The R(A)
equation
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R(A)=4.12x10°A10 (24)

and a = 0.015dB deg ™! were used to estimate rain rate.
Notable is the partial blockage of the radar beam in the
western sector, which results in an underestimation of Z
and rain rates computed from Z. The bias caused by
blockage is completely eliminated in the R(A)-derived
field. Again, no digital elevation information was uti-
lized to remove the blockage impact. The texture of the
R(A) map is totally consistent with the texture of the
R(Z) map for instantaneous rain rates. The differences
between small-scale textures of the fields of R(Z),
R(Kpp), and R(A) are better represented in Fig. 14,
where a smaller area is displayed for the same case. The
retrieved rain rates are shown only for pixels where Z >
45 dBZ and where the Kpp-based estimate of R can be
potentially used at S band, assuming that the inherent
noisiness of Kpp is not too high. The R(A) algorithm
retains the same radial resolution as R(Z) (i.e., 0.25 km).
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FIG. 11. Radial profiles of R(Z) after correction for attenuation
(thin solid line), R(Kpp) (dashed line), and R(A) (thick solid line)
at Az = 148° along the line shown in Fig. 10.

According to the WSR-88D radar processing algorithm,
the radial resolution of the R(Kpp) estimate is 2km at
Z > 40dBZ, which is 8 times lower than the radial res-
olution of the R(Z) and R(A) estimates. Moreover,
small-scale rain structures might be distorted, and neg-
ative rain rates do appear in the R(Kpp) map.
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The maps of 6-h rain totals computed for the period
0800-1400 UTC 20 May 2011 using the R(Z) and R(A)
algorithms are shown in Fig. 15. Again, the blockage
impact is completely wiped out in the rain accumulation
retrieved by the R(A) technique. Moreover, the R(A)
algorithm yields better or similar quality rain accumu-
lation estimates as compared to the standard R(Z) re-
lation in the areas free of blockage as the comparison
with gauges indicates (Fig. 16).

Similar comparisons with gauges at S band have been
made for another three events with heavy rain. These
have been observed by the KTLX WSR-88D radar in the
Oklahoma City metropolitan area on 14 June 2010, by the
KMHX WSR-88D radar during Hurricane Irene on 26-28
August 2011, and by the KDLH WSR-88D radar in Du-
luth, Minnesota, on 30 June 2012. Two of these storms are
illustrated in Fig. 2. The scatterplots of rain totals estimated
using relation Eq. (24) versus their gauge estimates for the
three rain events are displayed in Fig. 17. The corre-
sponding bias ratios, fractional rms errors (FRMSEs),
and correlation coefficients are listed in Table 3. It is re-
markable that a single relation (24) with a fixed param-
eter « = 0.015dBdeg ' yields high-quality estimates of
rainfall for all events. Only Hurricane Irene requires an
adjustment of the factor « (using & = 0.025dBdeg
instead of 0.015 dB deg ") typical for tropical rain.

The standard deviation of the estimate of the total
span of differential phase A®pp in Eq. (15) is usually of
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FIG. 12. Correlation coefficients, biases, and rms errors of hourly rainfall estimates from the BoXPol X-band radar using the R(A) and
R(Kpp) algorithms vs range from the radar as revealed from the comparisons with 133 gauges during five months of continuous obser-
vations. The R(A) estimate is complemented by the R(Z) estimate (after Z is corrected for attenuation and PBB) if Adpp < 4°. Every
symbol in the graphs corresponds to the mean value of the metric in a particular range interval.
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FIG. 13. Maps of Z, R(Z), and R(A) measured by the KVNX WSR-88D radar at 0916 UTC 20 May 2011. The area enclosed in a white
square is displayed in Fig. 14.

the order of 1°. Such accuracy is sufficient for a reliable
estimation of low A®pp values of few degrees. We have
found experimentally that the method yields stable re-
sults if A®pp is higher than 4° at X band and 2°-3° at
S band. At radials with lower values of A®pyp, rain rates
are determined using a standard R(Z) relation subjected
to attenuation correction.

c¢. The performance of R(A) in hail

Extensive testing of the R(A) method using multiple
WSR-88D radars and various rain events confirms the
theoretical prediction that R(A) tends to overestimate
rain in areas where rain is mixed with hail. To address
this issue, we segment those radials within which hail is

identified and utilize R(Kpp) in the range gates con-
taminated with hail. If Kpp is less than 0.1°km ™! in the
hail area, then the R(Z) relation (with Z capped at
53dBZ) is used instead of R(Kpp).

The performance of the original [pure R(A)] and the
modified [R(A) combined with R(Kpp) and R(Z)] al-
gorithms for a hail-bearing storm observed by the KICT
WSR-88D radar on 30 May 2012 is illustrated in Fig. 18.
Several strong hail cells passed over the radar coverage
area during a 6-h interval. Some hail cells produce really
big hailstones with sizes up to 4.5cm. The unmodified
R(A) algorithm clearly overestimates rain totals in
the areas of enhanced precipitation where significant
amounts of hail fell (Fig. 18a). One of the gauges in the

FI1G. 14. Comparison of the texture of the fields of R(Z), R(A), and R(Kpp) measured by the KVNX WSR-88D radar on 20 May 2011 in the
area enclosed in a white box in Fig. 13. Only the data with Z > 45 dBZ are displayed.
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FIG. 15. Maps of 6-h rain total obtained from the KVNX WSR-88D radar on 20 May 2011 (0800-1400 UTC) using the
R(Z) and R(A) algorithms. Gauge accumulations (mm) are displayed in white squares.

area of high rain totals indicates a 6-h accumulation of
80 mm, whereas the unmodified R(A) algorithm yields
about 150-200 mm of rain there. On the other hand, the
modified R(A) algorithm that combines R(A), R(Kpp),
and R(Z) produces lower rain totals in areas contami-
nated by hail (Fig. 18b). The performance of both al-
gorithm versions is better quantified in the bottom
panels of Fig. 18, where the scatterplots of 6-h gauge

totals versus their radar estimates are shown. The com-
bined algorithm produces a better agreement of the radar
estimate with the gauge.

d. Radar networking

Because the R(A) estimate is immune to radar mis-
calibration and partial beam blockage, it has benefits for
mosaicking rainfall products obtained from neighboring

[
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FIG. 16. Scatterplots of 6-h rain total obtained from gauges vs their estimates by the KVNX WSR-88D radar on
20 May 2011 using the R(Z) and R(A) algorithms with & = 0.015dB deg ™.
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FIG. 17. Scatterplots of rain totals estimated by the R(A) method vs their estimates from rain gauges for three
heavy rain events.

radars. In Fig. 19, the standard mosaic rainfall product is
obtained by merging the data from the KVNX and
KICT WSR-88D radars. Maps of 8-h rain totals for
a rain event on 13 September 2012 are retrieved using
the R(Z) and R(A) algorithms (left and right panels,
respectively). The estimated R(Z) rainfall amount
shows a large discontinuity along the equidistant line
between the two radars because the KVNX radar is
about 2dB ““colder” than the KICT radar. The R(A)
8-h rain totals obtained from both radars are much
more consistent and there is no discontinuity along the
equidistant line except one short segment in the center,
probably caused by inadequate second-trip echo miti-
gation. There is also evidence of excessive ground
clutter removal along the zero Doppler velocity iso-
dops that causes artificial negative bias in Z along that
part of the radial. PBB impacts are better mitigated by
the R(A) method but not completely removed because
the radar signal can be totally lost in a blocked sector
during light rain and the retrieval of specific attenua-
tion is not possible.

The R(A) methodology also allows for seamless mo-
saics of rain total from radars operating at different
wavelengths. Figure 20 illustrates a composite of the 6-h
rain total products obtained from the KBUF WSR-88D

radar in Buffalo, New York, and the C-band polari-
metric radar in King City, Ontario, Canada, for the rain
event on 8 September 2012. The left panel shows
a composite plot using rainfall estimates from the R(Z)
relation before attenuation correction is performed at
C band. The discontinuity in the map of 6-h rain accu-
mulation along the line of equidistant range from the
two radars is clearly visible and can be attributed to the
Z biases caused by possible radar miscalibration and/or
stronger attenuation at C band. This discontinuity be-
comes less pronounced once the C-band Z is corrected
for attenuation using differential phase (middle panel in
Fig. 20). However, it is the utilization of the R(A)
technique for both radars that results in the seamless
map of composite rainfall accumulation (right panel in
Fig. 20).

8. Conclusions

Rainfall estimation utilizing specific attenuation A has
many advantages compared to algorithms based on Z,
ZpR, or Kpp. It is least sensitive to DSD variations and
immune to radar miscalibration, partial beam blockage,
and impacts of wet radomes. In addition, the R(A) es-
timate has a radial resolution equal to R(Z) and thus

TABLE 3. Bias ratios, FRMSEs, and correlation coefficients of the R(A) estimates of rain totals for four heavy rain events.

Storm date WSR-88D radar Accumulation interval (h) Bias ratio (R/G) FRMSE (%) Corr coef
14 Jun 2010 KTLX 3 1.08 26.3 0.836
20 May 2011 KVNX 6 0.96 26.7 0.958
26-28 Aug 2011 KMHX 45 1.16 29.1 0.730
30 Jun 2012 KDLH 24 1.09 224 0.951
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FIG. 18. Maps of 6-h rain accumulation retrieved by the KICT WSR-88D radar for the period from 2300 UTC 30 May 2012 to
0500 UTC 31 May 2012 using (a) the standard R(A) algorithm and (b) the modified algorithm in which R(A) is combined with R(Kpp)
[or R(Z) with Z capped at the 53 dBZ level] in the areas of rain mixed with hail. White boxes indicate 6-h rain totals measured by
gauges. Scatterplots of 6-h rain totals from gauges vs their radar estimates obtained with (c) the standard and (d) modified R(A)

algorithms.

a better resolution than the R(Kpp) estimate. The shape
of rain cells retrieved by the R(A) algorithm is not dis-
torted compared to R(Z) estimates in contrast to R(Kpp)
estimates. The method is very simple and easy to use,
since only the radial profile of attenuated reflectivity and
the total span of the differential phase A®pp along the
propagation path are required. Robust retrieval of A can
be made if A®pp exceeds only 2°—4°.
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The examination of the R(A) performance for con-
vective storms producing heavy rain with significant
variability of normalized concentration of raindrops N,,
shows that the estimate of specific attenuation A retrieved
from the basic ZPHI formula is sufficiently accurate and
does not need segmentation of the propagation path,
which is required for the classical ZPHI method in-
troduced by Testud et al. (2000). Such segmentation is
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FIG. 19. Composite maps of 8-h rain total obtained from the KVNX and KICT WSR-88D radars using the R(Z) and
R(A) relations on 13 Sep 2012.

needed, however, if really strong ‘“‘hot spots’ are
identified along the propagation path, which are com-
monly associated with the presence of hail. The de-
pendence of the retrieved A on temperature and the
net ratio ¢ = A/Kpp along the ray poses certain prob-
lems that can be solved using known vertical profiles of
temperature and by optimizing .

The R(A) method is applicable for all radar wave-
lengths utilized in radar meteorology including S band,

R(2)

before attenuation correction

KINGKBUFz MergedPrecipTolZ 0

R(2)

after attenuation correction

z MargedPrecipTolZ

where attenuation is usually vanishingly small. Polari-
metric radar observations at X and S bands confirm that
the method is immune to partial beam blockage and
radar miscalibration and can be efficient for radar net-
working. The comparison of rainfall estimates obtained
using different radar algorithms with the gauges shows
that the R(A) method outperforms others [e.g., R(Kpp)]
at X band and demonstrates robust performance at
S band.

R(A)

KINGKBUF MergedPrecipTotA 00,01 00:00 UTC)

F1G. 20. Composite maps of 6-h rain total obtained from the King City polarimetric C-band radar and KBUF WSR-88D radar using the
R(Z) (before and after attenuation correction) and R(A) relations on 8 Sep 2012.
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