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ABSTRACT

Propagation effects in rainfall are examined at three microwave frequencies corresponding to S (3.0 GHz),
C(5.5GHz), and X (10.0 GHz) bands. Attenuation at horizontal polarization, as well as differential attenuation
and differential propagation phase between horizontal (H) and vertical ( V) polarizations are considered. It is
shown that at the three frequencies both attenuation and differential attenuation are nearly linearly related to
differential propagation phase (¢pp). This is shown through simulation using (a) gamma raindrop size distributions
(RSD) with three parameters ( Ny, Dy, m) that are varied over a very wide range representing a variety of rainfall
types, and (b) measured raindrop size distributions at a single location using a disdrometer. Measurements of
X-band specific attenuation and S-band specific differential phase in convective rainshafts using the National
Center for Atmospheric Research CP-2 radar are presented in order to experimentally demonstrate the linear
relationship between attenuation and differential propagation phase. Correction procedures for reflectivity and
differential reflectivity (Zpg ) are developed assuming that differential propagation phase is measured using a
radar that alternately transmits H and V polarized waves with copolar reception through the same receiver and
processor system. The correction procedures are not dependent on the actual rainrate profile between the radar
and the range location of interest. The accuracy of the procedure depends on, (a) RSD fluctuations, (b) variability
in the estimate of differential propagation phase due to measurement fluctuations, and (¢) nonzero values of
the backscatter differential phase (4) between H and V polarizations. Simulations are used to gauge the accuracy
of correction procedures at S- and C-bands assuming § is negligible. The correction accuracy for attentuation
at S-band is estimated to be ~0.05 dB while at C-band it is estimated to be within 1 dB if ¢pp < 60°. Simulations
further indicate that C-band differential attenuations effects can be corrected to within ~35% of the
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mean value.

1. Introduction

Radars that operate at higher frequencies such as C-
or X-band offer the advantage of lower cost resulting
from smaller antenna size compared to S-band radars
having the same spatial resolution. Also, higher fre-
quencies are preferred, since the power returned by
atmospheric scatterers is inversely proportional to the
fourth power of the wavelength (Doviak and Zrnié
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1984). However, the resulting gain in sensitivity and
spatial resolution is vastly offset by attenuating precip-
itation. Quantitative interpretation of echo powers at
higher frequencies requires correction for this atten-
uation.

Hitschfeld and Bordan (1954) showed that an in-
direct estimate of the specific attenuation 4 (attenua-
tion in dB over 1 km distance), due to the scatterers
can be obtained using empirical relationships such as
Z-R (between the reflectivity factor Z and rain rate
R) and A-R (between attenuation constant, 4 and R).
In their scheme, the correction for the attenuation of
the power received from the nth range location is done
using the reflectivity measurements made at all the
preceding (n — 1) range locations. The attenuation
correction is first invoked for the range location nearest
to the radar and then at successive range locations.
Hitschfeld and Bordan also demonstrated that at 3 cm
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and to some extent at 5.6 cm wavelength, a small error
in the radar calibration constant causes a large error
in the measured rain rate. Further, this error, which
varies with range is liable to be more serious than that
caused if attenuation is entirely neglected, thus ren-
dering attenuation correction entirely useless (Hitsch-
feld and Bordan 1954).

With the advent of polarization agile radars, a better
estimate of R, and hence A, is possible than with Z
alone. Aydin et al. (1986) derived an empirical rela-
tionship to estimate Ay (specific attenuation at hori-
zontal polarization) from Zy (reflectivity at H-polar-
ization) and Zpp (differential reflectivity) and proposed
a correction scheme for C-band data. They noted that
the procedure was very sensitive to biases (which in-
clude calibration errors) in the measurements of Zy
and Zpg. All the techniques for attenuation correction,
to date, are essentially similar to those proposed by
Hitschfeld and Bordan (1954) in that (a) they use re-
flectivity estimates Zy or Zy, or both to obtain an es-
timate of attenuation by the scatterers in a resolution
volume, (the reflectivity estimadtes themselves being af-
fected by attenuation) and (b) they employ the cor-
rection at the nth range location based on the corrected
reflectivity measurements at all the preceding locations.
In other words, the correction is applied at successive
range locations, starting from the one that is nearest
to the radar, (see also Hildebrand 1978).

Dual wavelength radars use both 10-cm and 3-cm
wavelengths. This has the advantage that reflectivity
estimates unaffected by attenuation are available at all
range locations from the 10-cm radar. However, the
attenuation correction to the 3-cm reflectivity, and
hence to the dual wavelength ratio (DWR), is done
by apportioning the total attenuation along the radial
using an empirical A-Zy(S) relation; Zy(S) is the re-
flectivity factor for horizontal polarization at S-band.
The attenuation correction at any range location is thus
dependent on the reflectivity factor at all the other range
locations ( Tuttle and Rinehart 1983).

With the recent advent of a number of polarimetric
radars at C- and X-bands it is important to consider
not only absolute attenuation in rainfall but also dif-
ferential attenuation (app) and differential propagation
phase (¢pp) between the two principal polarization
states. These are the horizontal (H) and vertical (V)
states for an equioriented, oblate raindrop model whose
symmetry axis is closely oriented along the V' -direction;
McCormick (1975), Oguchi (1983). It has long been
known that even at S-band the differential propagation
phase in rainfall can cause severe depolarization of a
transmitted circularly polarized wave, Humphries
(1974). McGuiness et al. (1987) attempted to correct
the circular depolarization ratio (CDR) using an it-
erative range location-by-range location procedure that
they found to be numerically unstable. Bebbington et
al. (1987) developed a new procedure based on the
coherency matrix transformation which avoids the use
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of an iterative procedure. Subsequently, Holt (1988)
showed that Zpg could be corrected for the very small
differential attenuation at S-band by assuming a linear
relationship between app and ¢pp. The approach
adopted here is similar to Holt’s (1988) in that both
the absolute attenuation (ay or av ) as well as the dif-
ferential attenuation (app) are linearly related to ¢pp
in rainfall. Whereas Holt (1988) derives Zpr and ¢pp
using circular polarization observables obtained with
dual-channel reception, it is assumed here that Zpg
and ¢pp are obtained using ““fast” polarization switch-
ing between H and V states with copolar reception
through the same receiver and processor, Seliga and
Bringi (1976, 1978) and Sachidananda and Zrnié
(1989). The algorithm used to estimate ¢pp assumes
that the differential phase shift due to backscatter is
negligible, Mueller (1984) and Jameson and Mueller
(1985). Although this is true for raindrops at S-band,
it is not so at C- and X-bands. This factor places an
upper limit on the accuracy of the correction procedure
based on ¢pp in inhomogeneous regions of rainfall.

McCormick and Hendry (1975) have shown that
the range profile of the complex observable W/ W, can
be used to directly estimate app and ¢pp in a variety
of precipitation media. The quantity W is the complex
cross-correlation between the two simultaneously re-
ceived, circularly polarized waves and W, is the con-
ventional reflectivity proportional to the cross-polar
received power. Observations at Ku, X-, and S-bands
have been presented by McCormick and Hendry
(1975), Hendry and Antar (1984), and Hendry et al.
(1976). These studies were aimed at particle identifi-
cation and for modeling of propagation paths and were
thus not used to correct the backscatter observables
such as CDR or reflectivity (W5). It is only recently
that S-band circular polarization data have been used
to derive linearly polarized observables; e.g., Zpgr, un-
affected by ¢pp effects, Bebbington et al. (1987), Holt
(1988) and Jameson and Dave (1988). It is conven-
tional to assume that absolute attenuation at S-band
is negligible. However, when ¢pp 1s large and when
accurate reflectivity estimates are needed (=1 dB) it is
not possible to neglect the attenuation. For example,
when ¢pp = 90° as may be due to a uniform rainrate
of 73 mm h ™! over a 22.5 km path, the attenuation at
S-band is estimated to be ~2 dB. Thus, it would be
important to correct for this attenuation whenever the
measured reflectivity is used in rainfall rate algorithms;
e. g., the NEXRAD hydrology algorithms, especially
under rainfall conditions typically found in squall lines
and mesoscale convective complexes (MCC). From
this perspective, a case could be made for the imple-
mentation of ¢pp measurements on NEXRAD.

A substantial body of literature exists on the mea-
surement and modeling of attenuation and depolar-
ization effects along terrestrial and satellite—earth. paths
at microwave and millimeter wave frequencies; see,
for example, Oguchi (1983) and the comprehensive
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reference list therein. S-band differential reflectivity ra-
dar data have been used to model rain attenuation
along satellite-earth paths at higher frequencies, to cal-
culate attenuation ratios (frequency scaling), and to
estimate site diversity gain, Leitao and Watson (1984),
Holt et al. (1984), Goddard and Cherry (1984) and
Marshall et al. (1984). The basic method is to combine
reflectivity and Zpg to estimate the parameters N and
Dy of an exponential raindrop size distribution (RSD),
and subsequently to calculate the path attenuation. In
this context it is possible to identify backscatter ob-
servables such as Zy and Zpgr that measure the vari-
ability of the rain medium as a function of range as
opposed to forward scatter observables such as ay and
¢pp that increase cumulatively with increasing pene-
tration into the rain medium. Prediction and correction
procedures based on backscatter observables are more
sensitive to RSD fluctuations as compared to those
based on forward scatter observables; Atlas et al. (1984)
and Sachidananda and Zrnié (1987). The physical dif-
ferences between the two approaches is rooted in the
fact that an incoherent process is responsible for the
backscatter observables, whereas the forward scatter
process is coherent; Ishimaru (1977). Thus, under the
first-order multiple scattering approximation ( which is
generally valid for rainfall at radar frequencies) the rain
medium in which the coherent wave propagates can
be modeled in an average or bulk sense by complex,
propagation constants ky and kv; Twersky (1978),
Bringi et al. (1983). Thus, prediction and correction
procedures based on ¢pp are likely to be more stable
than those based on iterative range location-by-range
location methods.

This paper is organized as follows: section 2 describes
the simulation of gamma RSDs with parameter fluc-
tuations as derived by Ulbrich (1983 ) for natural rain-
fall. Scatterplots of specific attenuation (A4y, dBkm ™)
and differential attenuation (App, dB km™!) versus
specific differential phase (Kpp, © km ™) are presented
at S-, C- and X-band frequencies. In section 3, disdro-
meter measured RSDs are used to simulate attenuation
and differential attenuation versus ¢pp at the three ra-
dar frequencies. In section 4 radar measurements of
X-band specific attenuation versus S-band Kpp are
presented in convective rainshafts using the NCAR CP-
2 radar. These data are compared with the simulations.
In section 5 correction procedures for reflectivity and
differential reflectivity at S- and C-bands are simulated
based on ¢pp. These simulations include both gamma
RSD fluctuations as well as random measurement er-
rors. A summary of results and conclusions end the
paper.

2. Calculations based on gamma distributions

Ulbrich (1983) has shown that the gamma model
can adequately describe many of the natural variations
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in the RSD. This model has three parameters and is
given by

N(D) = NyD" exp[—(3.67 + n)D/Dy] (1)

where D is the volume equivalent spherical diameter
and D, is termed the median volume diameter of the
distribution. '

The specific differential phase (Kpp) is defined as

Kor = =2 [ Rel (D) = A(DYIN(D)D,

s

where ) is the wavelength, and f;; and fy are the forward
scattering amplitudes for horizontally and vertically
polarized waves. The one-way differential propagation
phase (¢pp; ) between two range locations ry, 7, is de-
fined as

¢ppi :f Kpp(r)dr. (3)

The two-way differential propagation phase ¢pp
equals 2¢pp; -

The specific attenuation at H or V polarizations is
defined as

Agy = 04343 f Ouv(D)N(D)dD, dBkm™'
(4)

where Qu v (D) are the extinction cross sections for H
and V polarized waves. The specific differential atten-
vation is App = Ay — Ay, dB km ™!, and the one-way
differential attenuation (app; ) 1s defined as

r2
dpp; = f App(r)dr. (5)
r
The two-way differential attenuation app (=ag — av)
is defined as being equal to 2app;.
The reflectivities Zy v at horizontal (H) and vertical
(V) polarizations, respectively, are defined as

4

Ty = —s—
HV WSIKIZ

faH,V(D)N(D)dD, mm® m 3
(6)

where oy v( D) are the radar cross sections at H and
V polarizations, A is the wavelength, K = (¢, — 1)/(e,
+ 2) and ¢, is the refractive index of water. Differential
reflectivity (Zpr ) 1s defined as

Zpr = 10 log(Zu/Zv), dB. (7)

If Sy (D) and Sy ( D) are the principal plane elements
of the backscatter matrix, (i.e., when the raindrop mi-
nor axis is along the V-polarization direction ) then the
cross correlation coeflicient pyv can be defined as
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FIG. 1. (a) Simulations of specific attenuation at H-polarization
versus specific differential phase. Each data point refers to one par-
ticular value of the triplet of gamma RSD parameters (N, Do, n).
The scatter reflects the effects of a large variety of raindrop size dis-
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[ Su(D)SY(D)N(D)dD
P T [ Sul®N(D)dD] 2 ([ | Sv|’N(D)dD]' 7"
(8)

Further, pyv = | puv | exp(j6) where 6 is defined as the
backscatter differential phase shift for a H~V basis.
McCormick and Hendry (1975) have defined a related
parameter termed the scattering differential phase shift
for circular polarization basis. Nonzero values of § im-
ply non-Rayleigh scattering effects; McCormick et al.
(1979). Jameson (1985) has shown that 6 ~ 0°¢ for
raindrops at S-band.

The quantities Ay, App, Kpp, Zpr and & are com-
puted for gamma RSDs. The gamma parameters ( N,
Dy, n) are varied as follows: 0 < Dy <2.5mm, —1 < n

"< 4, 10*? exp(2.8n) < Ny < 10°° exp(3.57n), m 3

mm ‘™! ~™; Ulbrich (1983). For each triplet of values
(N, Dy, n) the propagation and backscatter variables
are computed using (2)-(8). Raindrops are modeled
by oblate spheroids with axis ratios as given by Green
(1975). The maximum drop diameter is 8 mm. The
three frequencies considered are 3.0 (S-band), 5.5 (C-
band), and 10.0 GHz (X-band). The refractive index
of water at a temperature of 15°C and at the three
frequencies was taken from Ray (1972). Figures la—c
show simulations of (a) 4x(S), (b) Ay(X), and (c)
App(S) versus Kpp(S). The scatter reflects the varia-
tions imposed on the RSD parameters. Both A4,5(S)
and Aux(X) are linearly related to Kpp(S) with very
little scatter whereas App(S) shows somewhat larger
scatter. The fact that the simulation shows considerable
scatter around the mean linear relationship between
Kpp and App, is in line with the observations of Jame-
son (1989). Jameson (1989) has shown that Ky at
2.2 cm wavelength is approximately proportional to
the integral over the RSD of (1 — r)D3, while App is
proportional to the integral of (1 — r)D?, r being the
axis ratio of the rain drop. This implies that the linear
relationship between Kpp and App is never exact. Later
we will show, for comparison, CP-2 radar measure-
ments of Ay(X) versus Kpp(S). The linear relationship
between Ay (S) versus Kpp(S) as seen in Fig. la can
be used to estimate the attenuation at H-polarization
experienced by S-band radar (such as NEXRAD) as
function of ¢pp. This result is shown in Fig. 2.

The attenuation is less than 1 dB if ¢pp < 60°, and
about 2 dB for ¢pp = 120°. Thus, if reflectivity esti-
mates with bias less than 1 dB are desired then a cor-
rection scheme could be implemented based on the
measured ¢pp. As long as Ay and Kpp are linearly re-

tributions and hence of rainfall types. Calculations are at S-band. (b)
Asin Fig. 1a except the ordinate scale is X-band specific attenuation
at H-polarization. Note 4y = 0.8Kpp. The correlation coefficient is
0.998. (c) Asin Fig. la except the ordinate scale is the S-band specific
differential attenuation between H and V polarizations, Apr = Ay
— Ay.
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FIG. 2. Two-way attenuation at H-polarization, ay, versus the
two-way differential propagation phase between H and V-polariza-
tions, ¢pp. Calculations are at S-band.

lated, this correction scheme would be independent of
the actual rainrate profile along the propagation path.
Figure 1c shows that a correction scheme for Zpr(S)
would be needed if ¢pp = 55°. This follows from the
linear relationship App(S) = BKpp(S) where 8 is the
slope; thus, app(S) = Bopp(S). From Fig. 1c the slope
B = 3.67 X 1073 dB per degree, and for app = 0.2 dB
we get ¢pp = 55°. Table 1 presents the mean linear
relationships obtained from Figs. 1, 3, and 5. The mean
linear relationships are given in terms of the slope 8
and correlation coeflicient p in Table 1. A Zpg correc-
tion scheme based on ¢pp appears feasible and in fact
was suggested by Holt (1988). We reiterate that ¢pp
and Zpg are assumed here to be measured using fast
switching between H and V polarization with copolar
reception.

Figures 3a,b show scatterplots of (a) A4(C) versus
Kpp(C), and (b) App(C) versus Kpp(C). In both cases
the scatter has increased compared to the S-band re-
sults. However, a mean linear relationship (see Table
1) between A4y(C) and Kpp(C) exists with slope 8
= 0054, thus, C(H(C) = 0054¢DP(C) If ¢Dp < 200,
then the two-way C-band attenuation at H-polariza-
tion, ay(C), is less than 1 dB. From Fig. 3b a mean

TABLE 1. Mean linear relationships obtained using gamma raindrop
size distributions. 3 is in dB per degree and p is the correlation coef-
ficient.

Frequency band
S C X
(3.0 GHz) (5.5 GHz) (10.0 GHz)
Relation 8 p B p B p
Ay = BKpp 0.016 0.99 0.054 094 025 099
App = Kpp  0.00367 098 00157 0.82 005 097
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FI1G. 3. (a) As in Fig. 1a except simulations are at C-band. (b) As
in Fig. 1c except simulations are at C-band.

linear relationship of the form app(C) = 0.0157¢pp(C)
can be derived. Considerable fluctuation about this
mean relationship due to variations in the RSD pa-
rameters is noted. Furthermore, the RSD parameter
variations imposed here encompass a wide range of
rainfall types, but within a given rainfall type the vari-
ations may be lower; Ulbrich (1983). We raise this
point again in section 3. From Fig. 3b, a ¢pp of 15°
gives mean app = 0.24 dB; thus, the extreme bounds
due to RSD variability are 0.42 and 0.14 dB. From a
practical viewpoint correction for Zy(C) and Zpr(C)
does not appear to be necessary if ¢pp(C) < 20°. At
S-band the corresponding result is ¢pp(S) < 60°.

In principle, correction for Zy(C) and Zpr(C) can
be attempted if ¢pp(C) can be measured accurately.
However, Fig. 4 shows that the backscatter differential
phase shift, 6(C), may not be negligible when Zpg
2 2.5 dB. As shown by Mueller (1984), in the presence
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of propagation effects arg(puv) = épp + 6 wWhere puy
is obtained from radar data. The correction accuracy
will depend on how accurately ¢pp(C) can be estimated
given the measured range profile of arg(pyy). This
problem is conceptually similar to the estimation of
attenuation and hail signal given the range profile of
dual-frequency reflectivity ratio (DFR), which is the
difference between the range normalized received
powers at S- and X-bands; Tuttle and Rinehart (1983),
Eccles and Mueller (1973), Eccles (1979) and Jameson
and Srivastava (1978). The DFR range profile is used
to estimate X-band attenuation in rainfal]l assuming
that Rayleigh scattering holds at both frequencies. The
profile of arg(pyy ) is similar in nature to the DFR pro-
file discussed in section 4, (see Fig. 9). It is well known
that nonzero 6 implies non-Rayleigh scattering;
McCormick et al. (1979). Thus, in the presence of
large raindrops or oblate, melting hail the range profile
of arg(pyv) will be monotonically increasing with
“bumps” superimposed near locations of nonzero §;
" see Meischner et al. (1989). From Fig. 4 we see that
8(C) can be estimated if Zpr(C) i1s known. However,
the accuracy with which §(C) can be estimated depends
on the accuracy of the Zpg(C) correction procedure.
When ¢pp(C) = 90°, the relative contribution of 6(C)
to arg(puv) decreases and thus its effects on the esti-
mators of ay or app are less significant. However, the
estimate of Kpp(C) over a small range interval will be
affected by 6(C) over that range irrespective of the ¢pp
value.

Figures 5a,b show scatterplots of (a) Ay(X) versus
Kpp(X), and (b) App(X) versus Kpp(X). Because of
the nearly linear relationship (see Table 1) in Figs. 5a,b
it may be feasible to correct Zy(X) and Zpr(X) using
Kpp measurements. Again assuming that Zy and Zpg

4 (C), degrees

ZpR(C), dB

‘FIG. 4. Simulations of backscatter differential phase between H
and V-polarizations, 3, versus differential reflectivity. Calculations
are at C-band.
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FiG. 5. (a) As in Fig. 1a except simulations are at X-band. (b) As
in Fig. 1c except simulations are at X-band.

biases must be below 1.0 and 0.2 dB, respectively, cor-
rection is needed if ¢pp(X) = 5°. The previous remarks
about the accuracy of the correction procedure due to
the 6(X) apply here also.

3. Simulations based on disdrometer measurements

In the previous section, the variability of gamma
parameters was chosen to reflect a wide variety of rain-
fall types; Ulbrich ( 1983). It is useful to see if the results
of section 2 are consistent with simulations based on
disdrometer measurements of RSDs at a single loca-
tion.

An impact type disdrometer, developed by Rowland
(1976), has been used for measuring the drop-size dis-
tributions. This disdrometer has a diameter of two
inches, and measures drop sizes in 57 size categories,
from 0.2 mm to 5.8 mm, with a resolution of 0.1 mm.
Each distribution is obtained after the disdrometer has
sampled 2000 drops. Hence, the sampling time and
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FIG. 6. (a) Simulations of specific attenuation at H-polarization
versus specific differential phase. Each data point is computed from
an experimentally measured raindrop size distribution. Calculations
are at S-band. (b) As in Fig. 6a except the ordinate scale is the specific
differential attenuation between H and V polarizations, App = Ay
— Av. (¢) As in Fig. 6a except the ordinate scale is X-band specific
attenuation at H-polarization. Note 4y = 0.793Kpp, rms deviation
is 0.0307, and correlation coefficient is 0.994.

the sampling volume are dependent on the rainrate.
It is typically 25 s when the rainrate is 20 mm h™'.
The sampling volume is equal to nv (D)t where 3 is
the sampling area of the disdrometer in m?, and v(D)
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is the terminal velocity in m s ', and ¢ is the sampling
time in seconds. The drop diameter to terminal velocity
relationship is taken as v(D) = 3.778(D)%% m s~
where D is in mm; Atlas and Ulbrich (1977).

The database examined consisted of 696 distribu-
tions obtained at the National Severe Storms Labo-
ratory in Norman, Oklahoma, during three rain days;
namely, (i) 14 May 1986, (ii) 16 May 1986, and (iii)
4 June 1986; see Balakrishnan et al. (1989) for details.
A tipping bucket rain gauge, located nearby, was also
used to measure the rainrate, and it was found to agree
well with the rainrate derived from the disdrometer
data.

In the simulation of radar measurands, the axis ratio
of rain drops is obtained from Green (1975). The re-
fractive index of water at 15°C is taken from Ray
(1972) for S-band (3.0 GHz), C-band (5.5 GHz), and
X-band (10.0 GHz).

Figures 6a, 7a, 8a show scatterplots of Ay versus Kpp
at S-, C-, and X-bands, respectively. The S- and C-
band simulations show less scatter than at X-band, al-
though all three relationships are linear as seen from
Table 2. These data are in good agreement with similar
calculations based on the gamma RSD; e.g., compare
Figs. 1a, 3a, 5a with Figs. 6a, 7a, 8a, respectively, and
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{

also Tables 1 and 2. The smaller spread seen in Figs.
6a, 7a, and 8a indicates that the variability of natural
rain on the three days was less than the simulated vari-
ability. Figures 6b, 7b, 8b show scatterplots of App ver-
sus Kpp at S-, C-, and X-bands, respectively. These can
be compared to the gamma RSD calculations shown
in Figs. ¢, 3b, 5b, which again show good agreement
in that with decreasing frequency the scatter decreases.
-Figure 6¢ describes Kpp(S) versus Ax(X), which is
similar to Fig. 1b. The gamma RSD parameter varia-
tions deduced by Ulbrich (1983) cover an unusually
wide range of rainfall types whereas the disdrometer
measurements were acquired at one location and three
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days of one season. Thus, the gamma simulations show
more variability than the disdrometer simulations. The
mean relationships, however, are in good agreement
as seen from Tables 1 and 2.

4. Radar measurements

During the Convection Initiation and Downburst
Experiment (CINDE, Wilson et al. 1988) the NCAR
CP-2 radar was used to gather time series data in con-
vective rainshafts from which Ay (X ) and Kpp(S) were
estimated. Figures 9a,b show range profiles of the DFR;
1.e., 10 logZy(S)-10 logZyu(X), (Eccles and Mueller
1973), and ¢pp(S) computed using the Mueller (1984)
algorithm. These data were obtained in 1987 at low
elevation angle through a convective rainshaft. The av-
erage rainrate in the range interval 86-93 km is 85 mm

" hr~!. The data shown here have not been smoothed.

Note the similar behavior of DFR and ¢pp(S) with
increasing range and even a good correspondence be-
tween individual peaks in a region of significant rainfall
(beyond 86 km).

Radar measurements obtained from convective rain
events on three different days during CINDE were an-
alyzed. Time series data were gathered at low elevation
angles through the core of convective rainshafts over
a time period of a few minutes. The processing tech-
nique used to reduce the statistical fluctuations in both
DFR and ¢pp(S) is described in the Appendix. Ay (X)
and Kpp(S) were obtained using this technique. The
reflectivity field (Zy) was filtered in range using a
weighted, moving average filter. Figure 10a shows the
results where Ay (X ) has been averaged over 0.2° km ™!
categories of Kpp(S). The vertical bars correspond to
the standard deviation. The solid line is a least squares
fit to the simulation data of Fig. 1b. The radar data are
in excellent agreement with the gamma RSD model.
Figure 10b shows the corresponding plot of Zy(S) ver-
sus Kpp(S) where the averaging is done over 0.2° km ™!
categories of Kpp(S). The solid line is a power law fit
to gamma RSD simulations of the relation between
Zu(S) and Kpp(S). These radar data show that atten-
uation prediction at higher microwave frequencies
based on S-band differential propagation phase is fea-
sible. Similar conclusions also apply to the prediction
of differential attenuation. -

TABLE 2. Mean linear relationships obtained using disdrometer méasurements of raindrop
size distributions. 8 is in dB per degree and p is the correlation coefficient.

Frequency band
S C X
(3.0 GHz) (5.5 GHz) (10.0 GHz)
Relation B8 p rms dev. B8 o rms dev. ¢ o rms dev.
Ay = BKpp 0.0165 0.986 9.66 X 107* 0.05 0.965 1.07 X 1072 0.247 0.987 4.45 x 1072
App = BKpp 0.00334 0.989 1.73 X 10™* 0.0139 0.83 7.3 %1073 0.0458 0.961 1.45 x 1072
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FIG. 9. CP-2 radar measurements of (a) the dual-frequency re-
flectivity ratio in dB versus range, and (b) the two-way differential
propagation phase between H and V-polarizations, ¢pp, versus range.
Data have not been smoothed. The dual-frequency reflectivity ratio
in dB is the difference between the range normalized received powers
at S- and X-bands. Data were obtained with antenna pointing in a
convective rainshaft. The average rainrate in the interval 86-93 km
is 85 mm h™'.

5. Accuracy of correction procedures at S- and C-bands

The accuracy of correction procedures will depend
mainly on three factors, (i) RSD fluctuations, (ii) vari-
ability in the estimate of arg(pyv ) due to measurement
fluctuations, and (iii) to nonzero values of 8. Factors
(i) and (ii) were simulated assuming § = O at S- and
C-bands based on the model description that follows.

The arg(pny) measurement involves ‘“‘pulse-pair”
type algorithms for estimation of differential phase
shifts, Mueller (1984), Sachidananda, and Zrni¢
(1986). Fluctuations in these estimates can be related
to the width (o,)) of the Doppler spectrum. Zrnié (1975)
has developed a procedure for simulating univariate
signal samples assuming a Gaussian form for the
Doppler spectrum. Chandrasekar et al. (1986) gener-
alized this procedure to simulate a bivariate time series
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from which Zpg could be estimated. The same bivariate
signals can also be used to estimate arg(pyv) using
Mueller’s (1984 ) algorithm. Signals corresponding to
the two polarizations and having the same Doppler
spectrum are independently simulated at two ranges,
say, r; and r,. The propagation path is defined to be
the range interval (7,-r;) which is characterized by a
constant Kpp. The simulated mean ¢pp(r,) is obtained
from mean ¢pp(r,) by adding 2Kpp(r-r1).

The principal assumptions and conditions are as
follows:

e Gaussian Doppler spectrum with ¢, varying be-
tween 1 and 6 m s™!. The quantity o, is linearly pro-
portional to reflectivity in the range 0 to 55 dBZ.

e 128 samples at each polarization.

@ Pulse repetition time of 1 m s.

Radar wavelength of 10.0 or 5.5 cm.

Zero-lag cross correlation (| pgv |) of 0.99.

ra-ry = 5 km.

Physical fluctuations in the gamma parameters
(Ny, Do, 1) over the range specified in section 2.

e Kppisconstant over the 5 km one-way path. There
is no loss of generality in this assumption because the
relationships between oy, app and ¢pp are linear.

The following variables are defined:

¢Bp (r)—estimate of ¢pp from radar simulations at
range r. The superscript “sm” stands for
simulations.
ApBp—oBp(r2) — dDp (11).
aif—estimate of ay based on A¢ % and the mean
in Fig. 1a or Fig. 3a depending on frequency.
afp—estimate of app based on A¢35p and the mean
in Fig. 3b.
af§—estimate of ay using the gamma RSD. The
superscript “sd” stands for size distribution.
afSp—estimate of app using the gamma RSD.

Figure 11 shows the simulation results at S-band as a
scatterplot of off" versus aff. From the simulated ¢pp
at ry and r,, A¢Pp is obtained and converted to aff
using the mean values in Fig. 1a. This process is re-
peated for different gamma RSDs. Thus the fluctua-
tions in Fig. 11 include measurement error as well as
gamma RSD variations. The fact that oif closely fol-
lows aff with very little scatter indicates the feasibility
of accurate attenuation correction at S-band. The cor-
rection accuracy is ~0.05 dB independent of the mean
value. If reflectivity estimates biased to less than 1 dB
are desired, then the correction procedure can be im-
plemented if ¢pp(S) = 60°, see also, section 2.
Figure 12a shows similar simulation results at C-
band. Note the increased scatter relative to Fig. 11.
The correction accuracy is estimated to be within
~30% of the mean at C-band. If the measured ¢pp(C)
<€ 60° then the corrected reflectivity will be accurate
to within 1 dB assuming that special processing tech-
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niques can account for 8. Figure 12b shows C-band
simulation results of o versus ap. The correction
accuracy for differential attenuation is estimated to be

within ~35% of the mean. This implies that Zpr(C)
" can be corrected to within, say, 0.3 dB if ¢pp(C) < 60°.
However, in an operational situation it would be de-
sirable to correct for attenuation even if ¢pp €x-
ceeds 60°.

6. Conclusions

In this paper propagation effects such as attenuation,
differential attenuation, and differential propagation

1 L 1 [l 1 [
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1.0 !
] 1
o 0.8-_ ‘
ht t
@ 0.6 1 2
Ex 1 ‘lt;
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S —
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FiG. 11. Simulations at S-band of two-way attenuation at H-po-
larization versus the “exact” attenuation. Each data point refers to
one triplet of gamma parameters (N, Dy, n) onto which random
measurement errors have been superimposed. This figure shows how
accurately S-band reflectivity estimates can be corrected for atten-
uation by rain using the measured ¢pp.

phase in rainfall are examined at microwave frequen-
cies corresponding to S (3.0 GHz), C (5.5 GHz), and
X (10.0 GHz) bands. Calculations using gamma RSDs,
and simulations using disdrometer measured RSDs at
one location are used to show that both attenuation
and differential attenuation can be linearly related to
differential propagation phase. A method to correct
radar-measured reflectivity and Zpp at attenuating fre-
quencies is proposed if the differential propagation
phase can be measured by the same radar. Measure-
ments of X-band specific attenuation and S-band spe-
cific differential phase in convective rainshafts using
the NCAR /CP-2 radar are presented in order to ex-
perimentally demonstrate the linear relationship be-
tween attenuation and differential propagation phase.
Random measurement errors as well as natural fluc-
tuations in the RSD were simulated to investigate the
accuracy of the correction procedures at S- and C-
bands. Backscatter differential phase (8) effects are not
considered in the simulations. The correction accuracy
for S-band attenuation was estimated to be ~0.05 dB.
If S-band reflectivity estimates accurate to within 1 dB
are desired, corrections need not be made for ¢pp
< 60°. If ¢pp > 60°, then reflectivity estimates have
bias greater than 1 dB and require correction proce-
dures. At C-band and higher frequencies, nonzerc val-

. ues of the backscatter differential phase shift (6) in rain

and melting ice will further complicate the correction
procedure. C-band simulations with é = 0 indicate that

- reflectivity estimates biased by less than 1 dB can be

obtained if ¢pp(C) < 20°. For 20° < ¢pp < 60° the
accuracy with which bias in reflectivity estimates can
be corrected is within 1 dB. For larger ¢pp this accuracy
will deteriorate further but is still recommended for
operational purposes. Correction accuracy for atten-
uation at C-band is estimated to be within ~30% of
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ential attenuation due to rain using the measured ¢pp.

the mean. Simulations indicate that C-band differential
attenuation can be corrected to within ~35% of the
mean value. This implies that Zpr can be corrected to
within, say, 0.3 dB if ¢pp(C) < 60°.
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APPENDIX

Processing Technigue for Reducing Statistical
Fluctuations in DFR and ¢pp

In rainfall the DFR is a nondecreasing function of
range; Eccles and Mueller (1973). At any range r we
can write,

DFR(7) = DER(r) + (r) (A1)

where DFR (r) is the mean value and ¢(r) the fluc-
tuating component. Consider two ranges r; and r, with
r, > r;, then

DFR(r;) — DFR(r) =2 % A(r)ydr (A2)

n

where 4 = Ax(X). Using finite differences, 4 can be
expressed as

DER(r + Ar) — DFR(r) = 2A(r)Ar. (A3)

The dual-frequency radar measures DFR(r;) where i
=1, 2, -+ n, the range increment corresponding to
the range gate spacing that is 150 m for the CP-2 radar.
To extract DFR(r;) from DFR(r;), the fluctuations
¢(r;) need to be modeled. Since signals from different
range gates are statistically independent, e(7;) and (r;)
are independent if j # /. We also need to know the
relative variances of «(r;) to weight the fluctuations.
However, if the processing is done using the dB scale
for DFR we have uniform variance of ¢(r;) along the
range and the problem is simplified. Thus, we fit a
nondecreasing polynomial to DFR (#) that is valid in
rainfall according to the model:

DFR(r) =B+ Bir + Bor®> + « + + + e(r). (A4)

The coeflicients §; are evaluated by minimizing the
variance of ¢(r) for all r. The polynomial on the right-
hand side of Eq. (A3) equals DFR(r). The specific
attenuation 4 can be calculated as

A=(By+28r+ -+)/2. (AS)

The order of the polynomial needs to be chosen to fit
the DFR (r) data. The optimum function would cause
the variance of [DFR(r) — DFR(r)] to equal the mea-
surement variance of DFR(r). Based on an analysis
of variance for a number of paths in convective rainfall,
we have determined that a third-order polynomial ap-
proximately satisfies the above criterion. This proce-
dure was also applied to the ¢pp data.
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